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Abstract Exercise in the heat causes “central fatigue”,
associated with reduced skeletal muscle recruitment
during sustained isometric contractions. A similar mech-
anism may cause fatigue during prolonged dynamic
exercise in the heat. The aim of this study was to
determine whether centrally regulated skeletal muscle
recruitment was altered during dynamic exercise in hot
(35°C) compared with cool (15°C) environments. Ten
male subjects performed two self-paced, 20-km cycling
time-trials, one at 35°C (HOT condition) and one at 15°C
(COOL condition). Rectal temperature rose significantly
in both conditions, reaching maximum values at 20 km of
39.2+0.2°C in HOT and 38.8+£0.1°C in COOL (P<0.005
HOT vs. COOL). Core temperatures at all other distances
were not different between conditions. Power output and
integrated electromyographic activity (iIEMG) of the
quadriceps muscle began to decrease early in the HOT
trial, when core temperatures, heart rates and ratings of
perceived exertion (RPE) were similar in both conditions.
1IEMG was significantly lower in HOT than in COOL at 10
and 20 km, while power output was significantly reduced
in the period from 80% to 100% of the trial duration in the
HOT compared with COOL condition. Thus, reduced
power output and iEMG activity during self-paced exer-
cise in the heat occurs before there is any abnormal
increase in rectal temperature, heart rate or perception of
effort. This adaptation appears to form part of an
anticipatory response which adjusts muscle recruitment
and power output to reduce heat production, thereby
ensuring that thermal homeostasis is maintained during
exercise in the heat.
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Introduction

Exercise performance is impaired during both self-paced
[16, 35] and externally regulated [5, 7, 25, 26] exercise in
the heat. The biological mechanisms explaining this
impairment are, however, poorly understood. Originally
it was believed that an increase in the oxygen-independent
contribution to energy production [3], resulting from a
reduction in skeletal muscle blood flow [6, 30] secondary
to reduced stroke volume and cardiac output [30],
explained this phenomenon.

It is now known, however, that fatigue during exercise
in the heat is not caused by reductions in cardiac output or
exercising muscle blood flow, or by impaired substrate
availability or utilization, or by the accumulation of lactate
or K [8, 19, 20, 32]. Such fatigue has been observed to
occur at a core temperature of approximately 40°C [7, 24],
irrespective of the rate of heat storage, the pre-exercise
core temperature [8] or the extent of prior heat acclima-
tization [20, 21]. It has thus been proposed that fatigue
during exercise in the heat is associated with a “critical
core temperature limiting exercise performance” [8], in
which a high body temperature directly affects central
nervous functions [19, 24].

Recently, Nybo and Nielsen [24] showed that force
production and voluntary activation percentage in the
exercised muscle groups (knee extensors) were lower
during a sustained isometric maximal voluntary contrac-
tion (MVC) following cycle exercise in hot (40°C,
sufficient to raise body temperature to 40°C) than in
temperate (18°C, final core temperature 38°C) conditions.
Significantly, the overall force produced when electrical
stimulation was superimposed upon voluntary contraction
was unchanged from values measured during the tempe-
rate trial. This indicates that the force-generating capacity
of the exercised muscle was unaffected by the elevated



core and muscle temperatures after exercise in the heat. It
was concluded that exercised-induced hyperthermia
causes a form of “central fatigue”, in which elevated
body temperature (>40°C) caused reduced central activa-
tion in the exercised muscles leading to a lower force
production. The authors speculated that a similar mech-
anism exists during dynamic exercise in the heat. To our
knowledge, this possibility has yet to be tested.

Accordingly, the aim of this study was to investigate
whether centrally-regulated recruitment of skeletal muscle
motor units is altered during dynamic exercise in hot
(35°C, HOT) compared with cool (15°C, COOL)
environments. To evaluate this effect during, as opposed
to after the completion of exercise, we studied cyclists
during a self-paced, 20-km laboratory cycling time-trial in
which they received no verbal or visual feedback other
than the distance covered (every kilometre). We have
shown previously that this form of testing produces pacing
strategies during exercise that are highly reproducible
when the testing conditions are identical [33]. We
hypothesized that in order to prevent core temperatures
from reaching harmful levels during exercise, subjects
would subconsciously select a lower power output soon
after the start of the time-trial in the HOT compared with
the COOL environment, when core temperatures were still
significantly lower than levels shown previously to be
associated with bodily harm or diminished central drive [8,
19]. Furthermore, it was hypothesized that integrated
electromyographic (IEMG) activity in the exercising
muscle would be lower in the HOT than in the COOL
condition. It has been shown that within an individual,
iIEMG activity is roughly proportional to the number and
diameter of active muscle fibres [1, 9], and IEMG
measurements during exercise therefore allow insight
into the degree of muscle recruitment and muscle recruit-
ment patterns. A reduction in iEMG activity and power
output early on in the HOT condition, before rectal
temperatures increase to potentially harmful levels would
indicate that skeletal muscle recruitment and power output
are down-regulated in advance of thermoregulatory fail-
ure. This contrasts with the prevailing hypothesis of
fatigue in the heat, which predicts that “central fatigue”
develops only after the homeostatic regulation of body
temperature has failed and a critical level of hyperthermia
is reached.

Materials and methods
Subjects

Ten male cyclists were recruited for the study from local cycling
clubs and gymnasia. All subjects were physically active and were
fully informed of the risks associated with the study. Subjects signed
an informed consent before commencing the study, and upon
completion of the trials, were remunerated for their participation.
The study was approved by the Research and Ethics Committee of
the Faculty of Health Sciences of the University of Cape Town. The
mean (£SD) age, height, mass and peak power output (PPO) of the
subjects were 24.7+4.6 years, 176.2+6.5 cm, 72.4+8.6 kg and 376
+47 W respectively.
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Preliminary testing

Subjects reported to the laboratory for preliminary testing consisting
of anthropometric measurements and to perform a PPO trial. Stature
and body mass were recorded using a precision stadiometer and
balance (Model 770, Seca, Bonn, Germany). Percentage body fat
was calculated according to the equation of Durnin and Wormersley
[4] from skinfold measurements taken at seven sites [29]. Lean thigh
volume for each subject was calculated according to the method of
Katch and Katch [13], based on the assumption that the thigh is a
truncated cone.

PPO was determined on a Kingcycle ergometer (described later)
using a modified protocol as described by Hawley and Noakes [10].
Subjects performed a self-paced warm-up for 10 min before
beginning the test at a starting power output of 3 W/kg body
weight. The workload was increased by 20 W/min until exhaustion.
Subjects were required to match a continuously increasing power
output displayed in analogue form on the computer monitor. The test
was terminated when the subject was unable to match the required
power output. PPO was recorded as the highest mean power output
achieved over a period of 1 min during the test. Subjects were
requested to remain in a seated position throughout the test.

Kingcycle ergometry system

All trials were conducted on an ergometer (Kingcycle, High
Wycombe, U.K.) that allows the subjects to ride their own bicycles
in the laboratory. After removing the front wheel, the bicycle was
firmly secured to the ergometry system by the front fork and
supported by an adjustable pillar under the bottom bracket. The
bottom bracket support was used to position the rolling resistance of
the rear wheel correctly on an air-braked flywheel. A photo-optic
sensor monitored the velocity of the flywheel in revolutions per
second (RPS), from which an IBM-compatible computer calculated
the power output (/) that would be generated by a cyclist riding at
that speed on level terrain, using the equation: #=0.000136
(RPS)*+1.09(RPS).

The Kingcycle was calibrated before both the peak power output
test and the 20-km time-trials. For the calibration, subjects were
required to accelerate to a power output of 115 W while seated in
their normal cycling position. Once they reached this power output,
subjects were instructed to stop pedalling immediately and remain in
their riding position. The bottom bracket support was then adjusted
until the computer display indicated that the slowing of the flywheel
matched a pre-determined reference power decay curve.

Familiarization trial

Within 1 week of the PPO determination, subjects reported to the
laboratory for a familiarization trial, during which they became
accustomed to the equipment and laboratory conditions for the
remaining two trials. Subjects completed a familiarization 20-km
time-trial at an ambient temperature of 20°C, relative humidity of
60% and wind velocity of 10 km/h. Subjects were able to drink
water ad libitum during the trial. All conditions and procedures were
identical to those used in subsequent experimental trials.

Experimental protocol

Within 1 week, subjects reported to the laboratory for the
experimental trials, which were conducted in an environmental
chamber (Scientific Technology Corporation, Cape Town, South
Africa). Each subject performed two experimental 20-km time-trials,
one at 35°C (HOT) and one at 15°C (COOL). Relative humidity was
60% and wind speed 10 km/h for both conditions. Five subjects
performed the HOT trial first while five performed the COOL trial
first. For each subject, trials were conducted at the same time of day
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so that the effect of circadian variation could be minimized. Trials
were separated by between 4-7 days in all subjects to allow
sufficient recovery. It was also assumed that subjects were not
naturally heat acclimatized as the experiments were conducted
between July and October, at which time the outside air temperature
ranged from 12-25°C. Subjects were requested not to modify their
training for the duration of their involvement in the trial, and to
refrain from heavy physical exercise the day before the trial. During
trials, subjects were allowed to drink water ad libitum. The only
feedback given to subjects during the trials was the elapsed distance
at the completion of each kilometre.

Maximal voluntary contraction testing

Prior to each 20-km time-trial, subjects performed a maximal
voluntary contraction (MVC) for normalization of the EMG signal
obtained during the subsequent trial. The subject’s right knee
extensor strength was measured on an isokinetic dynamometer (Kin-
Com, Chattanooga Group, USA), while the electromyographic
(EMQG) activity of the vastus lateralis muscle was recorded. Subjects
sat on the dynamometer with their arms folded across their chest and
their hips, thighs and upper bodies strapped firmly to the seat. In this
position, the hip angle was 100° flexion. The right leg was then
attached to the arm of the dynamometer at a level slightly above the
lateral malleolus and the axis of rotation of the arm was aligned with
the lateral femoral condyle. The arm was then set so that the knee
was at a 60° angle from full leg extension. Each subject then
performed four sub-maximal familiarization contractions prior to
performing four 5-s maximal contractions, separated by 5-s recovery
periods. Subjects were encouraged verbally to exert the maximal
possible force during each contraction. The contraction producing
the highest force was recorded and used for subsequent normaliza-
tion of the EMG signal obtained during the 20-km time-trial.

EMG testing

During each MVC and subsequent 20-km time-trial, the EMG
activity of the vastus lateralis muscle was recorded. Before
placement of the electrode, the skin was shaved and cleaned with
95% ethanol, according to methods previously described [14, 34]. A
triode electrode (Thought Technology, West Chazy, N.Y., USA) was
placed over the muscle belly of the vastus lateralis and connected to
a pre-amplifier. The electrode was firmly taped to the skin using
micropore tape, and a bandage (Flexwrap) wrapped around the
electrode to minimize sweat interference. Outputs from the pre-
amplifier were relayed to a Flexcomp/DSP EMG apparatus
(Thought Technology, USA) via a fibre-optic cable and stored by
an online computer. EMG signals were captured at 1984 Hz during
the MVC and the time-trials. EMG activity was captured for 5-s
periods during the MVC. During the 20-km time-trials, EMG
activity was measured at 1, 5, 10, 15 and 20 km. For analysis of the
signal, 5 s of data were analysed because subjects selected their own
cadence while cycling. The raw EMG signals were full-wave
rectified, movement artefacts removed using a high-pass, second-
order Butterworth filter with a cut-off frequency of 15 Hz, then
smoothed with a low-pass, second-order Butterworth filter with a
cut-off frequency of 5 Hz. This was performed using MATLAB gait
analysis software. This iIEMG was used for subsequent analysis. All
EMG data were normalized by dividing the EMG value obtained at
each measurement point during the time-trials by the EMG value
obtained during the MVC performed before the start of each time-
trial. iEMG data were therefore expressed as a percentage of this
MVC data. We have previously shown that this method of EMG
normalization is reliable and valid for use in cycling trials, [12] and
that the neuromuscular responses (iIEMG) during self-paced cycling
in the heat are reproducible between trials using this methodology
[14]. Because of technical problems with the EMG computer, a
complete set of EMG measurements could not be obtained during
two of the time-trials and so EMG data from two subjects were

rejected and the EMG data reported here represents the results from
eight subjects.

Following MVC testing, subjects reported to the environmental
chamber and inserted a rectal thermometer (YSI409AC, Yellow
Springs Instruments, Yellow Springs, Ohio, USA) 10 cm beyond
their anal sphincter. Saltin and Hermansen have shown that the
measurement of rectal temperature is as good an index of core
temperature during cycling at high work rates as oesophageal
temperature [31]. Four surface thermocouples (model 427, YSI)
were taped securely to the sternum region, left mid-thigh, left calf
and forehead for measurement of skin temperature. Three of these
sites (sternum, mid-thigh and calf) are typically measured during
temperature-related studies [27], as they measure skin temperature
over the heart (sternum thermocouple) and the working skeletal
muscle (thigh and calf thermocouples). The forehead site was
selected since it was speculated that the temperature of the head may
be important in monitoring temperature and regulating exercise
intensity, according to the current hypothesis. Upon entering the
chamber, the Kingcycle was calibrated as described, and subjects
performed a self-paced, 2-min warm-up. The duration of the warm-
up was restricted to 2 min to ensure that the initial values for heart
rate, rating of perceived exertion (RPE) and core temperature were
not different between HOT and COOL conditions. The initial values
of skin temperature, rectal temperature and heart rate were obtained
at the completion of the warm-up. Temperatures were recorded at 1,
5, 10, 15 and 20 km during the trial using a digital telethermometer,
accurate to 0.1°C (YSI 400 series).

Power output during the time-trials was recorded by the
Kingcycle equipment. To allow comparisons to be made between
power outputs during trials of different duration, the recorded power
output was normalized by dividing the trial into intervals of 5% of
the total trial duration. Power output is thus reported as the average
power output over each of these intervals of 5% total trial duration.

Heart rate was recorded at the start of the trial, and at 1, 5, 10, 15
and 20 km using a Polar Accurex NV heart rate monitor (Polar
Electro, Kempele, Finland).

RPE was recorded at the start of the trial and at 1, 5, 10, 15 and
20 km, using the Borg category ratio scale [2].

Subjects recorded their nude body mass before each trial, and
again after completion of the trial after wiping off sweat with a
towel. The volume of water ingested during each trial was also
recorded. Rate of weight loss (in kilograms/hour) was estimated by
the change in body mass adjusted for fluid consumption. This
weight loss was considered a proxy for sweat rate, but was not
corrected for other body weight losses caused by irreversible fuel
oxidation, since it was assumed that such losses would be essentially
similar in both trials.

Statistical analysis

Power outputs, EMG data, temperatures and heart rate data were
analysed using a two-way ANOVA for repeated measures, to
examine the interaction of temperature and time. Where a significant
effect was detected, post-hoc comparisons were made using Tukey’s
“honestly significantly different” (HSD) test for pairwise compar-
isons. Performance times, average power output, pre and post body
weights and fluid ingestion were analysed using a dependent #-test.
For all analyses significance was accepted at P<0.05. Data are
presented as means+=SD.

Results
Time-trial performance and power outputs
The time taken to complete the 20-km trial was

significantly greater in the HOT than in the COOL
condition (P<0.001) (Table 1). The average power output



in HOT was correspondingly lower; 255+47 W compared
with 272445 W in COOL (P<0.01) (Table 1).

Figure 1 shows the normalized power output recorded
during the time-trials, at intervals of 5% of the total
duration of the time-trial. Power outputs were identical for
the first 30% of the trial duration in both conditions. In
HOT, power output declined progressively in the period
from 30% to 80%, whereas in COOL, power output
remained constant from 10% to 90% of the time-trial. The
power output in HOT became significantly lower than in
COOL at 80%, 90%, 95% and 100% of the total duration
(P<0.05). In both HOT and COOL conditions, the power
output in the final 5% interval was significantly greater
than in the previous intervals (P<0.05). The highest power
output over any 5% interval was recorded in the final 5%
in both HOT and COOL conditions.
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Fig. 1 Power output at intervals of 5% of the total duration of a
self-paced, 20-km cycling time-trial at 35°C (HOT) or 15°C
gCOOL). MeanstSD for ten subjects. *P<0.05 vs. COOL;
P<0.05 vs. preceding time intervals within the same environmental
condition

Table 1 Time and average power output during self-paced, 20-km
cycling time-trials in HOT (35°C) and COOL (15°C) conditions.
Means+SD of ten subjects

HOT COOL
Time (min) 29.6+1.9 28.8+1.8%*
Average power (W) 255447 2724457

#*P<0.001; TP<0.01 vs. HOT
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Thermoregulatory responses

Rectal temperature increased significantly over time
(P<0.001) in both HOT and COOL conditions (Fig. 2).
In HOT, the final rectal temperature was 39.2+0.6°C,
compared with 38.8+0.4°C in COOL (P<0.005). At all
other intervals, rectal temperatures were not significantly
different between conditions.

Figure 3 shows the rate of increase in rectal temperature
calculated at 2-km intervals. There were no significant
differences in rate of increase in rectal temperature over
any of the intervals. The average rate of rise in rectal
temperature in HOT was 0.085+0.030°C/km, compared
with 0.070+0.017°C/km in COOL. These were not
significantly different.

All four skin temperatures (chest, thigh, calf, forehead)
were significantly greater in HOT than in COOL
conditions throughout the time-trials (P<0.001) (Fig. 4a—
d).

iIEMG amplitude

iIEMG amplitude, expressed as a percentage of the iIEMG
amplitude during the MVC prior to each trial, is shown in
Fig. 5. iIEMG activity was lower in HOT than in COOL at
10 km and 20 km (P<0.05). At 15 km, there was a
tendency for iIEMG to be lower in HOT than in COOL, but
this was not significant (P=0.1). iEMG did not change
during the HOT trial, whereas iEMG in COOL at 20 km
was significantly greater than at 1, 5, 10 or 15 km
(P<0.005).
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Fig. 2 Rectal temperatures at 0, 1, 5, 10, 15 and 20 km during trials
in HOT (35 °C) and COOL (15 °C) conditions. Means£SD for ten
subjects. TP<0.001 for time main effect; *P<0.005 vs. HOT
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Fig. 4 Skin temperatures over
the (a) chest, (b) mid-thigh, (c)
calf and (d) forehead at 0, 1, 5,
10, 15 and 20 km during trials in
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conditions. Means+SD for ten
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muscle at 1, 5, 10, 15 and 20 km during trials in HOT (35°C) and
COOL (15°C) conditions. Means+SD for eight subjects. *P<0.05

vs. COOL; TP<0.05 vs. other points during COOL
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Fig. 6 Heartrate at 0, 1, 5, 10, 15 and 20 km during trials in HOT
$35 °C) and COOL (15 °C) conditions. Means+SD for ten subjects.
P<0.0001 for time main effect

Heart rates

Heart rate in both conditions increased similarly over time,
and final heart rates were significantly greater than at rest
(P<0.0001) (Fig. 6). Final heart rates in HOT and COOL
were 184+8 and 181+10 bpm respectively. These were not
significantly different.

Ratings of perceived exertion

RPE increased significantly over time in both trials
(Fig. 7), but were not significantly different between
HOT and COOL. The final RPE in HOT and COOL were
9.0+1.5 and 9.6+1.2 respectively.

Fluid intake and weight loss

Body weight changes during the trials, total fluid intakes
and rates of weight loss are presented in Table 2. There
were no significant differences in pre- and post-trial body
weights between conditions, or in changes in body weight
during the trials. Fluid intake in HOT was significantly
greater than in COOL (P<0.001). Total weight losses and
rates of weight loss were not significantly different
between conditions.

Discussion

Current models of exercise-related fatigue attribute fatigue
or exhaustion to homeostatic failure in one or more organ
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Fig. 7 Ratings of perceived exertion (RPE) at 0, 1, 5, 10, 15 and
20 km during trials in HOT (35 °C) and COOL (15 °C) conditions.
Means£SD for ten subjects. 'P<0.0001 for time main effect

Table 2 Body weight, fluid intakes and weight loss during trials in
HOT (35 °C) and COOL (15 °C) conditions. Means+SD of ten
subjects

HOT COOL
Pre-trial body mass (kg) 72.3+£8.8 72.1£8.7
Post-trial body mass (kg) 71.8+£8.8 71.5+£8.7
Change in body mass (kg) 0.44+0.37 0.58+0.36
Fluid intake (ml) 581.1+£171.2 243.6£177.0%*
Rate of mass loss (kg/h) 2.06+0.58 1.73+£0.77

*P<0.001 vs. HOT

systems that are crucial for sustained exercise performance
[22]. Accordingly, it was originally proposed that fatigue
during exercise in the heat developed after a limitation in
blood supply, oxygen delivery or fuel utilization had
developed. Recent novel studies have shown that such
homeostatic failure does not occur, since skeletal muscle
blood flow and metabolism do not reach limiting values in
the heat [32]. It is now proposed that central [20] neural
recruitment of skeletal muscle motor units is reduced when
core body temperature rises to “critical” levels [19, 24].
Thus, according to this model, a failure of body temper-
ature regulation causes critical brain and/or core tempera-
tures to be reached. Central fatigue then occurs, as the “hot
brain” is no longer able to recruit a sufficient number of
motor units to sustain the previous or expected power
output.

To our knowledge, we are the first to show that this
general model does not explain accurately what actually
happens during self-paced exercise in the heat. For we
show that when self-paced exercise is performed in the
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heat, work output and skeletal muscle recruitment are
down-regulated early during the trial, before body tem-
perature is significantly elevated, with the result that
thermal homeostasis is maintained similarly during exer-
cise in both temperate and hot conditions. The critical
findings that support this novel interpretation are the
following:

First, despite marked differences in the environmental
conditions in which the time-trials were performed, rectal
temperatures were not different between HOT and COOL
for the first 15 km of the 20 km time-trial (Fig. 2). Rectal
temperatures were different at the end of the trials, but did
not reach temperatures measured in heatstroke (>41°C) in
either condition. Hence, relative thermal homeostasis was
maintained during exercise, and the exercise bout was
completed without dangerous levels of hyperthermia being
reached.

Second, power output began to decline in HOT after
only 30% of the total trial duration, and was significantly
less than in the cool condition from 80% of the trial
duration until the finish (Fig. 1). However, rectal
temperatures (Fig. 2) were not different until the final
kilometre during the trials, suggesting that the observed
reduction in power output in the heat could not have been
caused by a higher core temperature acting directly on the
active skeletal muscles or the brain to cause fatigue, as has
been hypothesized [24]. Indeed, the highest power output
in both conditions was achieved during the final 5% of the
time-trial, when core temperatures were at their highest.
The core temperature during the final kilometre of the trial
in the cool condition was in fact significantly greater than
the core temperatures in the hot condition at 5 and 10 km,
when the power output had begun to decline in that trial.
Yet, power output was maintained throughout the cool trial
and increased by 20% during the final 10% of the trial
(Fig. 1). Hence, an elevated core temperature cannot be the
direct cause of the lower power outputs achieved in the hot
than in the cool condition. Rather, it appears that power
output is decreased in the heat in the absence of any
thermal distress.

Third, iIEMG activity was reduced significantly at 10
and 20 km in the hot condition. This indicates that the
recruitment of motor units was decreased even when core
temperatures were below 40°C. In fact, at 10 km, the core
temperatures were remarkably similar between conditions
(38.4+0.5°C vs. 38.3+0.4°C in HOT and COOL respec-
tively, Fig. 2). Therefore, the reduced skeletal muscle
recruitment in the hot trial can also not be explained by the
direct effects of a “critical” core temperature producing
“central fatigue” in the motor regions of the brain, as has
previously been hypothesized [19].

Rather, we propose that the early decline in power
output in the absence of any thermoregulatory disturbance
in the heat forms part of an anticipatory response in the
brain, which mediates a reduction in skeletal muscle
recruitment to ensure that the rate of heat production is
reduced. This would allow relative thermal homeostasis to
be maintained so that exercise can be completed safely

without the development of premature fatigue or heat
stroke, even in severe environmental conditions.

Indeed, the rate of increase in rectal temperature, a
measure of the rate of heat storage, was not significantly
different between the hot and cool conditions (Fig. 3). We
speculatively interpret this finding to indicate that the
reductions in skeletal muscle recruitment and power
output in the hot condition may have been mediated to
ensure that similar rates of heat accumulation occurred in
hot and cool conditions. If this is indeed the case, then the
rate of heat storage in the body may provide crucial
afferent sensory inputs to a central controller, which
adjusts work rate and skeletal muscle motor unit recruit-
ment during exercise in both hot and cool conditions.

Others have reported similar findings to our own.
Tatterson et al. have shown a reduction in power output
after only 15 min of a 30-min, self-paced cycling time-trial
in the heat, even though core temperatures rose at similar
rates in a hot and temperate environment [35]. They
postulated that the brain is sensitive to the rate of increase
in arterial blood temperature, and selects a power output
relative to the rate of rise in core temperature. However,
they did not measure EMG activity to confirm this
hypothesis.

Similarly, Marino et al. have shown that lighter runners
outperform heavier runners during a self-paced, 8-km
time-trial following 30 min running at 70% peak treadmill
speed in hot (35°C) conditions [16]. A significant
correlation was also found between the rate of heat
storage and body mass during the time-trial, suggesting
that the lighter runners store less heat at the same running
speed. It was concluded that this reduced rate of heat
storage allows the lighter runners to run faster before
reaching a limiting rectal temperature [16]. This suggests
that the rate of heat storage may contribute to the afferent
input responsible for a reduction in work rate in the heat.

Marino et al. [17] have also shown that African runners,
who have a lower rate of heat storage at a given running
speed than Caucasian runners, were able to outperform the
Caucasian runners in hot (35°C), but not in cool (15°C)
conditions during an 8-km time-trial. The difference in
running speed between the groups in the heat was present
from the onset of the time-trial, despite rectal temperatures
which were only moderately elevated (~38°C) and not
different between groups. It was suggested that the early
reduction in running speed in the heat occurs due to an
anticipatory exercise response which would “control the
exercise work rate by regulating the number of motor units
that are recruited or derecruited during prolonged exercise
in the heat” [17].

These findings are compatible with the existence of a
centrally-regulated pacing strategy that reduces motor
command and exercise intensity specifically to prevent
excessive heat storage. Presumably, a central controller
calculates the optimum rate of heat production and hence
heat storage that will allow the self-paced exercise bout to
be completed without the development of a harmful level
of hyperthermia (Fig. 2) and then regulates skeletal muscle
motor unit recruitment to adjust the metabolic rate



accordingly. Indeed, Kayser has proposed that the CNS
integrates afferent signals from various sources including
the heart, muscles, respiratory system and thermorecep-
tors, and adjusts motor command to protect the integrity of
the organism during exercise [15]. This general model for
the role of the CNS during exercise is applicable to
exercise in the heat.

If this theory is correct, it is not clear how the brain is
able to detect the initial increased rate of heat storage in
the hot condition. The skin temperatures at all four
measured sites were significantly higher in the heat
(Fig. 4). The afferent sensory input from the thermo-
receptors in the skin must form part of the integrated
response which mediates the decreased central recruitment
and power output in the heat. That is, a high skin
temperature may inform the brain that the capacity for heat
dissipation is reduced [18], and so heat production is
reduced to prevent body temperature from rising too
rapidly to harmful levels.

It has been found that the exercise-induced increase in
muscle sympathetic nerve activity (MSNA) is augmented
during muscle heating [28]. The increase in MSNA was
attributed to the stimulation of mechanically sensitive
muscle afferents that are sensitized by heating [28]. We did
not measure muscle temperature directly in this study,
though it can be expected that muscle temperature would
be elevated to similar or greater levels than rectal
temperature, based on previous studies of exercise in the
heat [31]. Thus, the sensitization of skeletal muscle
afferents may play a role in increased signalling to the
CNS during exercise in the heat [28]. A “central
programmer”, proposed by Ulmer [36], would integrate
this and other afferent signals arising from the muscle and
peripheral organs and alter movement or force output to
optimize performance [36]. This integral control, termed
teleoanticipation, would regulate efferent commands based
on the afferent feedback from the periphery and knowl-
edge of the “finishing points”. It must also be assumed that
all the subjects had prior experience of exercise in the heat,
so that any anticipatory reductions in power output may
occur as part of a learned response.

The reductions in power output and iEMG activity were
not associated with reductions in heart rate (Fig. 6) or RPE
(Fig. 7), which were similar at all points during the two
trials. The final RPE values were near maximum in both
conditions, indicating that subjects performed to their own
maximal volitional capacity. It is also significant that
power output and iIEMG activity were reduced in the heat
despite RPE values which were similar and well below
maximal in hot and cool conditions. Therefore, the rating
of perceived exertion or, alternatively, the conscious
sensation of fatigue does not merely track changes in
power output, but is related to the central neural processes
involved in the maintenance of, in this case, thermal
homeostasis. It clearly makes no sense for the conscious
perception of effort to be reduced at the same time that
power output is decreasing (Fig. 1). The athlete’s natural
response to a falling RPE would be to override this effect
consciously, thereby increasing the power output, the rate
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of heat production, and the probability that homeostatic
failure would develop. Thus, for thermal homeostasis to be
maintained, the central processes responsible for adjusting
power output and muscle recruitment must simultaneously
increase the conscious perception of exertion, in order to
discourage any conscious overriding of this subconscious
control.

We also showed that the power output in both the hot
and cool conditions increased during the final 5% of the
trial, as previously reported [14, 35]. In the present study,
the increase in power output was associated with a
significant increase in iEMG activity at the end of the cool,
but not the hot trial. This difference was possibly due to
methodological limitations. The iEMG activity was mea-
sured during the final 20 s of the time-trial, whereas power
output was averaged over the final 5% of the trial, and thus
reflects an average of the final few minutes of the trial.
Another limitation of the present study is that the iEMG
activity was measured in one muscle, and it is possible that
altered skeletal muscle recruitment patterns in the heat, or
the relatively small number of subjects may also explain
the lack of a significant increase in iEMG activity in the
heat.

Nevertheless, the increased iEMG activity in the cool
condition indicates that the athletes were able to increase
motor unit recruitment at the end of exercise, despite core
temperatures, heart rates and RPE values which were
significantly higher than at the start of the trial. This
suggests that the afferent inputs that mediate the initial
decreases in recruitment and power output can be
overridden consciously in the maximal effort at the end
of the trial, and supports the existence of a system which
adjusts exercise performance by altering efferent motor
command during exercise [36]. Such a system would
ensure that under exercise conditions, a skeletal muscle
reserve is maintained. Indeed, we found that approxi-
mately 30% of the available motor units were recruited
during exercise (Fig. 5) with an increase of up to 45% in
the final sprint, similar to our previous findings [11, 34].
Hence, a cardinal feature of prolonged exercise is the
presence of motor unit recruitment reserve; a feature which
is not always recognized [23].

In conclusion, power output began to fall within the first
30% of a maximal self-paced time-trial in the heat,
reaching significance after 80% of the trial had been
completed. Skeletal muscle iEMG activity was also
reduced from 10 km during the trial in the hot condition.
These decreases were not associated with altered rectal
temperature, heart rate or perception of effort compared
with exercise in the cool, and occurred well before rectal
temperature reached 40°C. It is proposed that this response
occurs as part of a centrally controlled neural mechanism,
which anticipates an abnormal elevation in body temper-
ature, and alters skeletal muscle recruitment to allow
completion of the exercise bout whilst thermal homeosta-
sis is maintained. Impaired exercise performance in the
heat is thus not the result of a limiting core temperature,
but occurs as part of the central regulation of skeletal
muscle recruitment, which controls the rate of heat
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storage, thereby preventing the development of thermo-
regulatory derangement during self-paced exercise in the
heat.
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