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Aerobic Performance Is Degraded, Despite
Modest Hyperthermia, in Hot Environments
BRETT R. ELY, SAMUEL N. CHEUVRONT, ROBERT W. KENEFICK, and MICHAEL N. SAWKA
US Army Research Institute of Environmental Medicine, Natick, MA

ABSTRACT

A

the rate of heat storage (20,32,34). However, other wellestablished physiological mechanisms such as increased
cardiovascular strain resulting from the maintenance of high
skin blood flow (14,23,25) may also explain the observed
degradation in performance independent of core temperature. Most studies documenting performance degradation in
the heat have elicited marked hyperthermia during the heat
stress trials (7,12,22,35), and only one study has demonstrated reduced performance with modest hyperthermia (1)
but their control condition was very cool.
One way to better understand the overall performance
decrement from heat stress is to examine self-selected
pacing strategy. Few studies have looked at the pacing of
aerobic exercise performance in the heat. Although there are
various successful pacing strategies in temperate conditions
(2,10,15), the addition of environmental heat stress may
alter physiological responses and perception of effort during
exercise (32–34), thus altering an otherwise a priori
strategy (30). It is believed that the performance decrement
associated with aerobic exercise in the heat may come from
either an early modification of work output or an inability to
maintain a desired work output over time (9). Multiple
factors may play a role in perception of effort and
compensatory work rate adjustments (as reviewed by St
Clair Gibson et al. [28] and Tucker and Noakes [33]). In the

erobic exercise performance is degraded by environmental heat stress when studied in both laboratory (1,12,35) and field settings (8). Although
numerous physiological mechanisms can contribute to heat
stress-related performance degradation (21,26), there has
been an emphasis in the sports medicine literature on a
‘‘critical core temperature’’ mediating this degradation.
Sports medicine scientists often identify an elevated core
temperature (939-C) as a primary determinant of fatigue
during exercise in hot environments (as reviewed by
Cheung and Sleivert [6] and Nybo [21]). A complement
to this idea is that athletes use an anticipatory control
mechanism during exercise to ensure maintenance of Tc by
making compensatory adjustments in work rate to regulate
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ELY, B. R., S. N. CHEUVRONT, R. W. KENEFICK, and M. N. SAWKA. Aerobic Performance Is Degraded, Despite Modest
Hyperthermia, in Hot Environments. Med. Sci. Sports Exerc., Vol. 42, No. 1, pp. 135–141, 2010. Environmental heat stress degrades
aerobic performance; however, little research has focused on performance when the selected task elicits modest elevations in core body
temperature (G38.5-C). Purpose: To determine the effect of environmental heat stress, with modest hyperthermia, on aerobic performance and pacing strategies. Methods: After a 30-min cycling preload at 50% V̇O2peak, eight euhydrated men performed a 15-min
time trial on a cycle ergometer in temperate (TEMP; 21-C, 50% RH) and hot (HOT; 40-C, 25% RH) environments. Core and skin
temperature (Tc and Tsk, respectively) and HR were continuously monitored. Performance was assessed by the total work (kJ)
completed in 15 min. Pacing was quantified by comparing the percent difference in actual work performed in each of five 3-min blocks
normalized to the mean work performed per 3-min block. Pace over the final 2 min was compared with the average pace from minutes
0 to 13 for end spurt analysis. Results: Tc and HR rose continually throughout both time trials. Peak Tc remained modestly elevated in
both environments [mean (range): HOT = 38.20-C (37.97–38.42-C); TEMP = 38.11-C (38.07–38.24-C)], whereas Tsk was higher in
HOT (36.19 T 0.40-C vs 31.14 T 1.14-C), and final HR reached È95% of age-predicted maximum in both environments. Total work
performed in HOT (147.7 T 23.9 kJ) was È17% less (P G 0.05) than TEMP (177.0 T 25.0 kJ). Pace was evenly maintained in TEMP,
but in HOT, volunteers were unable to maintain initial pace, slowing progressively over time. A significant end spurt was produced in
both environments. Conclusions: During a brief aerobic exercise time trial where excessive hyperthermia is avoided, total work is
significantly reduced by heat stress because of a gradual slowing of pace over time. These findings demonstrate how aerobic exercise
performance degrades in hot environments without marked hyperthermia. Key Words: CORE TEMPERATURE, HEAT STRAIN,
PACING, END SPURT
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final stages of exercise, if peak power or muscle activity is
affected by the heat (2), final sprinting ability or end spurt is
likely to also be compromised.
An important factor that must be taken into consideration
when studying the impact of environmental heat stress on
aerobic exercise performance is the duration of the task. The
magnitude of the effect of heat stress appears to be greater
during long-duration activities (8,12), whereas smaller
performance decrements (10% or less) are noted in shorter
duration aerobic exercise tasks in warm-to-hot conditions
(1,34). Larger decrements during more prolonged tasks may
be explained by multiple and additive fatigue factors (i.e.,
dehydration, hyperthermia, accelerated substrate depletion);
thus, studying a shorter aerobic exercise task might afford a
less confounded examination of the independent effects of
heat stress on performance and pacing.
The purpose of this study was to determine the effect of
environmental heat stress with modest hyperthermia (body
core temperature G38.5-C) (24) on aerobic exercise performance and pacing in moderately fit subjects during a brief
aerobic exercise task. The use of a shorter aerobic exercise
task (15 min) allowed for study of the impact of heat stress
on performance and pacing without the associated confounders previously mentioned (e.g., dehydration, glycogen
depletion). It was hypothesized that aerobic exercise performance would be degraded with heat stress, and this decline
would come from subjects adopting a slower pace from the
outset (9). Findings of this investigation will be important in
the determination of the effect of heat stress, independent of
marked hyperthermia, on performance and pacing strategy
during aerobic exercise in a hot environment.

METHODS
Subjects. Eight healthy, non–heat-acclimated male
volunteers (mean T SD: age = 22 T 4 yr; height = 175.9 T
5.6 cm; weight = 74.9 T 7.4 kg; V̇O2peak = 46.0 T 4.8
mLIkgj1Iminj1) participated in this study and completed
all phases of experimentation. Volunteers were provided
informational briefings and gave voluntary informed written
consent to participate. Investigators adhered to AR 70–25
and US Army Medical Research and Materiel Command
Regulation 70–25 on the use of volunteers in research, and
the appropriate institutional review boards approved this
study.
Preliminary procedures. Two weeks of preliminary
testing were completed in a temperate environment (20–
22-C) before the experimental trials. V̇O2peak was measured
in all volunteers using an incremental cycle ergometer
(Lode Excalibur Sport, Lode, Groningen, the Netherlands)
protocol with continuous gas exchange measurements
(True-Max; ParvoMedics, Sandy, UT). Volunteers cycled
at a cadence of 60 rpm as workload increased by 20 W
every minute until volitional fatigue. The maximal workload achieved was used to calculate a setting to elicit 50%
V̇O2peak, which was validated with subsequent familiariza-
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tion rides. The workload at 50% V̇O2peak was also used to
calculate an individualized linear factor for the time trial.
Volunteers performed three to four familiarization trials
to reduce training and learning effects, as all volunteers
were novice cyclists (13). These sessions mimicked experimental trials in every way, except they took place outside
the environmental chamber at room temperature (È22-C).
Familiarization trials consisted of 30 min of steady-state
cycle ergometry at 50% of V̇O2peak, followed by a brief
5-min rest period, after which a 15-min time trial was
completed. Pedal cadence and workload were blinded so
that only time was known during the time trial, and no
external motivation was provided. Elapsed time was given
at standardized times of 5, 10, 12, 13, and 14 min, 30 s,
and the final 10 s. Once the time trial was completed,
volunteers were provided with feedback on their performance as motivation to improve with each subsequent
training bout.
During the 2-wk familiarization period, volunteers were
provided with 2 L of carbohydrate–electrolyte beverage to
consume the evening before each training day. After an
overnight fast, volunteers reported for first-morning nude
body mass and urine specific gravity (USG) analysis. These
values were used to calculate a reliable baseline nude body
mass to ensure that volunteers began each trial in a
euhydrated state.
Experimental procedures. Volunteers were randomly assigned to complete experimental trials at two temperature conditions (TEMP = 21-C, 50% RH; HOT = 40-C,
25% RH) separated by 5–7 d each to minimize heat
acclimatization effects. All experiments were conducted at
the same time of day to control for circadian fluctuations in
body temperature, other biological variables, and performance (16,29). Volunteers were also asked to refrain from
physical activity and alcohol consumption 24 h before
testing. Two liters of carbohydrate–electrolyte beverage was
provided for consumption, in addition to normal food and
fluid intake, the night before each test. On each test day,
first-morning nude weight and first-void USG measures
were taken, and volunteers were considered euhydrated if
body mass was within 1% of baseline and USG was G1.02.
Volunteers were seminude (shorts, socks, sneakers) and
instrumented with an HR monitor and skin temperature
sensors at the left chest, forearm, thigh, and calf before
entering the chamber. Instrumented body mass was assessed
immediately upon entry, followed by a 20-min seated stabilization period in the test environment. After stabilization,
volunteers completed a 30-min preload of steady-state cycle
ergometry at 50% V̇O2peak intensity. The purpose of this
preload was to assess physiological responses (HR, core
temperature) at a fixed intensity and to induce modest heat
storage. The task is similar to other time-trial protocols in
the literature (18). Drinking was not permitted during exercise, but volunteers were weighed and rehydrated within
1% of the instrumented body mass during the È5-min break
that followed the 30-min steady state. Volunteers then

http://www.acsm-msse.org
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FIGURE 1—Individual time-trial performances (kJ) in HOT and
TEMP. Dotted line represents line of identity (equal performances).

MODEST HYPERTHERMIA AND PERFORMANCE IN HEAT
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completed a 15-min performance time trial as previously
described.
All body mass measures were made using an electronic
precision balance scale (WSI-600; Mettler Toledo, Columbus, OH; accuracy T50 g). HR (Polar a3; Polar Electro Inc.,
Woodbury, NY), core temperature (Jonahi core body
temperature capsule; Mini Mitter Inc., Bend, OR; inserted
as a suppository 8–10 cm beyond the anal sphincter) (19),
and skin temperature (YSI, Yellow Springs, OH) were
recorded at 5-min intervals. RPE were reported immediately
upon completion of the time trial.
Pacing and performance. Performance was assessed
as the total work (kJ) completed in 15 min. Percentage
changes in performance in HOT relative to TEMP were
calculated [(HOT j TEMP) / TEMP  100%] so that
positive and negative values reflect more and less work,
respectively. The potential for environmental conditions to
affect pacing was also examined by normalizing total work
to the minute average, evenly blocking into five 3-min
segments and calculating the percentage off average pace
using the measured work in each 3-min time block ([actual
work j average work] / average work  100%). A negative
number indicates a slower-than-average pace for that time
block, and a positive number indicates a faster-than-average
pace. End spurt has been defined as acceleration during the
final 10% of a performance task; (4) thus, the end spurt
during the 15-min performance time trial was considered to
be the final 2 min. End spurt analysis was conducted by
comparing the average work per minute in the initial 13 min
to the average work performed over the final 2 min (È13%)
of the time trial.
Statistics. The primary outcome variable of interest in
this experiment was time-trial performance. The effect of
environment (trial) on total work was examined using a
paired t-test, as was final RPE. A two-way repeatedmeasures ANOVA was used to evaluate trial  time comparisons for pacing and HR. F values were adjusted for

FIGURE 2—A. Total work (kJ) per 3-min block in HOT and TEMP.
*Significant difference between HOT and TEMP at selected time point.
B. Average work per minute (kJ) performed during minutes 0–13,
minute 13, and minutes 14–15 in HOT and TEMP. *Significantly
different from minutes 0 to 13. †Significantly different from minute 13.

sphericity where appropriate, and main or interaction effects
were investigated by Student–Newman–Keuls post hoc test.
An analysis selecting conventional > (0.05) and A (0.20)
parameters showed that eight subjects would provide
sufficient power to detect a 95% difference in time-trial
performance between conditions. This estimate was made
using the mean total work (170 kJ) and the coefficient of
variation (4.2%) calculated from training trials of negligible
difference during 2 wk of time-trial practice. The desire to
detect a change larger than the % coefficient of variation
(ES 91.0) was chosen based on the likelihood of experimental perturbations producing unique performance infidelity
(17). A sample size of eight is also adequate to detect ES 91.0
for trial  time interactions in a repeated-measures design (31).
Graphical data are presented with unidirectional error bars
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FIGURE 3—Normalized pacing per 3-min time block in HOT and
TEMP. Positive values represent a faster-than-average pace, negative
values a slower-than-average pace. Dotted line at zero indicates an
even pace or the average work performed per 3-min time block.
*Significantly different from TEMP. †Significantly different from all
other time points within environment.

for clarity of presentation. All data are presented as means
T SD except where indicated. Statistical significance was
accepted at P G 0.05 (SyStat Software, Inc., Richmond, CA).

RESULTS
Volunteers were euhydrated in each trial as determined
by nude body mass within 1% of baseline (TEMP = 0.7% T
0.7%; HOT = 0.6% T 1.1%) and first-void USG G1.02
(TEMP = 1.011 T 0.005; HOT = 1.016 T 0.006). Mean fluid
losses during the 30-min steady state did not differ between
conditions (TEMP = 0.38 T 0.18 L; HOT = 0.56 T 0.10 L),
nor did the average fluid replaced before the time trial
(TEMP = 0.22 T 0.05 L; HOT = 0.22 T 0.05 L). Volunteers
began the time trial within j0.24% T 0.12% (TEMP) and
j0.44% T 0.16% (HOT) of initial body mass.
All subjects completed both time trials. Mean performance scores were 177.0 T 25.0 kJ in TEMP and 147.7 T
23.9 kJ in HOT (Fig. 1). All eight volunteers performed less
work in HOT versus TEMP conditions, with a mean decline
of 17% (P G 0.05). The absolute work performed in the
initial 3-min block did not differ between environmental
conditions (TEMP = 35.6 T 8.2 kJ; HOT = 32.5 T 6.6 kJ;
P 9 0.05); however, work performed in all other time blocks
was significantly lower in HOT (Fig. 2A). Both groups
produced significant end spurts in the final 2 min of the
task, with a 13.9% increase in pace in TEMP (0–13 min =
11.6 T 1.7 kJ; 14–15 min = 13.1 T 1.9 kJ) versus an 11.2%
increase in HOT (0–13 min = 9.5 T 1.5 kJ; 14–15 min =
10.6 T 2.2 kJ; Fig. 2B). The percentage increase in pace was
not different between conditions. However, the work performed in the minute preceding the end spurt (minute 13)
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was different between groups in both absolute and relative terms (Fig. 2). Volunteers in HOT slowed their
pace before the end spurt, whereas volunteers in TEMP
accelerated (TEMP = 7.4% T 9.0% vs HOT = j8.6% T
9.4%, P G 0.05).
Pacing strategy, normalized to the average work performed per 3-min time block, was different between HOT
and TEMP conditions (Fig. 3). Volunteers in HOT began at
a relative pace faster than average (P G 0.05) and slowed
considerably over the next three time blocks, with a small
rebound in the final 3-min time block. In TEMP, a more
even pacing strategy was used, with relative pace never
deviating by more than 5% of average until the final time
block, where there was a marked increase (P G 0.05) in work
output. The difference between the highest and the lowest
amount of work performed per 3-min block in each condition was 13.4% in TEMP (minutes 6–9 = 33.6 T 5.3 kJ vs
minutes 12–15 = 38.8 T 5.0 kJ) and 18.5% in HOT (minutes
6–9 = 26.5 T 5.3 kJ vs minutes 0–3 = 32.5 T 6.6 kJ).
Skin and core temperature data were lost for four
volunteers during trial TEMP. For this reason, no comparative analysis of these two physiological variables was
performed, although the means and the ranges are provided
for descriptive purposes. Core temperature increased over
the course of steady-state and time-trial tasks but remained
relatively low in both groups. The mean (range) peak core
temperatures were 38.20-C (37.97–38.42-C) in HOT and
38.11-C (38.07–38.24-C) in TEMP, which are well below
thresholds typically associated with ‘‘critical core temperature’’ (39.5–40.0-C) (21). Skin temperatures, averaged over
the course of exercise, were lower in TEMP conditions
[mean (range): TEMP = 31.14-C (29.91–32.77-C) vs HOT =
36.19-C (35.65–36.80-C)]. As a result, core to skin gradients
were much wider in TEMP [mean (range): TEMP = 6.74-C

FIGURE 4—HR at completion of steady state (30SS) and during time
trial (TT) in HOT and TEMP. *Significantly different from TEMP.
a
Significantly different from zero. b Significantly different from minutes 5 and 10.
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(4.88–7.86-C) vs HOT = 1.43-C (0.72–2.03-C)]. HR increased over the course of the time trial in both TEMP and
HOT (P G 0.05; Fig. 4). All HR values during exercise were
over 80% of age-predicted maximum, and final HR averaged
È95% of max (TEMP = 94.8% T 3.6%; HOT = 95.7% T
3.9%), with every volunteer exceeding 90% of individual
age-predicted maximum in both conditions. Final HR were
not different between environments; however, HR at 0, 5,
and 10 min were significantly higher in HOT. Immediately
upon completion of the time trial, RPE were not different
between treatments (TEMP = 17.5 T 1.2; HOT = 18.0 T 1.2).

DISCUSSION

MODEST HYPERTHERMIA AND PERFORMANCE IN HEAT
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Aerobic performance decrements in hot environments
have been well documented. By examining the impact of
environmental heat stress on pacing of short-duration aerobic exercise, we endeavored to elucidate how these overall
changes in performance are manifested. Previous research
examining performance and pacing in the heat has focused
on highly conditioned athletes performing long-duration
high-intensity tasks (9,30,32), but little was known about
moderately fit individuals and the independent effect of heat
when other confounders (critical core temperature, substrate
availability, dehydration) were controlled.
Performance declined significantly in the heat despite
modest hyperthermia, adequate hydration status, and brief
exercise task. The heat-related decrement in aerobic
performance noted in this study was not from a modification of pace from the outset but rather from an inability to
maintain initial pace and a gradual slowing over time, with
a small rebound in the final 2 min due to the production of
an end spurt. Various successful pacing strategies have been
found during aerobic exercise in temperate conditions
(2,15); however, it is commonly believed that an even pace
is often optimal (as reviewed in Foster et al. [11]). In this
experiment, volunteers in TEMP used an even pacing
strategy (T5%) with a significant increase in pace over the
final 3 min (Fig. 1). In contrast, by failing to appropriately
modify their early pace in HOT, volunteers began at a
relative workload more than 12% faster than average for the
initial time block and were therefore unable to maintain
even pace. This resulted in a marked slowing of pace, with
a nadir at minute 10 (j12% off average pace; range = j2%
to j30%). Although volunteers in HOT were able to
rebound in the final 2 min, work performed remained
significantly lower than TEMP for all but the first 3-min
time block, where no differences in absolute workload were
found between conditions. It is conceivable that, despite a
counterbalanced design, subjects learned a pacing strategy
in familiarization trials (20–22-C), which was not modified
despite increased ambient temperature in HOT. This
resulted in an overly aggressive initial pace in HOT and diminished work output in successive time blocks. The greatest
relative pacing differences between environments were found

in early pace (first 3 min) and late pace (final 3 min), the latter
of which related to the end spurt.
Irrespective of task length, end spurts often occur when a
task is 90% complete (4,5). In longer-duration events, many
potential fatigue factors may affect an ability to produce an
end spurt (9). Although end spurts have been observed in
warmer conditions (9,30), the work performed in the
preceding time interval may be compromised in anticipation
of the final effort. An end spurt was present in both
temperate and warm conditions; however, a different trend
was observed in the preceding minute interval. With 3 min
remaining (20% of task), volunteers in TEMP had already
increased work output, whereas volunteers in HOT were
performing significantly less work than average at the same
time point (Fig. 2). Volunteers in TEMP, therefore, had a
longer (3 min) end spurt, but volunteers in HOT were able
to produce an end spurt in the final 2 min only after slowing
in the preceding minute. This accounts for the difference in
the final 3-min block between groups.
The intensity and the length of the preload and
performance task were designed to eliminate or to minimize
potential confounders to performance in the heat. Aerobic
performance changes due to ‘‘critical core temperature,’’
and glycogen depletion were highly unlikely considering
the brevity of the task, and dehydration was carefully
avoided in both conditions. Despite similar final HR and
ratings of perceived effort, a 17% reduction in performance
(P G 0.01) was found in the heat. The performance decrement found was dependent on environmental heat stress,
and the magnitude is similar to other recently reported shortduration tasks in hot environments (1,35).
The environmental heat-related performance reduction
seen in the time trial may be related to physiological
alterations known to reduce V̇O2peak in hot environments
despite modest elevations in core body temperature
(3,27,36). The only gross physiological difference between
trials HOT and TEMP was a higher skin temperature
(È5-C) in HOT and, presumably, a reduced central blood
volume due to higher skin blood flow demands (23). The
observed consequence was a higher HR at the same
exercise workload in HOT (+28 beatsIminj1) at 30 min of
steady-state exercise (30SS; Fig. 4). During the time trial,
final HR and RPE were the same, but performance was
consistently reduced in HOT (Fig. 1). A plausible explanation is that blood displaced to the skin decreased the
maximal cardiac output available for exercise (23), which
sufficiently reduced V̇O2peak (3,27,36). Subjects were
therefore working at a higher relative %V̇O2peak (3,36),
which they could not maintain for the duration of the time
trial. Indeed, this explanation is also plausible when
interpreting the findings of others (e.g., [30,32]). More
specifically, early down-regulation of pace in the heat may
have more to do with cardiorespiratory limitations related to
a feedback from high skin temperatures, a greater displacement of peripheral blood volume, a reduction in maximal
cardiac output, and a resultant downward adjustment in

conscious RPE (33). It is clear that volunteers in this study
began the time trial by attempting to perform the same
amount of work in HOT as TEMP but abandoned this
strategy early on, similar to what others report (30,32). It
may be that a more even-paced effort, modified for environmental conditions, would yield more successful results
in longer-duration activities (9), albeit with absolute slower
performances. Further research may elucidate whether an
early modification of pace in the heat may minimize the
overall requisite decline in performance (1,8,12,30,35) associated with environmental heat stress.
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CONCLUSIONS
This study clearly demonstrated that environmental heat
stress can degrade aerobic exercise performance despite
modest hyperthermia. Overall performance was significant-

ly reduced in the heat because of a gradual slowing of initial
pace and a reduced ability to produce an end spurt. These
findings provide insight into the effects of environmental
heat stress on reducing aerobic exercise performance in the
absence of a ‘‘critical core temperature.’’ The data support
the complexity of physiological feedback (33) and demonstrate that performance in the heat is about more than core
body temperature. Finally, these findings have implications
for moderately fit individuals taking part in shorter duration
work or competition.
The authors thank the volunteers who donated their time and
effort to participate in this study. The opinions or the assertions
contained herein are the private views of the authors and are not to
be construed as official or as reflecting the views of the Army or
the Department of Defense. The results of the present study do
not constitute endorsement by the American College of Sports
Medicine.
Disclosure of funding: None.
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