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Lorenzo S, Halliwill JR, Sawka MN, Minson CT. Heat acclimation
improves exercise performance. J Appl Physiol 109: 1140–1147, 2010. First
published August 19, 2010; doi:10.1152/japplphysiol.00495.2010.—This
study examined the impact of heat acclimation on improving exercise
performance in cool and hot environments. Twelve trained cyclists
performed tests of maximal aerobic power (V̇O2max), time-trial performance, and lactate threshold, in both cool [13°C, 30% relative
humidity (RH)] and hot (38°C, 30% RH) environments before and
after a 10-day heat acclimation (⬃50% V̇O2max in 40°C) program. The
hot and cool condition V̇O2max and lactate threshold tests were both
preceded by either warm (41°C) water or thermoneutral (34°C) water
immersion to induce hyperthermia (0.8 –1.0°C) or sustain normothermia, respectively. Eight matched control subjects completed the same
exercise tests in the same environments before and after 10 days of
identical exercise in a cool (13°C) environment. Heat acclimation
increased V̇O2max by 5% in cool (66.8 ⫾ 2.1 vs. 70.2 ⫾ 2.3
ml·kg⫺1·min⫺1, P ⫽ 0.004) and by 8% in hot (55.1 ⫾ 2.5 vs. 59.6 ⫾
2.0 ml·kg⫺1·min⫺1, P ⫽ 0.007) conditions. Heat acclimation improved time-trial performance by 6% in cool (879.8 ⫾ 48.5 vs. 934.7 ⫾
50.9 kJ, P ⫽ 0.005) and by 8% in hot (718.7 ⫾ 42.3 vs. 776.2 ⫾
50.9 kJ, P ⫽ 0.014) conditions. Heat acclimation increased power
output at lactate threshold by 5% in cool (3.88 ⫾ 0.82 vs. 4.09 ⫾ 0.76
W/kg, P ⫽ 0.002) and by 5% in hot (3.45 ⫾ 0.80 vs. 3.60 ⫾ 0.79
W/kg, P ⬍ 0.001) conditions. Heat acclimation increased plasma
volume (6.5 ⫾ 1.5%) and maximal cardiac output in cool and hot
conditions (9.1 ⫾ 3.4% and 4.5 ⫾ 4.6%, respectively). The control
group had no changes in V̇O2max, time-trial performance, lactate
threshold, or any physiological parameters. These data demonstrate
that heat acclimation improves aerobic exercise performance in temperate-cool conditions and provide the scientific basis for employing
heat acclimation to augment physical training programs.
maximal oxygen uptake; time-trial performance; lactate threshold;
plasma volume; cardiac output; hot environment; cool environment
LEVINE AND STRAY-GUNDERSEN (22) demonstrated that living at
high altitude (hypoxia) while training at sea level can improve
aerobic exercise performance beyond levels achieve by living
and training at sea level. This “live high-train low” approach
was the first to leverage environmental exposure (hypoxia) and
associated adaptations to improve aerobic exercise performance outside the adaptation environment. Environmental adaptations to hypoxia and heat stress are primitive and robust; in
fact, heat acclimation provides more substantial environmental
specific improvements in aerobic performance than altitude
acclimation (34). The impact of heat acclimatization on improving exercise performance in cool-temperate conditions has
not been well defined. Two studies (24, 36) reported that heat
acclimation increased maximal aerobic power (V̇O2max) in
temperate conditions, but since neither study employed control
groups it is possible the improvements represented a “training
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effect” (24, 36). Heat acclimation is documented to induce
numerous physiological adaptations that theoretically could
improve aerobic exercise performance in cool-temperate conditions. These physiological adaptations from heat acclimation
include reduced oxygen uptake at a given power output (32,
42), muscle glycogen sparing (7, 42), reduced blood lactate at
a given power output (42), increased skeletal muscle force
generation (21), plasma volume expansion (2, 38), improved
myocardial efficiency (14), and increased ventricular compliance (16). Therefore, it is reasonable to postulate that heat
acclimation, similarly to “live high-train low,” might improve
exercise performance capabilities in temperate-cool conditions.
The purpose of this study was to determine the impact of
heat acclimation on maximal aerobic power, time-trial performance, and lactate threshold, in a cool (13°C) environment.
We hypothesized that heat acclimation would improve exercise
performance capabilities in cool conditions and therefore provide a relatively convenient means to augment exercise capabilities in trained athletes.
METHODS

Subjects. Before participation, each volunteer gave written informed consent as set forth by the Declaration of Helsinki. All
protocols were approved by the Institutional Review Board of the
University of Oregon. Twelve highly trained endurance cyclists (10
men, 2 women), age 24 ⫾ 6 (SD) yr, completed the heat acclimation
protocol (height 175 ⫾ 6 cm, weight 67.7 ⫾ 8.1 kg, body mass index
22.1 ⫾ 3.9 kg/m2). Eight subjects (7 men, 1 woman), age 26 ⫾ 4 yr,
completed the control protocol (height 174 ⫾ 6 cm, weight 70.2 ⫾ 4.1
kg, body mass index 23.1 ⫾ 3.1 kg/m2). Of these eight controls, four
subjects completed the heat acclimation program after completing
their control experiments. The heat acclimation group and control
group were matched for maximal aerobic power (66.9 and 66.8
ml·kg⫺1·min⫺1, respectively; see Table 1) and training experience.
Study design. Participants completed a battery of physiological and
performance tests under two environmental conditions, then completed either an exercise-heat acclimation program or a control exercise program (identical exercise intensity but in a cool environment),
and then the physiological and performance tests were repeated. The
performance tests battery included a lactate threshold test followed by
a V̇O2max test, and a time-trial performance test (separate day). The
maximal aerobic power and time-trial tests were both included to
provide two separate measures of aerobic performance, while the
lactate threshold test provided insight into a physiological mechanism.
No attempt was made to control for training during the lead-in phase
of the study, although subjects were recruited from the same club team
and thus had the same competition schedule and essentially identical
training routines.
On days the tests were performed under heat stress, the climatic
chamber was set to 38°C and 30% relative humidity [wet bulb globe
temperature (WBGT) ⫽ 33°C]. On days when the studies were
performed in cool conditions, the climatic chamber was set to 13°C
and 30% relative humidity (WBGT ⫽ 12°C). The 13°C environment
was selected because it approximates the thermal conditions believed
to be optimal for aerobic performance (9). The order between hot and
http://www.jap.org
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Table 1. Initial aerobic performance results of the heat
acclimation and control groups

V̇O2max, l/min
V̇O2max, ml 䡠 kg

⫺1

䡠 min

⫺1

Maximal power output, W
Maximal power output, W/kg

Heat Acclimation Group
(n ⫽ 12)

Control Group
(n ⫽ 8)

4.47 ⫾ 0.21
(3.00–5.51)
66.9 ⫾ 2.1
(57.0–76.1)
369 ⫾ 15
(260–430)
5.5 ⫾ 0.2
(4.7–6.0)

4.70 ⫾ 0.14
(4.25–5.51)
66.8 ⫾ 1.7
(59.1–76.6)
381 ⫾ 11
(340–420)
5.4 ⫾ 0.2
(5.0–5.9)

Values are shown as means ⫾ SE for 12 subjects in the heat acclimation
group and 8 subjects in the control group. Range values are shown in
parentheses. Reported values of maximal oxygen uptake (V̇O2max) and maximal power output were from V̇O2max test done in cool (13°C) conditions.

cool trials was randomized. The heat acclimation protocol consisted of
10 exposures of cycle ergometer exercise at a temperature of 40°C and
30% relative humidity (WBGT ⫽ 35°C). Subjects performed two
bouts of 45 min at 50% of their V̇O2max with 10 min of rest in
between. A matched control group exercised at the same intensity but
with the chamber set at 13°C and 30% relative humidity (WBGT ⫽
12°C). The 50% of V̇O2max exercise intensity was selected as it would
represent compensable heat stress sufficient to induce heat acclimation but not be sufficient to induce training adaptations for our highly
trained athletes. Subjects were instructed to maintain their normal training routines during the 10-day intervention period to maintain their fitness
level. Postacclimation studies were completed within 1 wk of the conclusion of the heat acclimation period.
On each study visit, subjects reported to the laboratory after a 2-h
fast, and well hydrated. Subjects were instructed to avoid consumption of alcohol or caffeine for at least 8 –12 h before the study. In
addition, they were not allowed to exercise on the same day prior to
the study and were told to avoid ingestion of nonprescription drugs for
the entire duration of the multiple study visits.
Measurements. Exercise was preformed while seated on an electronically braked cycle ergometer (Lode Excalibur Sport, Groningen,
The Netherlands). Heart rate (HR) was monitored continuously
throughout each protocol via telemetry (model RS400, Polar Electro,
Lake Success, NY). Core temperature was measured using continuous
recordings of rectal temperature by a thermistor (YSI 400 Series,
Mallinckrodt Medical, St. Louis, MO) inserted 10 cm beyond the anal
sphincter. Dry, nude body weight was taken at the beginning of each
study by a precision weighing balance to the nearest 5 g (Sartorius
EB6CE-I, Precision Weighing Balances, Bradford, MA). The initial
body weight was used to ensure body fluid balance remained constant
during the study visits.
Cardiac output was measured by the open-circuit acetylene washin
method originally developed in 1975 (39), modified in 1993 (10), and
validated in humans during exercise against the direct Fick approach
(17). Breath-by-breath measurements of oxygen consumption (V̇O2),
carbon dioxide production (V̇CO2), and expired minute ventilation
(V̇E) were made by custom software (KCBeck Physiological Consulting, St Paul, MN) modified to interface to a respiratory mass spectrometer (Marquette MGA 1100, MA Tech Services). Expired air was
also collected into Douglas bags and subsequently analyzed for
oxygen and carbon dioxide concentrations (mass spectrometer) and
volumes (Tissot gasometer). This permitted the comparison of breathby-breath (15-s averages) and the Douglas bags determination of V̇O2
and V̇E.
Skin temperature was measured using thermocouples made of
copper and constantan at selected body areas on the skin. An estimate
of mean skin temperature was calculated using seven body sites
(forehead, chest, abdomen, upper arm, forearm, upper thigh, and calf)
J Appl Physiol • VOL
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(33). Mean body temperature was calculated using weighed coefficients for rectal temperature (Tre) and mean skin temperature (Tsk)
[body temperature ⫽ 0.8(Tre) ⫹ 0.2(Tsk)]. Skin blood flow requirements (SKBF) were estimated based on core temperature (Tc), Tsk,
specific heat of the blood (SH, ⬃1 kcal/°C), and heat production (Hp
in kcal/min) using the following formula: SKBF ⫽ (1/SH ⫻ Hp)/
(Tc ⫺ Tsk) (28, 35). These estimates assume that blood entering and
leaving the cutaneous circulation is equal to core and skin temperatures, respectively. Initial resting plasma volume (pretreatment, or day
1) was calculated from body mass by the equation of Sawka et al. (37)
and posttreatment (day 10) plasma volume was calculated by correcting that initial value for the percent change in plasma volume (6).
Before initiating the lactate threshold and V̇O2max test (but not the
time trial), subjects immersed in a water bath (⬃41°C) for ⬃30 min
to increase their rectal temperature by 0.8 –1.0°C. On the protocols
done under cool environmental conditions (13°C), subjects also immersed in a water bath with thermoneutral water (⬃34°C) for 30 min
to maintain normothermia. The water immersion allowed us to manipulate the subjects’ rectal and skin temperatures without employing
exercise before the tests, which could potentially act as a confounding
variable. Therefore, we could examine the impact of heat acclimation
state on the different exercise tests at standardized heat stress condition.
Lactate threshold. Approximately 30 min after water immersion,
subjects performed cycle ergometer exercise continuously with 3-min
stages. The initial power output was selected based on the subjects’
height, weight, and their reported usual training workloads. Power
output increments were selected so the test concluded after four to
seven stages. Gas exchange was continuously measured by opencircuit spirometry. During the last 30 s of each stage a capillary blood
sample was taken from a fingertip and analyzed for lactate concentration (Lactate Pro, Arkray, Kyoto, Japan). Cardiac output measurements were taken during the last 30 s of each stage by open-circuit
acetylene washin method (17). Lactate threshold was determined
using the point at which blood lactate increased 1 mM above resting
value (5).
Maximal oxygen uptake. Approximately 45 min after completing
the lactate threshold test, subjects performed a V̇O2max test. This
recovery time has been shown to be adequate to prevent any bias in
subsequent aerobic performance tests (19). To elicit V̇O2max, subjects
exercised to exhaustion on a cycle ergometer, with the power output
increasing 20 W every minute. The initial power output was chosen
based on the subjects’ lactate threshold test results to elicit exhaustion
within 8 –15 min. Cardiac output measurements were taken every 3
min at the early stages of the test and then every minute until fatigue
to ensure that a maximal cardiac output was determined. Gas exchange was continuously measured by open-circuit spirometry.
Time-trial performance. After a brief warm-up (5 min at 40% of
maximal power on cycle ergometer) subjects provided their maximal
effort for 60 min. Total work completed after 1 h (in kJ) was the
performance measured. During the test, the cycle ergometer was set to
the hyperbolic mode (pedaling rate independent) and subjects did not
receive any feedback (i.e., HR, power output, core temperature, etc.)
except for total time elapsed. Subjects were allowed to modify power
output as often as needed, but without knowing the power output.
Every 5 min measurements of power output, cadence, work performed, heart rate, rate of perceived exertion (RPE), skin temperature,
and rectal temperature were obtained. A capillary blood sample was
taken from a fingertip and analyzed for lactate concentration (Lactate
Pro, Arkray) at 10, 25, 40, and 55 min. Oxygen uptake and cardiac
output data were measured at 20, 40, and 60 min. At the end of the
time trial, subjects were toweled off, and nude body weight was
recorded.
Statistical analyses. We employed a repeated-measures design
(before and after exercise control or heat acclimation) with nonrepeated between groups. Data from each treatment (i.e., pre- vs.
post-heat acclimation) were compared by using a one-way, repeated-
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measures ANOVA with Holm-Sidak analysis for post hoc comparisons. Significance was set at P ⬍ 0.05, and values are presented as
means ⫾ SE, unless otherwise indicated. An analysis selecting conventional ␣ (0.05) and ␤ (0.20) parameters showed that eight subjects
would provide sufficient power to detect a 5% difference in time-trial
performance between pre- and post-heat acclimation trials. This estimate was made using the mean total work (900 kJ) and the coefficient
of variation (5.3%) calculated from prior studies. The postexercise
control data from the four subjects who participated in both the
control and heat acclimation protocols were also used as the pre-heat
acclimation data as there were no differences between the preexercise
control and the postexercise control tests. Statistics consulting was
provided by Abacus Research (Eugene, OR).

while the control group shows no tendency toward such trends
for all variables.
Figure 2 provides the mean responses for each test for both
groups for maximal oxygen uptake (Fig. 2A), time-trial performance (Fig. 2B), and lactate threshold (Fig. 2C). Heat acclimation increased (P ⬍ 0.05) V̇O2max in cool (66.9 ⫾ 2.1 vs.
70.2 ⫾ 2.4 ml·kg⫺1·min⫺1) and hot (55.1 ⫾ 2.4 vs. 59.6 ⫾ 2.0
ml·kg⫺1·min⫺1), increased (P ⬍ 0.05) time-trial performance
in cool (879.8 ⫾ 48.5 vs. 934.7 ⫾ 50.9 kJ) and hot (718.7 ⫾
42.3 vs. 776.2 ⫾ 50.9 kJ), and increased (P ⬍ 0.05) lactate
threshold in cool (3.9 ⫾ 0.8 vs. 4.1 ⫾ 0.8 W/kg) and hot (3.5 ⫾
0.8 vs. 3.6 ⫾ 0.8 W/kg) conditions. For the control group, no
changes were found for V̇O2max in cool (66.8 ⫾ 1.7 vs. 66.0 ⫾
1.6 ml·kg⫺1·min⫺1) or hot (54.3 ⫾ 2.4 vs. 54.9 ⫾ 2.3
ml·kg⫺1·min⫺1), time-trial performance in cool (897.1 ⫾ 41.0
vs. 905.3 ⫾ 49.5 kJ) or hot (752.8 ⫾ 43.2 vs. 722.7 ⫾ 43.6 kJ),
and lactate threshold in cool (4.1 ⫾ 0.5 vs. 4.1 ⫾ 0.5 W/kg) or
hot (3.6 ⫾ 0.5 vs. 3.6 ⫾ 0.5 W/kg) conditions. Maximal heart
rate did not change in either of the heat acclimation or control
groups (data not shown).
Figure 3 provides the heat acclimation effects on maximal
cardiac output (Fig. 3A), and the corresponding stroke volume
(Fig. 3B), and heart rate (Fig. 3C) during the V̇O2max test. Heat
acclimation increased maximal cardiac output in the cool (24.7 ⫾
1.2 vs. 26.9 ⫾ 0.82 l/min), but not in the hot (22.0 ⫾ 1.3 vs.
23.0 ⫾ 1.3 l/min) environment. Similarly, stroke volume during maximal cardiac output was increased after heat acclimation in the cool (138 ⫾ 8 vs. 150 ⫾ 5 ml), but not in the hot
(121 ⫾ 8 vs. 124 ⫾ 9 ml) environment. Heat acclimation did
not alter maximal heart rate achieved in the cool (181 ⫾ 5 vs.
180 ⫾ 4 beats/min) or hot (184 ⫾ 5 vs. 188 ⫾ 5 beats/min)
condition. For the control group, no differences were observed
in maximal cardiac output, stroke volume, or heart rate in the
cool (25.2 ⫾ 1.2 vs. 24.8 ⫾ 1.1 l/min; 136 ⫾ 6 vs. 135 ⫾ 5 ml;
185 ⫾ 2 vs. 184 ⫾ 4 beats/min) or hot (23.8 ⫾ 1.0 vs. 22.7 ⫾
1.5 l/min; 127 ⫾ 6 vs. 123 ⫾ 8 ml; 188 ⫾ 4 vs. 185 ⫾ 4
beats/min) environment.
Table 3 provides the physiological responses during the
time-trial performance tests in the heat acclimation group and
control group before and after treatment (heat acclimation or
exercise control period). All results are shown as means and
SE. The heat acclimation group had lower (P ⫽ 0.02) skin
temperature, greater (P ⫽ 0.01) core-skin gradient, and greater
(P ⫽ 0.04) cardiac output at the end of time-trial test after
acclimation in cool conditions. The heat acclimation group had
lower (P ⫽ 0.01) skin temperatures, and greater (P ⫽ 0.01)
core-skin gradient at the end of the time-trial test after accli-

RESULTS

Table 1 shows the initial aerobic performance results of the
heat acclimation and control groups. Note that the heat acclimation and control groups have essentially identical maximal
aerobic power (66.9 vs. 66.8 ml·kg⫺1·min⫺1, respectively) and
maximal power output (5.5 vs. 5.4 W/kg, respectively). All
subjects completed the 10-day heat acclimation and control
group exercise program. To ensure the subjects were properly
hydrated, nude body weight and plasma osmolality were measured. Euhydration was demonstrated by their nude body mass
being within 1% of their 5-day average and plasma osmolality ⬍
290 mosmol/kgH2O (30).
Table 2 provides plasma volume (rest), and heart rate and
core temperature responses at the end of the second exercise
bout on day 1 and day 10 of the heat acclimation program or
control group exercise program. Heat acclimation group demonstrated a reduction (P ⬍ 0.001) in heart rate (15 beats/min)
and a reduction (P ⬍ 0.002) in core temperature (0.5°C), while
no differences were observed in the control group. Heat acclimation group demonstrated an increase (6.5%, P ⬍ 0.05) while
the control group a reduction (4.6%, P ⬎ 0.05) in plasma
volume (rest). Body weight did not change in either group
between the pre- and posttreatment protocols.
Figure 1 plots individual data against the line of no difference (before and after 10-day treatment) for maximal oxygen
uptake (Fig. 1A), time-trial performance (Fig. 1B), and lactate
threshold (Fig. 1C) tests in the cool and hot environments for
the heat acclimation and control groups. For each of these three
independent tests of exercise performance it should be noted
the consistency that data points fall above the line of identity
for the heat acclimation group and that data points fall on the
line of identity for the control group. The heat acclimation
group individual data demonstrate a clear and consistent performance improvement in both the cool and hot environments,

Table 2. Mean differences between day 1 and day 10 of the heat acclimation or exercise control period
Heat Acclimation Group

Final heart rate, beats/min
Final Tc, °C
Hemoglobin, g/dl
Hematocrit
Plasma volume, liters
Plasma volume change, %

Control Group

Day 1

Day 10

Day 1

Day 10

165 ⫾ 2
39.3 ⫾ 0.1
13.8 ⫾ 0.3
0.43 ⫾ 0.01
3.0 ⫾ 0.1

150 ⫾ 3*
38.8 ⫾ 0.1*
13.3 ⫾ 0.3
0.42 ⫾ 0.01
3.2 ⫾ 0.1*

130 ⫾ 3
38.1 ⫾ 0.1
13.7 ⫾ 0.2
0.42 ⫾ 0.01
3.1 ⫾ 0.1

127 ⫾ 5
38.1 ⫾ 0.1
14.0 ⫾ 0.5
0.43 ⫾ 0.01
2.9 ⫾ 0.1

6.5 ⫾ 1.2†

⫺4.6 ⫾ 2.7

Values are shown as means ⫾ SE for 12 subjects in the heat acclimation group and 8 subjects in the control group. Values shown are resting plasma volume,
hematocrit, hemoglobin; and final heart rate and core temperature (Tc) at end of the second exercise bout. *P ⬍ 0.05 vs. day 1. †P ⬍ 0.05 vs. control group.
J Appl Physiol • VOL
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Fig. 1. Individual data for relationship between pre- and postacclimation in performance variables of heat acclimation (left) and control (right) groups under hot
and cool condition. A: maximal aerobic power (V̇O2max). B: time trial performance. C: lactate threshold. Straight line represents line of equality.

mation in hot conditions. The control group demonstrated
lower (P ⫽ 0.03) core temperature in the hot condition at the
end of the time trial. We also observed higher (P ⫽ 0.02) skin
temperature, lower (P ⫽ 0.03) core-skin gradient, and higher
(P ⫽ 0.02) skin blood flow at the end of the time-trial test after
control exercise treatment in the cool condition.
Figure 4 summarizes the cardiorespiratory and performance
changes induced by heat acclimation or exercise control programs in both hot and cool environments. The heat acclimation
group showed significant improvements in every variable (except for the maximal cardiac output in the hot condition). On
the other hand, there was no significant difference in the
control group in any of the variables.
J Appl Physiol • VOL

DISCUSSION

This study is the first to examine the impact of heat acclimation on aerobic performance in cool (13°C) conditions. We
employed three separate tests: maximal aerobic power, timetrial performance, and lactate threshold. We studied competitive cyclists because they would provide more consistent maximal efforts, were highly trained, and provided a target group
to demonstrate the potential ergogenic effects of heat acclimation for competitive athletes. Our data clearly demonstrate that
10 days of heat acclimation provide considerable ergogenic
benefits in cool conditions. In addition, heat acclimation provided the expected performance benefits in hot conditions.

109 • OCTOBER 2010 •

www.jap.org

1144

HEAT ACCLIMATION IMPROVES EXERCISE PERFORMANCE

duced oxygen uptake at a given power output (32, 42), muscle
glycogen sparing (7, 42), reduced blood lactate at a given
power output (42), plasma volume expansion (2, 38), improved
myocardial efficiency (14), and increased ventricular compliance (16), and enhanced force generation in the soleus muscle
(21). Our observed increase in maximal oxygen uptake could

Fig. 2. Effect of heat acclimation on V̇O2max (A), total work done during a 1-h
time trial (B), and power output at lactate threshold (C) in a cool (13°C) and
hot (38°C) environment. Values are means ⫾ SE for 12 heat acclimation
subjects and 8 controls. *P ⬍ 0.05 vs. preacclimation within environmental
condition.

Heat acclimation is documented to induce numerous physiological adaptations that theoretically could improve aerobic
exercise performance in cool-temperate conditions. These
physiological adaptations from heat acclimation include reJ Appl Physiol • VOL

Fig. 3. Heat acclimation effects on maximal cardiac output (A), and their
corresponding stroke volume (B), and heart rate (C) during V̇O2max test in a
cool (13°C) and hot (38°C) environment. Values are means ⫾ SE for 12 heat
acclimation subjects and 8 controls. bpm, beats/min. *P ⬍ 0.05 vs. preacclimation within environmental condition.
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Table 3. Mean responses during the 1-h time trial pre- and postacclimation in the experimental and control groups
Hot Condition (38°C)

Ending rectal temperature, °C
HA
Control
Ending mean skin temperature, °C
HA
Control
Core-to-skin gradient, °C
HA
Control
Estimated skin blood flow, l/min
HA
Control
Ending mean body temperature, °C
HA
Control
Total body water loss, liters
HA
Control
Mean power output, W
HA
Control
Mean blood lactate, mmol/l
HA
Control
Mean cardiac output, l/min
HA
Control
Mean V̇O2, l/min
HA
Control
Mean RPE
HA
Control

Cool Condition (13°C)

Before

After

Before

After

39.5 ⫾ 0.1
39.3 ⫾ 0.2

39.4 ⫾ 0.2
38.9 ⫾ 0.1*

38.8 ⫾ 0.2
38.9 ⫾ 0.2

38.8 ⫾ 0.1
38.7 ⫾ 0.2

34.8 ⫾ 0.3
34.7 ⫾ 0.4

33.9 ⫾ 0.2*
34.6 ⫾ 0.2

24.1 ⫾ 0.5
23.7 ⫾ 0.5

23.0 ⫾ 0.3*
25.1 ⫾ 0.7*

4.7 ⫾ 0.4
4.6 ⫾ 0.3

5.5 ⫾ 0.3*
4.4 ⫾ 0.2

14.7 ⫾ 0.5
15.0 ⫾ 0.4

15.8 ⫾ 0.3*
13.3 ⫾ 0.6*

2.3 ⫾ 0.2
3.0 ⫾ 0.3

2.3 ⫾ 0.2
2.8 ⫾ 0.2

1.0 ⫾ 0.1
1.1 ⫾ 0.1

1.0 ⫾ 0.1
1.3 ⫾ 0.1*

38.7 ⫾ 0.1
38.5 ⫾ 0.1

38.3 ⫾ 0.2
38.1 ⫾ 0.1

35.9 ⫾ 0.1
35.9 ⫾ 0.1

35.7 ⫾ 0.1
36.0 ⫾ 0.1

1.8 ⫾ 0.2
1.9 ⫾ 0.2

2.2 ⫾ 0.2*
2.0 ⫾ 0.2

1.1 ⫾ 0.1
1.1 ⫾ 0.1

1.3 ⫾ 0.1*
1.1 ⫾ 0.1

201 ⫾ 12
208 ⫾ 12

216 ⫾ 14*
201 ⫾ 12

246 ⫾ 13
249 ⫾ 12

259 ⫾ 14*
254 ⫾ 14

3.0 ⫾ 0.3
3.3 ⫾ 0.4

3.2 ⫾ 0.2
2.3 ⫾ 0.4

4.2 ⫾ 0.4
3.9 ⫾ 0.3

4.7 ⫾ 0.5
3.6 ⫾ 0.5

20.1 ⫾ 1.6
22.6 ⫾ 1.6

20.5 ⫾ 1.4
22.9 ⫾ 1.8

22.3 ⫾ 1.4
25.0 ⫾ 1.6

24.3 ⫾ 1.5*
25.4 ⫾ 1.9

2.79 ⫾ 0.22
3.11 ⫾ 0.16

2.90 ⫾ 0.23*
2.97 ⫾ 0.15

3.50 ⫾ 0.20
3.81 ⫾ 0.19

3.78 ⫾ 0.21*
3.73 ⫾ 0.20

16 ⫾ 1
16 ⫾ 1

16 ⫾ 1
16 ⫾ 1

16 ⫾ 1
15 ⫾ 1

16 ⫾ 1
16 ⫾ 1

Values are means ⫾ SE for 12 subjects in the experimental group and 8 subjects in the control group. HA, heat acclimation. RPE, rating of received exertion.
*P ⬍ 0.05 vs. preacclimation trial.

be mediated by plasma volume expansion (31), improved
myocardial efficiency, and increased ventricular compliance
(14, 16), which would allow larger end-diastolic volume.
Although we observed a small plasma expansion, neither

Fig. 4. Cardiorespiratory and performance changes as a percent change from
the preacclimation trials in both environmental conditions. *P ⬍ 0.05 vs.
preacclimation within environmental condition. There was no difference in the
variables displayed for the control group. Values are means ⫾ SE for 12 heat
acclimation subjects and 8 controls. Qcmax, maximal cardiac output.
J Appl Physiol • VOL

myocardial efficiency nor ventricular compliance was measured. While there was a slight hemodilution post-heat acclimation induced by the plasma expansion (138.4 vs. 133.3 g Hb/l, preand post-heat acclimation, respectively), we observed a substantial increased maximal cardiac output of 2.2 l/min. This increase
in maximal cardiac output can account for the 5% increase in
V̇O2max in the cool environment [assuming constant whole body
arteriovenous oxygen content difference (a-vO2) of 85% and 1.34
ml O2/g Hb]. However, these estimations should be taken with
caution since there is some degree of imprecision when taking
measurements, and multiple measurements to estimate certain
parameters could increase the degree of inaccuracy.
Heat acclimation increased resting plasma volume by about
6.5% (200 ml), and this is in agreement with others (1, 25, 26,
38). Controversy exists as to whether hypervolemia (i.e.,
plasma volume expansion) has the potential to increase maximal cardiac output, and how this potential change affects
V̇O2max. Kanstrup and Ekblom reported that plasma volume
expansion (i.e., 570 ml) increased maximal cardiac output 8%
and decreased hemoglobin concentration by 8%; thus maximal
oxygen uptake remained unchanged (18). Hopper et al. (13)
observed in untrained men that plasma volume expansion (i.e.,
400 ml) increased stroke volume by 11% during submaximal
exercise. However, a larger plasma volume expansion (i.e., 630
ml) did not elicit further increases in stroke volume (13). There
has also been evidence that plasma volume expansion may be
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responsible for slight but significant increases in V̇O2max (4, 24,
36). Coyle et al. (4) showed that plasma volume expansion by
200 –300 ml of 6% dextran significantly increased V̇O2max in
untrained subjects, with an increased cardiac output after
plasma volume expansion at submaximal exercise intensities
(4). More importantly, Coyle et al. (4) stated that the potential
for plasma volume expansion to increase V̇O2max depends on
the balance between the increased maximal cardiac output
compared with the reduced hemoglobin concentration, and
thus arterial oxygen content. The present study observed a
moderate plasma volume expansion (6.5%) with a small hemodilution (3.3%) and increased maximal cardiac output (9%)
and thus increased V̇O2max by 5%.
An improved cardiac performance (maximal cardiac output and
maximal stroke volume) following a period of chronic heat stress
is also supported by several animal studies, which reported several
mechanical and metabolic adaptations in the rat heart (14 –16, 23).
For instance, heat acclimation increases left ventricular compliance and pressure generation and decreases myocardial oxygen
consumption (14, 16). The improved myocardial oxygen consumption results from a transition from fast myosin (V1) to slow
myosin isoforms (V3) (15). Finally, combined heat acclimation
and exercise training have been shown to have additive effects on
the mechanical and metabolic properties of rat hearts compared
with the effects of exercise training or heat acclimation alone (23).
In addition, these authors (23) reported that augmented force
generation (i.e., contractility) post-heat acclimation was associated with elevation of cytosolic calcium concentration on contraction. Together, these studies provide mechanisms that support our
observations that heat acclimation increased maximal cardiac
output.
Our study was the first to examine the effects of heat
acclimation on time-trial performance in either a hot or cool
environment. This investigation employed a time-trial approach to explore and quantify the changes in performance of
highly trained cyclists, which is a measure more specific to the
demands of athletic competitions. Our findings that total work
in kilojoules was improved after a period of heat acclimation
agrees with our hypothesis. The increased time-trial performance is likely in part due to the increased V̇O2max reducing the
relative exercise intensity (%V̇O2max). A reduced relative exercise intensity is associated with improved exercise endurance
(11). Heat acclimation has been reported to reduce submaximal
oxygen uptake requirements in a temperate and hot environment (32) and this also would act to reduce relative exercise
intensity. Unfortunately, we did not measure oxygen uptake at
any given submaximal power output before and after acclimation so are unsure whether this adaptation contributed here.
Another possible mechanism was that heat acclimation increased the core-to-skin temperature gradient (by lowering skin
temperature, perhaps by earlier onset of sweating). The widened gradient would reduce skin blood flow requirement at a
given workload and potentially allow a greater percentage of
any given cardiac output to be directed to active skeletal
muscle. Some studies have reported that heat acclimation
induces metabolic adaptations during exercise by reducing the
aerobic metabolic rate (32, 42), or decreasing the rate of
glycogenolysis (7, 8, 20). Thus, at a given absolute workload,
there is a decrease in oxygen consumption post-heat acclimation. Consequently, these adaptations would allow subjects to
J Appl Physiol • VOL

maintain higher power outputs, reduce relative intensity, and
improve the time-trial performance.
A novel finding from this study is that heat acclimation
increased lactate threshold in a cool environment. To our
knowledge, there have been no studies that have explored this
relationship. The lower lactate levels during exercise observed
after heat acclimation is in agreement with previous research.
At a given exercise intensity, heat acclimation has been shown
to reduce the blood lactate concentration (7, 42). In addition to
the lower blood lactate levels measured after heat acclimation
in both environments, we are the first to report that the
threshold at which blood lactate levels begin to rise also is
delayed by heat acclimation. As previously described, some
studies suggested that heat acclimation induces metabolic adaptations during exercise by reducing the aerobic metabolic
rate (1, 32, 42), or decreasing the rate of glycogenolysis (7, 8,
20). Alternatively, the increased plasma volume (and thus, total
blood volume) (3, 12, 38, 41) could have an effect in blood
lactate concentration by increasing blood flow through the
splanchnic circulation, enhancing lactate removal (29), and
thus delaying blood lactate accumulation. The previously discussed increase in cardiac output to active muscles, together
with the decrease aerobic metabolic rate (1, 32, 42), may
account for the delay in blood lactate accumulation. In addition, the possibility of an increased lactate removal by increased splanchnic blood flow (29) cannot be discarded.
There is the possibility that the multiple exercise sessions
induced a training or learning effect that might have contributed to improve performance regardless of the heat acclimation
status. We believe this is not the case in our study for several
reasons. First, the combination of low exercise intensity during
heat acclimation (50% of their V̇O2max), plus the subjects’ high
fitness level (mean V̇O2max of 66 ml·kg⫺1·min⫺1) make a
training effect unlikely (27). Second, a “learning effect” would
be unlikely because all the subjects were well trained and had
previous experiences performing similar time-trial competitions. Third, the control group did not show any trends for
improvement. Although no attempt was made to control for
training during the lead-in phase of the study, all of the subjects
who participated in this study were recruited from the same
club team and thus had the same competition schedule and
essentially identical training routines. In addition, we do not
believe that the differences observed post-heat acclimation
were related with the subjects’ training background, and they
were encouraged to keep to their training schedule during
participation in the study. There were no differences in the
effect of the intervention between the subjects who completed
the study in the early winter months (and thus were probably
doing mostly longer rides) from those who did the study during
the spring/summer (and presumably were doing more highintensity workouts). Therefore, this heat acclimation protocol
may be used to supplement a wide range of training routines.
We are the first to conclusively demonstrate that heat acclimation can improve aerobic exercise performance in cooltemperate conditions. These heat acclimation benefits may be
retained for 1 or 2 wk, and the rate of decay for heat acclimation will depend on many factors like fitness level of the
subjects, environmental conditions where the subjects live, and
intensity and duration of their training post-heat acclimation
(40). Our findings are analogous to “live high and train low”
concepts developed by Levine and Stray-Gundersen (22) but
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might require less time and logistical support. Our research and
that by Levine and Stray-Gundersen (22) demonstrate that
robust adaptations to environmental exposure can be leveraged
to augment aerobic performance in highly trained athletes.
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