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Marcora SM, Bosio A, de Morree HM. Locomotor muscle fatigue
increases cardiorespiratory responses and reduces performance during
intense cycling exercise independently from metabolic stress. Am J
Physiol Regul Integr Comp Physiol 294: R874–R883, 2008. First pub-
lished January 9, 2008; doi:10.1152/ajpregu.00678.2007.—Locomotor
muscle fatigue, defined as an exercise-induced reduction in maximal
voluntary force, occurs during prolonged exercise, but its effects on
cardiorespiratory responses and exercise performance are unknown.
In this investigation, a significant reduction in locomotor muscle force
(�18%, P � 0.05) was isolated from the metabolic stress usually
associated with fatiguing exercise using a 100-drop-jumps protocol
consisting of one jump every 20 s from a 40-cm-high platform. The
effect of this treatment on time to exhaustion during high-intensity
constant-power cycling was measured in study 1 (n � 10). In study 2
(n � 14), test duration (871 � 280 s) was matched between fatigue
and control condition (rest). In study 1, locomotor muscle fatigue
caused a significant curtailment in time to exhaustion (636 � 278 s)
compared with control (750 � 281 s) (P � 0.003) and increased
cardiac output. Breathing frequency was significantly higher in the
fatigue condition in both studies despite similar oxygen consump-
tion and blood lactate accumulation. In study 2, high-intensity
cycling did not induce further fatigue to eccentrically-fatigued
locomotor muscles. In both studies, there was a significant increase
in heart rate in the fatigue condition, and perceived exertion was
significantly increased in study 2 compared with control. These
results suggest that locomotor muscle fatigue has a significant
influence on cardiorespiratory responses and exercise performance
during high-intensity cycling independently from metabolic stress.
These effects seem to be mediated by the increased central motor
command and perception of effort required to exercise with weaker
locomotor muscles.

perception of effort; central motor command; cardiorespiratory
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SIGNIFICANT LOCOMOTOR MUSCLE fatigue, defined as an exercise-
induced reduction in maximal voluntary force produced with
the locomotor muscles (17), occurs during sustained exercise
(1, 3, 5, 29, 33, 36) and is commonly thought to directly limit
exercise performance (13, 38). Accordingly, most studies on
the determinants of exercise performance have focused on
various mechanisms contributing to central and/or peripheral
fatigue during prolonged exercise such as metabolic and ionic
changes within the locomotor muscles, insufficient oxygen
delivery, and hyperthermia (28). However, in spite of its
importance, the fundamental assumption that reduced locomo-

tor muscle force has a negative effect on exercise performance
has never been tested experimentally and remains one of the
important unknowns in exercise physiology (12). Another
related and still unanswered research question is whether the
increased central motor command required to exercise at the
same workload with fatigued locomotor muscles has a signif-
icant influence on the cardiorespiratory responses to sustained
exercise (11, 32, 44, 45).

The main challenge in testing these hypotheses experimen-
tally is to isolate the reduction in locomotor muscle force (and
consequent increase in central motor command) from other
physiological effects of fatiguing exercise, which may inde-
pendently affect cardiorespiratory responses and performance
during prolonged exercise. Of particular concern is the meta-
bolic stress usually associated with muscle fatigue during
high-intensity exercise (37). Indeed, accumulation of various
metabolites, such as lactic acid, is known to stimulate group IV
and some group III muscle afferents that generate reflexes (the
metaboreflex), which can significantly affect the cardiorespi-
ratory responses to sustained exercise independently from
increased central motor command (27, 42). Furthermore, in
conditions ranging from hyperoxia to moderate hypoxia, stim-
ulation of these small sensory neurons by fatigue-related me-
tabolites might limit exercise performance by generating a
painful sensation of leg discomfort and/or a not yet identified
inhibitory supraspinal reflex that forces the subject to reduce
exercise intensity or terminate exercise well before locomotor
muscle fatigue becomes a limiting factor (1, 2). Indeed, the
proponents of this conscious and/or subconscious inhibitory
feedback mechanism believe that its function is to protect the
locomotor muscles from excessive peripheral fatigue (1, 2).

The primary aim of the present investigation was to control
for these confounding effects of metabolic stress and test the
hypotheses that a reduction in locomotor muscle force per se
causes 1) a significant increase in central motor command with
consequent alterations in the cardiorespiratory responses to high-
intensity constant-power cycling, despite unaltered metabolic re-
quirements and 2) a reduction in time to exhaustion, a sensitive
measure of exercise performance (4). To test these hypotheses, we
used an unusual fatiguing exercise protocol as experimental treat-
ment to induce a significant and prolonged reduction in locomotor
muscle force without accumulation of muscle metabolites (30,
41). Indeed, the excitation-contraction coupling failure induced by
this eccentric exercise protocol is caused by structural alterations
rather than metabolic stress (30, 34).
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Another aim of our investigation was to determine whether
the hypothesized negative effect of reduced locomotor muscle
force on exercise performance is direct or mediated by the
consequent increase in central motor command, which is con-
sciously perceived as increased effort (22, 31). According to
Brehm’s motivational intensity theory (9, 48), people engage in
a task until the effort required reaches the maximum level of
effort they are willing to invest for succeeding in that task, the
so-called potential motivation. After this critical level of effort
is reached, or when success in the task is perceived as impos-
sible, the subjects exert very little or no voluntary effort, i.e.,
disengage from the task. This theory has been validated by
several psychophysiological studies using a variety of mental
tasks and experimental manipulations (48), but it applies to any
motivated behavior including exercise (9). Indeed, exhaustion
may be a form of task disengagement, rather than physiological
failure, as it normally occurs when ratings of perceived exer-
tion (RPE) are very high (33) regardless of exercise intensity,
environmental conditions, and physiological state of the sub-
ject (31). Because perceived exertion increases over time
during constant-power cycling, subjects’ potential motivation
(and subsequent task disengagement) would be reached earlier
than normal if perception of effort is increased when cycling at
high intensity with fatigued locomotor muscles. Such psycho-
biological mechanism might cause exhaustion well before
maximal voluntary locomotor muscle force/power falls below
the level required by the exercise task as postulated by the
traditional physiological model of fatigue and performance
(13, 28, 38). Because perceived exertion is largely independent
of afferent neural feedback from locomotor muscles (43), this
psychobiological model of exercise performance based on
Brehm’s motivational intensity theory may also provide a valid
alternative to the inhibitory feedback model recently proposed
by Amann and Dempsey (1, 2).

METHODS

Subjects

This investigation consisted of two separate studies. For the first
study, we recruited 10 healthy male subjects undergoing regular
aerobic exercise for recreational or competitive purposes (age, 23 �
4 yr; height, 176 � 7 cm; body mass, 79 � 14 kg; peak power output,
346 � 56 W; V̇O2peak, 51 � 8 ml �kg�1 �min�1). For the second study,
we recruited a similar population of 14 subjects (age, 26 � 5 yr;
height, 179 � 5 cm; body mass, 79 � 9 kg; peak power output, 334 �
56 W; V̇O2peak, 51 � 7 ml �kg�1 �min�1). Only one subject partici-
pated in both studies. The experimental protocols were approved by
the Ethics Committee of the School of Sport, Health and Exercise
Sciences and conformed to the standards set by the Declaration of
Helsinki.

Experimental Protocols

All volunteers visited the laboratory on three different occasions.
During the first visit, the study and its aims were explained, and a
medical and training questionnaire was administered. Eligible subjects
signed an informed consent form and anthropometric measures were
taken. An incremental exercise test (2 min at 50 W � 50 W
increments every 2 min) was then performed until exhaustion (oper-
ationally defined as a pedal frequency of � 60 rpm for more than 5 s,
despite strong verbal encouragement) on an electromagnetically-
braked cycle ergometer (Excalibur Sport; Lode, Groningen, The
Netherlands) to measure peak oxygen uptake (V̇O2peak) and peak
power output, which was calculated according to the equation of

Kuipers et al. (23). The cycle ergometer was set in hyperbolic mode,
which allows the power output to be set independently of pedal
frequency over the range of 30 to 120 rpm. Before the incremental
exercise test, the position on the cycle ergometer was adjusted for
each subject and settings were recorded so that they could be repro-
duced at each subsequent visit. Subjects were also given standard
instructions for overall RPE using the 6 to 20 scale developed by Borg
(8). During the incremental exercise test, the low and high anchor
points were established using standard procedures (31).

In study 1, after a minimum of 24 h, subjects reported for the
second time to the laboratory where delayed-onset muscle soreness
(DOMS) was assessed using a seven-point Likert scale (26). Creatine
kinase concentration (UI/l) was measured with a colorimetric assay
(Reflotron; Boehringer Mannheim, Germany) in a 30-�l sample of
whole fresh blood taken from the right earlobe. After a 5-min
warm-up on the cycle ergometer at 10% of peak power output,
bilateral maximal voluntary contraction (MVC) of the knee extensors,
an index of locomotor muscle force, was assessed in isometric
condition with subjects seated in a rigid, straight-backed chair with a
90° knee and hip angle. After three submaximal warm-up and famil-
iarization trials (25%, 50%, 75% of maximal effort), subjects were
asked three times to push maximally for 5 s against pads placed just
proximal to their ankle joints and inextensibly attached to a load cell
(model 615; Tedea Huntleigh, Vishay, CA) connected to a comput-
erized A/D converter for data recording and analysis (Bridge Amp,
Powerlab/16SP, Power Lab Chart V 4.2.3; ADI Instruments, Bella
Vista, Australia). Between all six trials 1-min rest was observed.
During the maximal trials, strong verbal encouragement was given.
Peak force (N) produced during each of the three maximal trials was
recorded, and the best score was noted for statistical analysis. After
this baseline isometric test, subjects were randomly assigned to either
the fatigue or control condition with a 1-to-1 allocation ratio. The
fatigue condition consisted of the eccentric exercise protocol devel-
oped by Skurvydas et al. (41). Subjects dropped 100 times from a
40-cm high platform down to 90° knee angle before jumping upward
as high as possible. Between each drop jump there was a 20-s rest
period to allow for recovery, through oxidative phosphorylation, of
the ATP and phosphocreatine expended during each drop jump.
Indeed, in a pilot study (Marcora SM, Bosio A, de Morree HM,
unpublished results), we measured no increase in capillary blood
lactate concentration after this fatiguing exercise protocol, which
requires only moderate cardiovascular strain, an average of 58% of
maximum heart rate (HR) for 33 min. Furthermore, it does not induce
any respiratory muscle fatigue, another factor, that might affect
breathing pattern and exercise performance (25). The control condi-
tion consisted of resting comfortably for 33 min. Two minutes after
completing the assigned treatment, locomotor muscle force was as-
sessed again with three maximal trials only (precycling isometric test).
After this second isometric test, a 30-min rest period was prescribed
to allow for further cardiorespiratory and metabolic recovery after the
100 drop jumps, while at the same time controlling for the confound-
ing effects of DOMS, which usually peaks 48 h after eccentric
exercise because of increased sensitivity of small muscle afferent
neurons to mechanical stimuli (46). After this rest period, subjects
began the high-intensity constant-power cycling test to exhaustion
with the ergometer set in hyperbolic mode. This cycling test consisted
of 3 min of rest sitting on the cycle ergometer, 3 min of warm-up at
10% of peak power output, and a rectangular workload corresponding
to 80% of peak power output, which corresponded to 90 � 7% of
V̇O2peak measured during the preliminary incremental exercise test.
Pedal frequency was freely chosen between 60–100 rpm and was
recorded every minute. Time to exhaustion was measured from the
start of the rectangular workload until the pedal frequency was � 60
rpm for more than 5 s, despite strong verbal encouragement that was
provided by a research assistant blinded to the assigned treatment.
Physiological and perceptual responses were measured throughout the
cycling test. After a period of 10–14 days to washout the detrimental
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effects of muscle damage induced by the 100-drop-jumps protocol,
subjects reported for the third time to the laboratory. During this visit,
the same procedures as during the second visit were followed except
for the experimental treatment, which was the opposite of the second
visit (randomized counterbalanced AB/BA cross-over design).

In study 2, the same procedures as in study 1 were used apart from
the following. First of all, treatment order was not randomized. During
the second visit, all subjects performed the 100-drop-jumps protocol
before the high-intensity constant-power cycling test to exhaustion at
80% of peak-power output, which, in these subjects, corresponded to
86 � 5% of V̇O2peak measured during the preliminary incremental
exercise test. During the third visit, all subjects rested comfortably for
33 min. On this occasion, the cycling test was stopped at the same
time that exhaustion occurred during the second visit. None of the
subjects reached exhaustion before the prescribed time during this
second cycling test. Furthermore, 2 min after the end of the cycling
test, locomotor muscle force was assessed for a third time. In this
postcycling isometric test, subjects were asked to perform only the
three maximal trials.

All subjects were instructed to avoid smoking, intense exercise,
alcohol, tea, and beverages containing caffeine in the 24 h preceding
each visit. During the same time, they were asked to drink 40 ml of
water per kilogram of body mass and to maintain their usual diet.
They were also instructed to have a light meal at least 3 h before
reporting to the laboratory. All visits were scheduled at the same time
of the day, and environmental conditions in the laboratory were kept
between 18 and 22 °C for temperature and 45–60% for humidity.

Physiological and Perceptual Responses to Exercise

In both studies, tidal volume (liters), breathing frequency (min-
utes), ventilation (l/min), V̇O2 (l/min), and carbon dioxide production
(V̇CO2; l/min) were measured breath-by-breath using computerized
metabolic gas analysis systems (study 1: 600Ergo Test, ZAN Mess-
geräte, Oberthulba, Germany; study 2: MetaLyzer 3B, Cortex Bio-
physik, Leipzig, Germany) connected to an oro-(mouth) mask (7600
series; Hans Rudolph, Kansas City, MO). These automated devices
were calibrated before each test using certified gases of known
concentration (11.5% O2 and 5.1% CO2) and a 3.0 l calibration
syringe (series 5530; Hans Rudolph). All respiratory gas exchange
data were averaged over 1-min periods before statistical analysis.
During rest and 1 min after the end of the high-intensity constant-
power cycling test, a 5-�l sample of whole fresh blood was taken from
the right earlobe and analyzed for lactate concentration (mmol/l) using
a portable analyzer (Lactate Pro LT-1710; Arkray, Shiga, Japan).
Lactate accumulation was calculated by subtracting the resting value
from the value obtained after cycling. During the final 15 s of each
minute of exercise, subjects were asked to rate their perceived exer-
tion using a 6–20 RPE scale, which was displayed throughout the
cycling test.

In study 1, a bioimpedance device (Physioflow PF05L1; Manatec,
Petit-Ebersviller, France) was used to measure HR, stroke volume
(SV), and cardiac output (CO). Two sets of two electrodes (Ambu
Blue Sensor VL; Ambu, Ballerup, Denmark), one transmitting and the
other one receiving a low amperage alternating electrical current, were
applied on the supraclavicular fossa at the left base of the neck and
along the xiphoid. Another set of two electrodes was used to monitor
a single ECG lead in the V1/V6 position. All electrode placement
areas were shaved, if necessary, cleaned with an alcohol pad, and
dried with a paper towel. Wires connected to the electrodes were fixed
on the body using tape to reduce movement artifacts. SV (ml) is
estimated by this computerized device from changes in transthoracic
impedance during cardiac ejection according to the method described
in detail by Charloux et al. (10). CO (l/min) was calculated as CO �
(HR � SVi � BSA)/1,000, where BSA is body surface area (m2)
calculated according to the Haycock formula [BSA � 0.02465 �
body mass (kg)0.5378 � height (cm)0.3964] and SVi (ml/m�2) �

SV/BSA. HR (min�1) is based on the R-R interval determined from
the first derivative of the ECG. These data were averaged over 1-min
periods before statistical analysis. Accuracy of CO estimation has
been validated against direct Fick methods (10). Furthermore, in a
group of 20 healthy men with characteristics similar to the subjects
included in this investigation, reproducibility during intense cycling
was high (coefficient of variation 3.4%) (21). Before each test, the
Physioflow was autocalibrated using a procedure based on 1) 30
consecutive heartbeats recorded while the participant was resting in a
seated position on the cycle ergometer, 2) anthropometric data, and 3)
resting systolic and diastolic blood pressure values (mmHg) (10).
These values were the averages of two separate blood pressure
recordings taken before and after the Physioflow autocalibration using
an automated blood pressure monitor (Tango; SunTech Medical,
Morrisville, NC). The Tango device was interfaced to the Physioflow
by an analog cable for the ECG trigger. The size of the cuff, which
was placed on the left arm of the subject, was based on individual arm
girth. Blood pressure was also monitored at the end of warm-up and
every 2 min during the time-to-exhaustion test. Mean arterial pressure
(MAP) (mmHg) was calculated as MAP � [(2 � diastolic pres-
sure) � systolic pressure]/3. Total peripheral resistance (TPR)
(mmHg � l�1 �min�1) was calculated as TPR � MAP/CO.

In study 2, HR was measured every 5 s using a telemetric monitor
(Polar S610i; Polar Electro, Kempele, Finland). These data were
averaged over 1-min periods before statistical analysis. Rectal tem-
perature was measured continuously during the cycling test with a
disposable temperature probe (Henleys Medical Supplies, Herts, UK)
inserted 10 cm beyond the anal sphincter and connected to a monitor
(model 4000A; YSI, Dayton, OH). Temperature data were recorded
every minute.

Statistical Analysis

Unless otherwise noted, all data are presented as means � SD. The
effects of condition (fatigue vs. control) and time on locomotor
muscle force (study 1: baseline and precycling; study 2: baseline,
precycling, and postcycling) and on all physiological/perceptual pa-
rameters at isotime [study 1: end of warm-up (0 min) � first 5 min of
exercise; study 2: end of warm-up � 33, 66, and 100% of total time]
were tested using fully repeated-measures multivariate ANOVAs
(MANOVAs). For all MANOVAs, if a significant condition � time
interaction was revealed, the main effect of condition was not con-
sidered, and tests of simple main effects of condition were conducted
as follow-up using the Holm-Bonferroni method (20). In addition to
the standard follow-up procedures, in study 2 precycling vs. postcy-
cling changes in locomotor muscle force were analyzed using a paired
t-test within each condition (fatigue and control). A two-way fully
repeated-measures MANOVA was conducted to compare the loco-
motor muscle fatigue induced by the 100-drop-jumps protocol (base-
line vs. precycling locomotor muscle force in the fatigue condition)
with the locomotor muscle fatigue induced by the high-intensity
constant-power cycling test (precycling vs. postcycling locomotor
muscle force in the control condition). For this purpose, only the
interaction was considered.

With the exception of time to exhaustion, which was analyzed
using the Hills-Harmitage approach (39), when comparing two means,
paired t-tests or Wilcoxon signed-ranks tests were used as appropriate.
Significance was set at 0.05 (two-tailed) for all analyses, which were
conducted using the Statistical Package for the Social Sciences Ver-
sion 11.

RESULTS

Study 1

Effect of experimental treatment on locomotor muscle force.
There were no significant baseline differences in DOMS (me-
dian/interquartile range) (fatigue 0.00/1.00, control 0.50/1.25)
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and creatine kinase concentration (fatigue 183 � 204 UI/l,
control 151 � 59 UI/l) between conditions. Furthermore,
follow-up tests of the significant condition � time interaction
(P � 0.003) for knee extensor MVC revealed no significant
baseline difference in this parameter (fatigue 703 � 114 N,
control 694 � 122 N). Taken together, these three markers of
exercise-induced muscle damage suggest that the 10–14 days
washout period prescribed in both studies was appropriate. As
expected, follow-up tests revealed that precycling locomotor
muscle force was lower in the fatigue condition (599 � 127 N)
compared with control (697 � 111 N) (P � 0.001). None of
the subjects reported muscle pain before the cycling test in the
fatigue condition, but some reported symptoms of leg
weakness.

Effect of experimental treatment on time to exhaustion.
Average self-selected pedal frequency during the high-inten-
sity constant-power cycling test to exhaustion was not signif-
icantly different between the fatigue (77 � 7 rpm) and control
(76 � 7 rpm) condition. As shown in the condition-by-condi-
tion scatter-plot (Fig. 1), all but one subject had a reduction in
exercise performance in the fatigue condition compared with
control. On average, time to exhaustion was 636 � 278 s after the
100 drop jumps and 750 � 281 s in the control condition (P �
0.003). There was no significant order effect between the first and
the second time-to-exhaustion test regardless of condition.

Effects of experimental treatment on physiological and per-
ceptual responses to exercise. All physiological and perceptual
parameters showed the expected response to high-intensity
constant-power cycling to exhaustion (time P � 0.05). No
significant effects of experimental treatment on V̇O2 were
found during the first 5 min of exercise (isotime) or at exhaus-
tion (Fig. 2A). Similarly, lactate accumulation was not signif-

icantly different between the fatigue (8.9 � 2.4 mmol/l) and
control condition (10.0 � 2.4 mmol/l). Even when normalized
for the different duration of two cycling tests, the increase in
capillary blood lactate concentration was not significantly dif-
ferent between the fatigue (1.0 � 0.5 mmol � l�1 �min�1) and
control (0.9 � 0.4 mmol � l�1 �min�1) conditions. Despite sim-
ilar metabolic requirements, ventilation at isotime was signif-
icantly higher after the 100 drop jumps compared with control
(condition, P � 0.016) (Fig. 2C). However, no significant
difference was found at exhaustion. The hyperpnea observed
during the first 5 min of exercise in the fatigue condition was
due to higher breathing frequency (condition, P � 0.019) (Fig.
2D) as tidal volume was not affected by experimental treatment
(Fig. 2E). No significant differences between conditions were
found at exhaustion in both breathing frequency and tidal
volume. During the first 5 min of exercise there was a small but
statistically significant increase in V̇CO2 (condition, P � 0.026)
(Fig. 2B). No significant difference between conditions was
found at exhaustion. Transthoracic impedance analysis re-
vealed that during the first 5 min of exercise CO was signifi-
cantly increased in the fatigue condition compared with control
(condition, P � 0.047) (Fig. 3D). This was a hyperdynamic
circulatory response as HR (condition, P � 0.001) (Fig. 3B)
rather than SV (Fig. 3C) was significantly affected by experi-
mental treatment. However, the eccentric exercise protocol did
not significantly affect CO, HR, and SV at exhaustion. The
effect of experimental treatment on MAP during the first 5 min
of exercise did not reach statistical significance (condition, P �
0.097) (Fig. 3E). The last MAP reading was taken (median/
interquartile range) 29/82 s before exhaustion in the fatigue
condition and 26/76 s before exhaustion in the control condi-
tion (P � 0.646). No significant difference in MAP was found
between conditions at these times. Similarly, the 100-drop-
jumps protocol did not have a significant effect on TPR either
at isotime or at exhaustion (Fig. 3F). The small increase in RPE
at isotime observed in the fatigue condition compared with
control was not statistically significant (Fig. 3A). Perception of
effort at exhaustion was unaffected by experimental treatment.

Study 2

Effects of experimental treatment and high-intensity cycling
on locomotor muscle force. As in study 1, follow-up tests of the
significant condition � time interaction (P � 0.001) for knee
extensor MVC (Fig. 4) revealed no significant differences
except a significant simple main effect in the precycling iso-
metric test with locomotor muscle force significantly lower in the
fatigue condition (P � 0.001). None of the subjects reported
muscle pain before the cycling test in the fatigue condition but
some reported symptoms of leg weakness.

In both the fatigue and control condition, subjects cycled for
an average of 871 � 280 s, and average self-selected pedal
frequency was not different between conditions (fatigue 80 �
8 rpm, control 81 � 6 rpm). The longer duration of the cycling
test in study 2 is due to the slightly lower exercise intensity
(86 � 5% of V̇O2peak) compared with study 1 (90 � 7% of
V̇O2peak). At the end of this exercise, knee extensor MVC was
not significantly different between the fatigue and control
condition. The two additional follow-up tests conducted be-
tween pre- and postcycling in both conditions revealed no

Fig. 1. Effect of experimental treatment on time to exhaustion during high-
intensity constant-power cycling (n � 10). Scatterplot of time to exhaustion in
the fatigue condition (100 drop jumps over 33 min) and time to exhaustion in
the control condition (33 min rest). The points below the identity line represent
a decreased performance in the fatigue condition compared with the control
condition in individual participants.
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significant change in locomotor muscle force in the fatigue
condition. However, in the control condition there was a
significant decline in knee extensor MVC (P � 0.001). The
additional two-way fully repeated-measures MANOVA com-

paring this muscle fatigue (precycling vs. postcycling in the
control condition) with the muscle fatigue induced by the
100-drop-jumps protocol (baseline vs. precycling in the fatigue
condition) revealed no significant interaction (Fig. 4).

Fig. 2. Effects of experimental treatment on metabolic and respiratory responses during high-intensity constant-power cycling (n � 10). Fatigue condition
consisted of 100 drop jumps over 33 min. Control condition consisted of 33 min rest. #Significant main effect of time (P � 0.05). *Significant main effect of
condition (P � 0.05). Data are presented as means � SD. V̇CO2, carbon dioxide production.

Fig. 3. Effects of experimental treatment on perception of effort and cardiovascular responses during high-intensity constant-power cycling (n � 10). Fatigue condition
consisted of 100 drop jumps over 33 min. Control condition consisted of 33 min rest. #Significant main effect of time (P � 0.05). *Significant main effect of condition
(P � 0.05). Data are presented as means � SD. RPE, ratings of perceived exertion. MAP, mean arterial pressure. TPR, total peripheral resistance.
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Effects of experimental treatment on physiological and per-
ceptual responses to exercise. All physiological and perceptual
parameters showed the expected response to high-intensity con-
stant-power cycling (time P � 0.05). Although there was a
significant interaction (P � 0.036), tests of simple main effects
revealed no significant differences in V̇O2 between fatigue and
control condition at any time point (Fig. 5A). Similarly, lactate

accumulation was not significantly different between the fatigue
(12.7 � 2.1 mmol/l) and control condition (12.3 � 2.4 mmol/l).
As expected, there was a significant effect of experimental treat-
ment on breathing pattern (interaction, P � 0.021) (Fig. 5D).
Tests of simple main effects of condition revealed a significant
difference in breathing frequency at 100% of total time (P �
0.001). Despite this tachypnea, ventilation was only marginally
different between the fatigue condition and control (condition,
P � 0.065) (Fig. 5C). This occurred because there was a concur-
rent marginal reduction in tidal volume (condition, P � 0.064)
(Fig. 5E). The small effect of experimental treatment on ventila-
tion did not result in a significant difference in V̇CO2 between the
fatigue and control condition (Fig. 5B). However, there was a
significant effect of experimental treatment on rectal temperature,
which was 0.5 °C higher in the fatigue condition compared with
control throughout the cycling test (condition, P � 0.001) (Fig.
5F). As in study 1, the HR response to exercise was affected by
experimental treatment (interaction, P � 0.008). Tests of simple
main effects revealed that HR was significantly higher in the
fatigue condition compared with control at each time point (0%,
33%, and 66% P � 0.001; 100% P � 0.002) (Fig. 6B). In this
study the effect of experimental treatment on perception of effort
was statistically significant with higher RPE in the fatigue condi-
tion compared with control (condition, P � 0.043) (Fig. 6A).

DISCUSSION

Effects of Experimental Treatment and Intense Cycling
Exercise on Locomotor Muscle Force

The 100-drop-jumps protocol induced, on average, a signif-
icant 18% reduction in knee extensor MVC. This locomotor

Fig. 4. Effects of experimental treatment and high-intensity constant-power
cycling on knee extensor maximal voluntary contraction (MVC; n � 14).
Fatigue condition consisted of 100 drop jumps over 33 min. Control condition
consisted of 33 min rest. #Significant main effect of time (P � 0.05).
§Significant interaction (P � 0.05). †Significant simple main effect of condi-
tion according to Holm-Bonferroni method (20). ‡Significant simple main
effect of time according to Holm-Bonferroni method. Data are presented as
means � SD.

Fig. 5. Effects of experimental treatment on metabolic, respiratory, and thermal responses during high-intensity constant-power cycling (n � 14). Fatigue
condition consisted of 100 drop jumps over 33 min. Control condition consisted of 33 min rest. #Significant main effect of time (P � 0.05). §Significant
interaction (P � 0.05). †Significant simple main effect of condition according to Holm-Bonferroni method (20). Data are presented as means � SD. V̇CO2, carbon
dioxide production.
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muscle fatigue is similar to that reported in previous studies
using the same eccentric exercise protocol (30, 40), and it is
physiologically relevant. In fact, a similar reduction in knee
extensor MVC has been measured after high-intensity con-
stant-power cycling tests to exhaustion (1, 3, 5, 36), and, from
a functional point of view, it is irrelevant whether excitation-
contraction coupling failure is induced by structural alterations
or by metabolic stress (15).

Interestingly, in study 2 the locomotor muscle fatigue in-
duced by the 100 drop jumps (difference between baseline and
precycling in the fatigue condition, Fig. 4) was not significantly
different from the locomotor muscle fatigue induced by 14.5
min of intense cycling in the control condition (difference
between precycling and postcycling, Fig. 4). The same exercise
intensity and duration, however, did not induce a further
reduction in locomotor muscle force in the fatigue condition
(difference between precycling and postcycling in Fig. 4).
These findings are extremely interesting if we consider that
metabolic fatigue at whole muscle or muscle group level is
primarily due to mechanical dysfunction in a relatively small

population of fast-fatigue-sensitive fibers, which occurs early
during intense cycling (37), and that these muscle fibers are
also the most sensitive to the fatiguing effects of eccentric
exercise (34, 35). We therefore speculate that 1) the same
population of fast-fatigue-sensitive fibers was fatigued during
both the 100-drop-jumps protocol and high-intensity constant-
power cycling in the control condition, and 2) no further loss of
knee extensor MVC occurred in the fatigue condition because
the fast-fatigue-sensitive fibers were already fatigued by the
100-drop-jumps protocol, and metabolic stress did not affect
the remaining fast- and slow-fatigue-resistant fibers (37).

Effect of Locomotor Muscle Fatigue on Markers of Central
Motor Command

To cycle at high-intensity and the same constant power with
locomotor muscles weakened by the 100 drop jumps, central
motor command must have been increased. This effect of
experimental treatment was checked by measuring HR and
RPE, two markers of central motor command commonly used
in physiological studies (16, 32, 43). In agreement with our
hypothesis, we found significant increases in HR in both
studies and a significant increase in RPE in study 2. The
nonsignificant increase in RPE in study 1 is likely due to lower
statistical power [because of smaller sample size and higher
variability of RPE scores below 17 (14)] rather than to a lack
of effect. Indeed, the difference in perception of effort at
isotime between the fatigue and control condition in study 1
(Fig. 3A) is similar to the one measured in study 2 (Fig. 6A).
The small increases in HR and RPE measured in our investi-
gation should be expected if a dose-response relationship exists
between muscle weakness, central motor command, HR, and
RPE. Indeed, our eccentric exercise protocol induced an 18%
reduction in force, which was limited to the locomotor mus-
cles. In curarization studies, experimental treatment affects all
skeletal muscles, not just the locomotor muscles, and force was
reduced by 50% or more to obtain larger changes in central
motor command, HR, and RPE (6, 16).

Effects of Locomotor Muscle Fatigue on Metabolic Stress
and Cardiorespiratory Responses to Exercise

As expected from the results of a previous muscle biopsy
study (30) and our pilot, the 100-drop-jumps protocol did not
affect the metabolic stress associated with high-intensity con-
stant-power cycling. Indeed, in both studies V̇O2 and lactate
accumulation did not differ between the fatigue and control
condition. Furthermore, eccentric exercise does not increase
the sensitivity of group III and IV muscle afferents to meta-
bolic stimuli (46). Therefore, we can assume that the influence
of the metaboreflex on the cardiorespiratory responses to ex-
ercise (27, 42) was similar between the fatigue and control
condition. The influence of the mechanoreflex was also con-
trolled as power output and cadence were the same in both
conditions, and eccentric exercise does not alter the sensitivity
of muscle spindles and Golgi tendon organs (18, 19). Never-
theless, in study 1 we measured a significant increase in CO
(which was mainly due to the increase in HR) and a trend for
increased MAP in the fatigue condition with no significant
changes in TPR compared with control. This hyperdynamic
circulatory response in excess of metabolic requirements is
similar to the one reported in studies using low doses of curare

Fig. 6. Effects of experimental treatment on perception of effort and heart rate
during high-intensity constant-power cycling (n � 14). Fatigue condition
consisted of 100 drop jumps over 33 min. Control condition consisted of 33
min rest. RPE, Ratings of perceived exertion. #Significant main effect of time
(P � 0.05). *Significant main effect of condition (P � 0.05). §Significant
interaction (P � 0.05). †Significant simple main effect of condition according
to Holm-Bonferroni method (20). Data are presented as means � SD.
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to weaken skeletal muscles (6, 16). The smaller magnitude of
the cardiovascular effects of our experimental treatment is
likely to reflect the smaller change in central motor command
induced by the 100-drop-jumps protocol compared with partial
neuromuscular blockade. In study 1 we also noticed a remark-
able effect of experimental treatment on breathing frequency,
particularly near exhaustion (Fig. 7). This tachypneic response
has been described in previous studies (44) and it is typical of
high-intensity constant-power cycling (45).

To study this phenomenon in more detail, in study 2 we
compared ventilatory responses at the same time points and
measured core body temperature, another potential mechanism
for the tachypnea observed during high-intensity constant-
power cycling (11). As expected, the phenomenon observed in
study 1 was replicated in study 2 where a higher breathing
frequency was found in the fatigue condition compared with
control, particularly at the end of the cycling test (Fig. 5D).
Despite the 30-min rest period between the end of the exper-
imental treatment and the beginning of the cycling test, the heat
accumulated during the 100-drop-jumps protocol was not fully
dissipated. For this reason, in the fatigue condition subjects
started cycling with a rectal temperature 0.5°C higher than in
the control condition. The rate of heat storage was not affected
by experimental treatment, and, therefore, this difference in
rectal temperature was maintained throughout the cycling test.
Nevertheless, this effect of experimental treatment is not large
enough to explain the different breathing pattern observed
during exercise between the fatigue and control condition.
Indeed, a difference in core body temperature of more than 1.0
°C is necessary to significantly affect respiratory responses to
exercise (27). There is also evidence that the sensitivity of
group III and IV muscle afferents to thermal stimuli is not
altered by eccentric exercise (46). Therefore, it is unlikely that
the small difference in core and, most likely, muscle temper-
ature induced by the 100-drop-jumps protocol mediated its
striking effect on the tachypneic response to high-intensity
constant-power cycling (Fig. 7). Overall, the results of our
study provide experimental support to previous suggestions
that the increased central motor command required to exercise
at a constant workload with fatigued locomotor muscles plays

an important role in the complex regulation of the cardiorespi-
ratory responses to sustained exercise (11, 32, 44, 45).

Effect of Locomotor Muscle Fatigue
on Exercise Performance

In study 1 we demonstrated for the first time that reduced
locomotor muscle force curtails time to exhaustion during
high-intensity constant-power cycling. At first glance, this
result seems to support the traditional physiological model of
fatigue and exercise performance (13, 28), which assumes that
subjects stop exercise when their fatigued neuromuscular sys-
tem fails to produce the force/power required by the task
despite maximal voluntary effort (38). In other words, it is
assumed that locomotor muscle fatigue directly causes task
failure. However, study 2 shows that subjects in the fatigue
condition stopped cycling despite no further decline in loco-
motor muscle force. Furthermore, locomotor muscle force was
always well above the requirement of high-intensity cycling,
which is about 20% of MVC (24). Even when tested dynam-
ically and immediately after stopping exercise, the maximal
power output produced with fatigued locomotor muscles is
almost four times what is required during intense cycling (37).
Therefore, failure to produce the force/power required by the
exercise task despite maximal voluntary effort does not seem to
limit performance as commonly assumed.

Our results also provide experimental evidence against the
inhibitory feedback mechanism recently proposed by Amann
and Dempsey (1, 2). According to this new physiological
model of exercise performance, peripheral fatigue is a variable
carefully regulated by the central nervous system (CNS) on the
basis of sensory information from locomotor muscle nocicep-
tors stimulated by fatigue-related metabolites. However, as
previously discussed, we used the 100-drop-jumps protocol to
reduce locomotor muscle force without affecting afferent neu-
ral feedback related to metabolic stress. Therefore, the CNS
should have been “fooled” to believe that the development of
peripheral locomotor muscle fatigue during intense cycling
was the same in the fatigue and control condition and should
have forced our subjects to stop exercise at exactly the same
point in time. The finding that reduced locomotor muscle force
per se caused premature exhaustion suggests that the conscious
(leg discomfort) and/or subconscious (inhibitory supraspinal
reflex) inhibitory effects of afferent neural feedback from
metabolically stressed locomotor muscles do not play a deter-
minant role in regulating exercise performance in normoxia as
hypothesized by Amann and Dempsey on the basis of correl-
ative data (1, 2).

The results of the present investigation, however, fit with the
predictions of Brehm’s motivational intensity theory briefly
described in the Introduction (9, 48). This theory postulates
that people engage in a task until the effort required reaches the
maximum level of effort they are willing to invest for succeed-
ing in that task. In both conditions, this level of effort corre-
sponded to � 19 on the 6–20 Borg RPE scale (Fig. 3A).
However, because of increased central motor command to the
weaker locomotor muscles and related tachypneic response
(22, 31), overall perceived exertion was significantly increased
in the fatigue condition compared with control (Fig. 6A). As
RPE increases over time during constant power cycling, fa-
tigued subjects reached their potential motivation on average 2

Fig. 7. Tachypneic response during high-intensity constant-power cycling to
exhaustion in a representative subject. Data presented are 15-s averages of
continuous breath-by-breath recordings.
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min earlier than in the control condition (Fig. 3A). At this time
point, task disengagement, rather than task failure, occurred. In
other words, we propose that exhaustion occurred because
subjects were unwilling to invest further effort in keeping their
cadence 	60 rpm rather than because they were physiologi-
cally unable to do so. According to this novel psychobiological
model, any physiological or psychological factor affecting
perception of effort and/or potential motivation (e.g., Ref. 47)
would affect exercise performance. Therefore, Brehm’s moti-
vational intensity theory may provide a unifying theoretical
framework to explain the known effects of various interven-
tions and conditions on exercise performance (31).

Perspectives and Significance

By dissociating locomotor muscle fatigue from the meta-
bolic stress that usually accompanies it, we demonstrated for
the first time that reduced locomotor muscle force per se has
significant effects on cardiorespiratory responses and time to
exhaustion during intense cycling exercise. These experimental
findings are in contrast with the recent proposal that exercise
performance in normoxia is regulated by the CNS on the basis
of afferent neural feedback related to metabolic stress in the
locomotor muscles to prevent peripheral fatigue from trespass-
ing a task-specific critical threshold (1, 2). However, our
results confirm previous suggestions that increased central
motor command to fatigued locomotor muscles has an impor-
tant influence on cardiorespiratory regulation during prolonged
constant-workload exercise (11, 32, 44, 45). In accordance
with the largely ignored recommendation that the study of
fatigue should address both perception of effort and the decline
in force that occurs during sustained exercise (7), we propose
that further studies are necessary to investigate the sensory
psychobiology of perceived exertion and its important role in
the regulation of exercise performance (22).

ACKNOWLEDGMENTS

We thank Dr. Hans-Peter Kubis for the helpful scientific discussions and
James Greaves and Mike Turner for their assistance in subject recruitment and
data collection. We also thank the anonymous reviewers whose suggestions
helped us to improve the paper.

GRANTS

The visit of Helma de Morree to Bangor University was supported by the
Gerrit Jan van Ingen Schenau Promising Young Scientist Award given by the
Faculty of Human Movement Sciences, Vrije Universiteit, Amsterdam.

REFERENCES

1. Amann M, Dempsey JA. Locomotor muscle fatigue modifies central
motor drive in healthy humans and imposes a limitation to exercise
performance. J Physiol 586: 161–173, 2008.

2. Amann M, Dempsey JA. Peripheral muscle fatigue from hyperoxia to
moderate hypoxia–a carefully regulated variable? Physiology News 66:
28–29, 2007.

3. Amann M, Eldridge MW, Lovering AT, Stickland MK, Pegelow DF,
Dempsey JA. Arterial oxygenation influences central motor output and
exercise performance via effects on peripheral locomotor muscle fatigue in
humans. J Physiol 575: 937–952, 2006.

4. Amann M, Hopkins WG, Marcora SM. Similar sensitivity of time to
exhaustion and time trial time to changes in endurance. Med Sci Sports
Exerc. In press.

5. Amann M, Romer LM, Subudhi AW, Pegelow DF, Dempsey JA.
Severity of arterial hypoxaemia affects the relative contributions of pe-
ripheral muscle fatigue to exercise performance in healthy humans.
J Physiol 581: 389–403, 2007.

6. Asmussen E, Johansen SH, Jorgensen M, Nielsen M. On the nervous
factors controlling respiration and circulation during exercise. Experi-
ments with curarization. Acta Physiol Scand 63: 343–350, 1965.

7. Barry BK, Enoka RM. The neurobiology of muscle fatigue: 15 years
later. Integr Comp Biol 47:465–473, 2007.

8. Borg GA. Borg’s Perceived Exertion and Pain Scales. Champaign, IL:
Human Kinetics, 1998.

9. Brehm JW, Self EA. The intensity of motivation. Annu Rev Psychol 40:
109–131, 1989.

10. Charloux A, Lonsdorfer-Wolf E, Richard R, Lampert E, Oswald-
Mammosser M, Mettauer B, Geny B, Lonsdorfer J. A new impedance
cardiograph device for the non-invasive evaluation of cardiac output at rest
and during exercise: comparison with the “direct” Fick method. Eur J Appl
Physiol 82: 313–320, 2000.

11. Dempsey JA, Miller JD, Romer LM. The respiratory system. In:
ACSM’s Advanced Exercise Physiology, edited by Tipton CM. Phila-
delphia, PA: Lippincott Williams Wilkins, 2006, p. 246 –299.

12. Dempsey JA, Romer L, Rodman J, Miller J, Smith C. Consequences of
exercise-induced respiratory muscle work. Respir Physiol Neurobiol 151:
242–250, 2006.

13. Edwards R. Biochemical basis of fatigue in exercise performance: catas-
trophe theory of muscular fatigue. In: Biochemistry of Exercise, edited by
Knuttgen H. Champaign, IL: Human Kinetics, 1983, p. 3–28.

14. Eston RG, Williams JG. Reliability of ratings of perceived effort regu-
lation of exercise intensity. Br J Sports Med 22: 153–155, 1988.

15. Fitts RH. The muscular system: fatigue processes. In: ACSM’s Advanced
Exercise Physiology, edited by Tipton CM. Philadelphia: Lippincott Wil-
liams Wilkins, 2006, p. 178–196.

16. Gallagher KM, Fadel PJ, Stromstad M, Ide K, Smith SA, Querry RG,
Raven PB, Secher NH. Effects of partial neuromuscular blockade on
carotid baroreflex function during exercise in humans. J Physiol 533:
861–870, 2001.

17. Gandevia SC. Spinal and supraspinal factors in human muscle fatigue.
Physiol Rev 81: 1725–1789, 2001.

18. Gregory JE, Brockett CL, Morgan DL, Whitehead NP, Proske U.
Effect of eccentric muscle contractions on Golgi tendon organ responses
to passive and active tension in the cat. J Physiol 538: 209–218, 2002.

19. Gregory JE, Morgan DL, Proske U. Responses of muscle spindles
following a series of eccentric contractions. Exp Brain Res 157: 234–240,
2004.

20. Holm S. A simple sequentially rejective multiple test procedure. Scand J
Stat 6: 65–70, 1979.

21. Hsu AR, Barnholt KE, Grundmann NK, Lin JH, McCallum SW,
Friedlander AL. Sildenafil improves cardiac output and exercise perfor-
mance during acute hypoxia, but not normoxia. J Appl Physiol 100:
2031–2040, 2006.

22. Jones NL, Killian KJ. Exercise limitation in health and disease. N Engl
J Med 343: 632–641, 2000.

23. Kuipers H, Verstappen FT, Keizer HA, Geurten P, van Kranenburg
G. Variability of aerobic performance in the laboratory and its physiologic
correlates. Int J Sports Med 6: 197–201, 1985.

24. Lollgen H, Graham T, Sjogaard G. Muscle metabolites, force, and
perceived exertion bicycling at varying pedal rates. Med Sci Sports Exerc
12: 345–351, 1980.

25. Mador MJ, Acevedo FA. Effect of respiratory muscle fatigue on subse-
quent exercise performance. J Appl Physiol 70: 2059–2065, 1991.

26. Marcora SM, Bosio A. Effect of exercise-induced muscle damage on
endurance running performance in humans. Scand J Med Sci Sports 17:
662–671, 2007.

27. Mateika JH, Duffin J. A review of the control of breathing during
exercise. Eur J Appl Physiol Occup Physiol 71: 1–27, 1995.

28. McKenna MJ, Hargreaves M. Resolving fatigue mechanisms determin-
ing exercise performance: integrative physiology at its finest! J Appl
Physiol doi:10.1152/japplphysiol.01139.2007.

29. Millet GY, Lepers R. Alterations of neuromuscular function after pro-
longed running, cycling and skiing exercises. Sports Med 34: 105–116,
2004.

30. Nielsen JS, Madsen K, Jorgensen LV, Sahlin K. Effects of lengthening
contraction on calcium kinetics and skeletal muscle contractility in hu-
mans. Acta Physiol Scand 184: 203–214, 2005.

31. Noble BJ, Robertson RJ. Perceived Exertion. Champaign, IL: Human
Kinetics, 1996.

R882 LOCOMOTOR MUSCLE FATIGUE AND EXERCISE PERFORMANCE

AJP-Regul Integr Comp Physiol • VOL 294 • MARCH 2008 • www.ajpregu.org

 by 10.220.33.4 on N
ovem

ber 11, 2017
http://ajpregu.physiology.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1152/japplphysiol.01139.2007
http://ajpregu.physiology.org/


32. Norton KH, Gallagher KM, Smith SA, Querry RG, Welch-O’Connor
RM, Raven PB. Carotid baroreflex function during prolonged exercise.
J Appl Physiol 87: 339–347, 1999.

33. Presland JD, Dowson MN, Cairns SP. Changes of motor drive, cortical
arousal and perceived exertion following prolonged cycling to exhaustion.
Eur J Appl Physiol 95: 42–51, 2005.

34. Proske U, Morgan DL. Muscle damage from eccentric exercise: mech-
anism, mechanical signs, adaptation and clinical applications. J Physiol
537: 333–345, 2001.

35. Rijkelijkhuizen JM, de Ruiter CJ, Huijing PA, de Haan A. Low-
frequency fatigue is fibre type related and most pronounced after eccentric
activity in rat medial gastrocnemius muscle. Pflügers Arch 447: 239–246,
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