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Abstract In exercise physiology, it has been traditionally
assumed that high-intensity aerobic exercise stops at the
point commonly called exhaustion because fatigued sub-
jects are no longer able to generate the power output
required by the task despite their maximal voluntary eVort.
We tested the validity of this assumption by measuring
maximal voluntary cycling power before (mean § SD,
1,075 § 214 W) and immediately after (731 § 206 W)
(P < 0.001) exhaustive cycling exercise at 242 § 24 W
(80% of peak aerobic power measured during a preliminary
incremental exercise test) in ten Wt male human subjects.
Perceived exertion during exhaustive cycling exercise was
strongly correlated (r = ¡0.82, P = 0.003) with time to
exhaustion (10.5 § 2.1 min). These results challenge the
long-standing assumption that muscle fatigue causes
exhaustion during high-intensity aerobic exercise, and sug-
gest that exercise tolerance in highly motivated subjects is
ultimately limited by perception of eVort.
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Introduction

The capacity to sustain aerobic exercise (exercise toler-
ance) is very important for endurance athletes (Coyle et al.
1988), and poor exercise tolerance is strongly associated
with disability, risk of cardiovascular disease, and mortality
in the general population (Gulati et al. 2005; Myers et al.
2002; Newman et al. 2006). Because of these important
implications, the mechanisms determining exercise toler-
ance have been intensely investigated for over a century
(McKenna and Hargreaves 2008). Most of this research has
been based on the assumption that, in highly motivated sub-
jects, the tolerable duration of aerobic exercise is limited by
central and/or peripheral muscle fatigue (Fig. 1) (Allen
et al. 2008; Amann and Calbet 2008; Burnley and Jones
2007; Noakes and St Clair Gibson 2004; Secher et al. 2008;
Walsh 2000). In other words, it is assumed that aerobic
exercise stops at the point commonly called exhaustion
because fatigued subjects are no longer able to generate the
power output required by the task despite their maximal
voluntary eVort. Indeed, task failure/exhaustion is often
referred to as the “point of fatigue” (Barry and Enoka
2007).

As a result, research into the mechanisms determining
exercise tolerance has focused on the cardiovascular, respi-
ratory, metabolic, and neuromuscular mechanisms of mus-
cle fatigue (McKenna and Hargreaves 2008). These
physiological mechanisms include limited oxygen delivery
(Amann and Calbet 2008; Burnley and Jones 2007),
metabolic and ionic changes within the active muscles
(Fitts 2008; McKenna et al. 2008), supraspinal reXex inhi-
bition from muscle aVerents sensitive to these changes
(Amann and Calbet 2008), and altered cerebral blood Xow
and metabolism (Secher et al. 2008). However, to the best
of our knowledge, nobody has ever tested the basic

Communicated by Susan Ward.

S. M. Marcora (&) · W. Staiano
School of Sport, Health and Exercise Sciences, 
Bangor University, Normal Site, Holyhead Road, 
Bangor, Gwynedd LL57 2PZ, Wales, UK
e-mail: s.m.marcora@bangor.ac.uk
123



764 Eur J Appl Physiol (2010) 109:763–770
assumption that exhaustion during high-intensity aerobic
exercise occurs because fatigued subjects are no longer able
to generate the power output required by the task despite
their maximal voluntary eVort. Therefore, in spite of its
long-standing recognition in the Weld of exercise physiol-
ogy (Noakes and St Clair Gibson 2004), the validity of the
muscle fatigue model of exercise tolerance is unclear.

The primary aim of our study was to test the basic
assumption of the muscle fatigue model of exercise toler-
ance by measuring maximal voluntary cycling power
(MVCP) immediately after a time to exhaustion test per-
formed on a cycle ergometer. The secondary aim of the
present investigation was to describe the time-course of
muscle fatigue induced by high-intensity aerobic exercise.

Methods

Participants

Ten healthy male human subjects were recruited from
Bangor University’s rugby league team. Their characteristics
were age 22 § 2 years, height 182 § 7 cm, body mass
81.6 § 14.0 kg, peak oxygen uptake (VO2peak) 50.2 §
6.3 ml/(kg min). All subjects signed an informed consent
form describing the study protocol which was approved by
the Ethics Committee of the School of Sport, Health and
Exercise Sciences, Bangor University, according to the
standards set by the Declaration of Helsinki.

Procedures

Visit 1

Participants visited the Physiology Laboratory on Wve
diVerent occasions with a minimum of 48 h between visits.
All visits were completed within a period of 2 weeks. Envi-
ronmental conditions in the laboratory were kept between
18 and 22°C for temperature and 45 and 60% for humidity.

During the Wrst visit, subjects performed a preliminary
incremental exercise test (2 min at 50 + 50 W increments
every 2 min) until exhaustion [operationally deWned as a
pedal frequency of <60 revolutions/min (RPM) for more
than 5 s despite strong verbal encouragement] on an elec-
tromagnetically braked cycle ergometer (Excalibur Sport,
Lode, Groningen, The Netherlands) to measure their
VO2peak and peak aerobic power. Oxygen uptake was mea-
sured breath-by-breath using a computerized metabolic gas
analysis system (MetaLyzer 3B, Cortex Biophysik GmbH,
Leipzig, Germany) connected to an oro-(mouth) mask
(7600 series, Hans Rudolph Inc., Kansas City, MO, USA).
The highest 1 min average was taken as VO2peak. Before
each test, the system was calibrated using certiWed gases of
known concentration (11.5% O2 and 5.1% CO2) and a 3.0 l
calibration syringe (Series 5530, Hans Rudolph Inc.,
Kansas City, MO, USA). Peak aerobic power was calculated
according to the equation of Kuipers et al. (1985). The
cycle ergometer was set in hyperbolic mode, which allows
the power output to be set independently of the freely cho-
sen pedal frequency over the range of 40–120 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 reproduced at each subse-
quent visit. Participants were also given standard instruc-
tions for overall rating of perceived exertion (RPE) using
the 15-point scale developed by Borg (1998). During the
incremental exercise test, the scale low (7 extremely light)
and high (19 extremely hard/heavy) anchor points were
established as previously described (Noble and Robertson
1996).

Furthermore during the Wrst visit, participants were
familiarized with the MVCP test. This test is very similar to
the standard Wingate Test but lasts only a few seconds.
Subjects were instructed to sit on the ergometer and cycle
as fast and as hard as possible for the entire duration of the
test (7–8 s in total). After an unloaded (i.e., zero resistance)
phase of 2–3 s to reach a high RPM, a resistance corre-
sponding to 7.5% of body mass was generated for 5 s by the
electromagnetically braked cycle ergometer which was set
in the RPM-dependent linear mode. MVCP was operation-
ally deWned as the average power output calculated by the
Lode Wingate software package (version 1.09, Groningen,
The Netherlands) during the loaded phase of the test.

Fig. 1 Schematic to illustrate diVerent mechanisms leading to exhaus-
tion. Dashed line shows how the maximum force (or power) declines
during repeated tetani. Solid red line indicates a submaximal force
required for a particular activity. Exhaustion (failure to produce the
required force) occurs at the intersection of the two lines. Increases and
decreases in the required force (arrow 1) will cause earlier and later
onset of exhaustion, respectively. Increases and decreases in the maxi-
mum force that the muscle can produce (arrow 2) will also change the
time to exhaustion. Finally, changes in the intrinsic fatiguability of the
muscle (arrow 3) will also change the time to exhaustion. Reprinted
with permission from Allen et al. (2008) (color Wgure online)
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Strong verbal encouragement was provided during all
MVCP tests.

Visit 2

During the second visit, subjects cycled for 10 min at 40%
of peak aerobic power with the ergometer set in hyperbolic
mode. As soon as participants stopped this warm-up, one
operator immediately exited the manually controlled hyper-
bolic mode (1 s), and subjects started the unloaded phase of
the MVCP test. In the meantime, another operator entered
the computer-controlled linear mode to start the loaded
phase of the MVCP test. This time-point was deWned as 0%
of time to exhaustion.

After 30 min of rest, participants were asked to perform
the time to exhaustion test. This high-intensity aerobic
exercise test consisted of a 3-min warm-up at 40% of peak
aerobic power followed immediately by a workload corre-
sponding to 80% of peak aerobic power. Both power out-
puts were generated with the cycle ergometer set in
hyperbolic mode. Time to exhaustion was measured from
the end of warm-up until the pedal frequency was
<40 RPM for more than 5 s despite strong verbal encour-
agement. Such a low RPM was selected to operationally
deWne exhaustion in order to induce as much physiological
and muscular strain as possible (Deschenes et al. 2000).

Immediately after exhaustion, subjects performed the
MVCP test as described above. This time-point was deWned
as 100% of time to exhaustion. In order to motivate the par-
ticipants to cycle for as long as possible during the time to
exhaustion test, monetary rewards were given for the three
best performances (£50, £30, £10). In order to stimulate
competition and with all participants prior consent, a rank
with all individual times to exhaustion was circulated at the
end of the study. During the time to exhaustion test, RPE
was recorded in the last 15 s of each minute.

Visits 3, 4, 5

In the following three visits, subjects were asked to repeat,
in a random order, three more bouts of high-intensity aero-
bic exercise using the same procedures of the time to
exhaustion test. However, in these three occasions, partici-
pants were stopped at 25, 50 or 75% of time to exhaustion
measured during the second visit. Immediately after stop-
page, subjects performed the MVCP test as described
above.

General procedures

Heart rate (Polar S610i, Polar Electro OY, Kempele,
Finland) and RPE were recorded in the last 15 s of each
exercise bout (0, 25, 50, 75, and 100% time to exhaustion).

Furthermore, immediately after each MVCP test, a 5 �l
sample of whole fresh blood was taken from the right ear-
lobe and analysed for lactate concentration using a portable
analyser (Lactate Pro LT-1710, Arkray, Shiga, Japan).

All participants were given written instructions to drink
35 ml of water per kilogram of body weight, sleep for at
least 7 h, refrain from the consumption of alcohol, and
avoid any vigorous exercise the day before each visit. Par-
ticipants were also instructed to avoid any caVeine and nic-
otine for at least 3 h before testing. At each visit to the lab,
subjects were asked to complete a pre-test checklist to
ascertain that they had complied with the instructions given
to them. Participants were also asked to declare if they had
taken any medication/drug or had any acute illness, injury,
or infection.

Data analysis

Data were explored for normality and homogeneity of vari-
ance, and are presented as mean § SD unless noted other-
wise. The eVects of exercise duration (0, 25, 50, 75, and
100% of time to exhaustion) on MVCP, heart rate, blood
lactate concentration, and RPE were tested using one-way
repeated measures ANOVAs. If the assumption of spheric-
ity was violated, the Greenhouse–Geisser correction was
employed. In such cases, the uncorrected degrees of free-
dom are reported between square brackets in conjunction
with the respective epsilon values. The correlation between
RPE at isotime (the highest common exercise duration
achieved by all subjects during the time to exhaustion test)
and time to exhaustion was assessed by Pearson product-
moment correlation coeYcient. The diVerence between
MVCP measured immediately after exhaustion and the
power output required by the time to exhaustion test was
tested using a paired-samples t test. SigniWcance was set at
0.05 (two-tailed) for all analyses, which were conducted
using the Statistical Package for the Social Sciences,
version 14.

Results

During the preliminary incremental exercise test, subject
reached a peak aerobic power of 302 § 30 W. Therefore,
in the subsequent time to exhaustion test, subjects cycled
at 242 § 24 W until exhaustion which occurred after
10.5 § 2.1 min. During this test, the average pedal fre-
quency was 75 § 10 RPM.

Repeated measures ANOVAs show that heart rate
[F(4) = 152.20, P < 0.001] (Fig. 2a), blood lactate concen-
tration [F(4) = 26.92, P < 0.001] (Fig. 2b), and RPE
[F(4) = 82.32, P < 0.001] (Fig. 2c) increased signiWcantly
with increasing exercise duration reaching high values at
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exhaustion (heart rate 183 § 10 beats/min; blood lactate
concentration 10.4 § 1.9 mmol/l; RPE 19.6 § 0.7). These
physiological and perceptual responses to aerobic exercise
conWrm that the time to exhaustion test was very intense,
and that participants were highly motivated to cycle for as
long as possible.

High-intensity aerobic exercise signiWcantly reduced
MVCP from its initial value of 1,075 § 214 W [F(4) =
35.98, � = 0.42, P < 0.001) (upper line in Fig. 3). Follow-up
tests with Bonferroni correction revealed a signiWcant
reduction in MVCP between 0 and 25% of time to exhaus-
tion (P = 0.001), and again between 75 and 100% of time to
exhaustion (P = 0.027). No signiWcant diVerences were
observed between 25 and 50% of time to exhaustion
(P = 1.000), and between 50 and 75% of time to exhaustion
(P = 0.209). Pedal frequency during the Wve MVCP tests
was, on average, 137 § 13 RPM.

Crucially, MVCP measured immediately after exhaus-
tion (731 § 206 W) was three times the power output
required by the time to exhaustion test (lower line in Fig. 3)
[t(9) = 7.89, P < 0.001]. Individual results are shown in
Fig. 4. In all ten participants, MVCP measured immediately
after exhaustion was well above the power output required
by the time to exhaustion test.

The negative correlation between RPE at isotime (8 min
of the time to exhaustion test) and time to exhaustion was
highly signiWcant (r = ¡0.82, P = 0.003) (Fig. 5).

Discussion

High-intensity aerobic exercise and muscle fatigue

As expected, high-intensity aerobic exercise induced
signiWcant muscle fatigue deWned as any exercise-induced
decrease in maximal voluntary force or power produced by
a muscle or muscle group (Gandevia 2001) (Fig. 3). In fact,
MVCP was reduced by 32% immediately after the time to
exhaustion test. A 25% reduction in MVCP has been

Fig. 2 EVects of exercise duration on physiological and perceptual
responses to high-intensity aerobic exercise. #SigniWcant main eVect of
time (P < 0.05). Data are presented as mean § SEM

Fig. 3 EVect of exercise duration on maximal voluntary cycling power
(upper line) and the power output required by the time to exhaustion
test (lower line). #SigniWcant main eVect of time (P < 0.05). Data are
presented as mean § SEM
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previously reported after 6 min of aerobic cycling exercise
at an intensity (80–90% VO2peak) similar to that of our time
to exhaustion test which lasted, on average, more than
10 min (Beelen and Sargeant 1991; Yano et al. 2001). The
lower degree of muscle fatigue compared to our study can
be explained by the shorter duration of the non-exhaustive
cycling tasks used in these investigations.

Interestingly, the time-course of muscle fatigue mea-
sured in our study employing maximal voluntary contrac-
tions (MVC) in humans is similar to the one observed in
studies of electrically stimulated muscle Wbres: an early
reduction, a plateau, and a late reduction (Fig. 1) (Allen
et al. 2008). However, this similarity may be purely coinci-
dental. The early reduction in MVCP followed by a plateau
has been observed before (Sargeant and Dolan 1987), and
may be caused by metabolic stress in a relatively small pop-
ulation of fast fatigue-sensitive muscle Wbres (peripheral

fatigue) (Sargeant 2007). On the other hand, the late reduc-
tion in MVCP may be due to reduced CNS capacity to drive
the muscles fully (central fatigue) (Amann and Calbet
2008; Secher et al. 2008). Unfortunately, at present, there
are no valid methods to diVerentiate between central and
peripheral muscle fatigue during a MVCP test. However,
studies using isometric muscle function tests with magnetic
and/or electric stimulation suggest that both neural and
muscular mechanisms contribute to the muscle fatigue
induced by high-intensity aerobic exercise (Amann et al.
2006; Lepers et al. 2001; Romer et al. 2007; Sidhu et al.
2009; Taylor and Romer 2008).

Muscle fatigue and exhaustion during high-intensity 
aerobic exercise

From a functional point of view, however, diVerentiation
between central and peripheral fatigue is irrelevant; what
matters is overall muscle fatigue, i.e., the exercise-induced
decrease in MVCP. It is traditionally assumed that exhaus-
tion during high-intensity aerobic exercise occurs because
fatigued subjects are no longer able to generate the power
output required by the task despite their maximal voluntary
eVort. Therefore, MVCP measured immediately after
exhaustive high-intensity aerobic exercise should not be
signiWcantly diVerent from the power output required by
the time to exhaustion test. We have demonstrated for the
Wrst time that this is not the case. In fact, immediately after
exhaustive high-intensity aerobic exercise, subjects could
produce a MVCP that was, on average, three times the
power output required by the time to exhaustion test
(Fig. 3). This signiWcant Wnding was highly reproducible
across all participants who had considerable neuromuscular
reserve immediately after exhaustion (Fig. 4).

It may be argued that the capacity of the neuromuscular
system to produce power increased from <242 to 731 W in
the 3–4 s period (1 s rest + 2–3 s of maximal unloaded
cycling) between exhaustion and the loaded phase of the
MVCP test. However, the occurrence of such large and fast
neuromuscular recovery is unlikely given current evidence
that MVCP after high-intensity aerobic exercise recovers
with a half-time of »32 s (Sargeant and Dolan 1987).
Furthermore, several studies employing constant-power
cycling tests of similar intensity and duration have mea-
sured signiWcant peripheral locomotor muscle fatigue sev-
eral minutes after exhaustion (Amann et al. 2006, 2007;
Romer et al. 2007; Taylor and Romer 2008). Similarly,
central fatigue persists long after termination of high-inten-
sity locomotor exercise as recently demonstrated by Sidhu
et al. (2009). Therefore, an exceptionally quick recovery of
peripheral and/or central fatigue can be excluded.

It may also be argued that physiological diVerences
between the two tasks (e.g., motor unit recruitment and

Fig. 4 Individual maximal voluntary cycling power measured imme-
diately after exhaustion and the power output required by the time to
exhaustion test

Fig. 5 Correlation between rating of perceived exertion at isotime
(8 min of the time to exhaustion test) and time to exhaustion
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energy substrates) could explain the large diVerence
between MVCP immediately after exhaustion and the
power output required by the time to exhaustion test.
However, this is irrelevant to the aims of our study. In fact,
even in fatigued subjects, there is a hyperbolic relationship
between power output and tolerable exercise duration
(Ferguson et al. 2007). Therefore, if our subjects were able
to voluntarily produce 731 W for 5 s immediately after
exhaustion, they must have been physiologically able to
produce 242 W for much longer.

The most likely explanation for the very high MVCP
produced immediately after exhaustion is psychological.
Subjects knew that the Wnal MVCP test was going to last
only 5 s, and such knowledge motivated them to exert fur-
ther eVort after the time to exhaustion test which had a
longer and unknown duration. The eVect of expected test
duration on eVort mobilization has been recently investi-
gated (Wittekind et al. 2009), and the results support our
hypothesis: people exert their true MVCP only when
expected test duration is <30 s. Therefore, the very high
MVCP measured immediately after exhaustion provide
strong evidence against the long-standing assumption that
exhaustion during high-intensity aerobic exercise occurs
when fatigued subjects are no longer able to generate the
power output required by the task despite their maximal
voluntary eVort.

Perception of eVort and exhaustion during high-intensity 
aerobic exercise

So if muscle fatigue does not limit exercise tolerance in
humans, what does? According to the psychobiological
model of exercise tolerance (Marcora 2008; Marcora et al.
2008, 2009) based on motivational intensity theory (Brehm
and Self 1989; Wright 2008), exhaustion is a form of task
disengagement rather than task failure. In other words, our
participants decided to “give up” (i.e., disengage from the
task) either because the eVort required by the time to
exhaustion test exceeded the greatest eVort they were will-
ing to exert in order to succeed in the task (the so-called
potential motivation), or because eVort was so high that
cycling for much longer seemed beyond their perceived
ability (Wright 1998). This proposal is supported by the
Wnding that RPE in our highly motivated subjects was
nearly maximal at the end of the time to exhaustion test
(19.6 on a 6–20 scale). This Wnding is common across a
variety of exercise tasks, physiological and environmental
conditions, and experimental manipulations (e.g., Amann
et al. 2006; Crewe et al. 2008; Eston et al. 2007; Jacobs and
Bell 2004; Marcora et al. 2008, 2009; Martin 1981; Romer
et al. 2007; Taylor and Gandevia 2008), and suggests that
perception of eVort may be the cardinal “exercise stopper”
physiologists have searched for over a century among the

cardiovascular, respiratory, metabolic, and neuromuscular
mechanisms of muscle fatigue (Gandevia 2001; Gandevia
et al. 2000).

Furthermore, we have found a strong negative correla-
tion between RPE at isotime (8 min of the time to exhaus-
tion test) and time to exhaustion (Fig. 5). Again, this is not
a novel Wnding; previous studies have consistently shown
that RPE is a strong predictor of exercise tolerance (Crewe
et al. 2008; Eston et al. 2007; Horstman et al. 1979;
Nakamura et al. 2008; Noakes 2008). In addition to this
correlative evidence, support to the proposal that perception
of eVort and potential motivation are the key-determinants
of exercise tolerance comes from experiments in which
these two parameters have been manipulated independently
from the cardiovascular, respiratory, metabolic and
neuromuscular mechanisms of muscle fatigue thought to
determine exercise tolerance (Burnley and Jones 2007;
McKenna and Hargreaves 2008). In these experimental
studies, mental fatigue (Marcora et al. 2009), sleep depriva-
tion (Martin 1981), a psychostimulant (Jacobs and Bell
2004), the presence of a competitor (Wilmore 1968), and
monetary reward (Cabanac 1986) had a signiWcant eVect on
time to exhaustion.

Importantly, the psychobiological model of exercise
tolerance can explain the negative eVect of experimental loco-
motor muscle fatigue on time to exhaustion (Gagnon et al.
2009; Marcora et al. 2008) which, in the light of the present
results and discussion, may seem paradoxical. On the con-
trary, this Wnding can be explained by the signiWcant eVect
of experimental muscle fatigue on perception of eVort. In
fact, cycling at a given power output with pre-fatigued
locomotor muscles requires higher than normal eVort as
reXected by higher RPE compared to the control condition
(Gagnon et al. 2009; Marcora et al. 2008). Because percep-
tion of eVort increased over time in both conditions, sub-
jects in the experimental locomotor muscle fatigue
condition reached the same high RPE and disengaged from
the time to exhaustion test earlier than in the control condi-
tion despite having considerable neuromuscular reserve
(Gagnon et al. 2009; Marcora et al. 2008)

Muscle fatigue, perception of eVort and exhaustion 
during other forms of exercise

We are the Wrst to demonstrate that muscle fatigue does not
cause exhaustion during high-intensity aerobic exercise.
However, a similar phenomenon has been described by
other authors during isometric tasks performed with iso-
lated muscle groups at a relative exercise intensity (20% of
MVC) (Hunter et al. 2004, 2008; Yoon et al. 2007) similar
to that of our study (23 § 3% MVCP). In these studies,
despite signiWcant muscle fatigue, the MVC measured after
“task failure” was well above the force required by these
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isometric tasks (Hunter et al. 2004, 2008; Yoon et al.
2007). Again it is clear that fatigue of the principal muscles
can not explain why exercise is terminated (Enoka and
Duchateau 2008). As in our study, task disengagement dur-
ing these isometric tasks was associated with high RPE
(Hunter et al. 2004, 2008; Yoon et al. 2007). This Wnding
provides further support to the psychobiological model of
exercise tolerance, and extends it to low-intensity isometric
tasks performed with isolated muscle groups. Muscle
fatigue seems to cause task failure only when submaximal
exercise requires more intense muscle contractions (80%
MVC) (Yoon et al. 2007). Examples of such activities
would be resistance training or certain activities of daily
living in sedentary old adults (Hortobagyi et al. 2003).

Conclusions

The results of the present study challenge the long-standing
assumption that central and/or peripheral muscle fatigue
causes exhaustion during high-intensity aerobic exercise
(Amann and Calbet 2008; Burnley and Jones 2007; Noakes
and St Clair Gibson 2004; Secher et al. 2008; Walsh 2000),
and suggest that exercise tolerance in highly motivated sub-
jects is limited by perception of eVort as postulated by the
psychobiological model based on motivational intensity
theory (Brehm and Self 1989; Marcora 2008; Marcora et al.
2008, 2009; Wright 2008). Future research should test fur-
ther the validity of the psychobiological model of exercise
tolerance, and investigate the neural correlates of psycho-
logical constructs relevant to exercise tolerance such as per-
ceived exertion (Marcora 2009; Williamson et al. 2001)
and potential motivation (Pessiglione et al. 2007).
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