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Abstract
Purpose This study investigated whether regular precooling would help to maintain day-to-day training intensity and improve 
20-km cycling time trial (TT) performed in the heat. Twenty males cycled for 10 day × 60 min at perceived exertion equiva-
lent to 15 in the heat (35 °C, 50% relative humidity), preceded by no cooling (CON, n = 10) or 30-min water immersion at 
22 °C (PRECOOL, n = 10).
Methods 19 participants (n = 9 and 10 for CON and PRECOOL, respectively) completed heat stress tests (25-min at 60% 
V̇O2peak and 20-km TT) before and after heat acclimation.
Results Changes in mean power output (∆MPO, P = 0.024) and heart rate (∆HR, P = 0.029) during heat acclimation 
were lower for CON (∆MPO − 2.6 ± 8.1%, ∆HR − 7 ± 7 bpm), compared with PRECOOL (∆MPO + 2.9 ± 6.6%, ∆HR 
− 1 ± 8 bpm). HR during constant-paced cycling was decreased from the pre-acclimation test in both groups (P < 0.001). Only 
PRECOOL demonstrated lower rectal temperature (Tre) during constant-paced cycling (P = 0.002) and lower Tre threshold 
for sweating (P = 0.042). However, skin perfusion and total sweat output did not change in either CON or PRECOOL (all 
P > 0.05). MPO (P = 0.016) and finish time (P = 0.013) for the 20-km TT were improved in PRECOOL but did not change 
in CON (P = 0.052 for MPO, P = 0.140 for finish time).
Conclusion Precooling maintains day-to-day training intensity and does not appear to attenuate adaptation to training in 
the heat.
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Abbreviations
∆  Delta change
CON  Control
CVC  Cutaneous vascular conductance
CWI  Cold water immersion
HR  Heart rate
LSR  Local sweat rate
MPO  Mean power output
PRECOOL  Precooling
PU  Perfusion units
RH  Relative humidity
RPE  Rating of perceived exertion
Tarm  Forearm skin temperature
Tca  Calf skin temperature
Tre  Rectal temperature
Tsk  Weighted mean skin temperature
Tst  Sternal skin temperature
TT  Time trial
Tth  Thigh skin temperature
USG  Urine specific gravity
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V̇O2max  Maximal oxygen uptake
V̇O2peak  Peak oxygen uptake
WBS  Whole body sweat loss

Introduction

Heat acclimation (Castle et al. 2011; Schmit et al. 2017a) and 
precooling (Choo et al. 2019; Schmit et al. 2017b) are strat-
egies commonly adopted to mitigate the adverse effect of 
heat stress on performance during exercise in the heat. The 
physiological adaptations to heat include increased sweat 
rate, enhanced cardiovascular capacity (e.g., lower heart rate 
and increased stroke volume) and lower core temperature 
(Castle et al. 2011; Fujii et al. 2012; Lorenzo and Minson 
2010). These physiological adaptations are believed to alle-
viate cardiovascular strain and can improve exercise perfor-
mance in the heat (Périard et al. 2016). A heat acclimation 
programme typically involves 10–14 day × 90–120 min of 
low-intensity exercise (≤ 50%V̇O2max ) (Pandolf et al. 1988; 
Poirier et al. 2015) or intermittent exercise to maintain a 
target core temperature, i.e., controlled-hyperthermia (Pat-
terson et al. 2004). Such protocols require more time com-
mitment, may compromise training intensity, and have less 
training specificity. Meeting specific energetic demands 
during heat acclimation may also be important for exercise 
performance gains (Wingfield et al. 2016); however, training 
at higher intensities in the heat may increase the likelihood 
of overreaching despite some heat adaptation (Reeve et al. 
2019; Schmit et al. 2017a). Indeed, Schmit et al. (2017a) 
observed greater perceived fatigue and detrimental effects 
on 20-km time trial (TT) performance in triathletes who 
trained at high intensity in the heat for five consecutive days, 
compared with counterparts who trained at low intensity. 
Hence, there is a need to explore methods that can help to 
maintain the quality of training in the heat without risks of 
maladaptation.

Precooling aims to reduce body temperature prior to 
exercise and is another common adopted method to enhance 
exercise performance in the heat (Choo et al. 2017). The 
mechanisms and ergogenic effects of different precooling 
techniques have been reviewed elsewhere (Bongers et al. 
2015; Choo et al. 2017). Although these reviews show that 
precooling can be beneficial for performance or work capac-
ity during exercise in the heat, it is acknowledged that the 
efficacy of different cooling techniques can be influenced 
by factors including the environmental conditions and the 
nature of the exercise tasks. For instance, cold water immer-
sion (CWI) has been shown to be less beneficial for inter-
mittent sprint performance due to its drastic muscle cooling 
effect (Skein et al. 2012). Interestingly, regular CWI follow-
ing high-intensity cycling in the heat for 3–5 consecutive 

days has been shown to result in better maintenance of day-
to-day sprint performance across the days (Stanley et al. 
2013; Vaile et al. 2008). While these studies highlight the 
benefits of CWI on day-to-day training performance, they 
were not designed to examine the interaction between pre-
cooling and heat adaptation. To the best of our knowledge, 
no study has extensively examined the influence of regular 
precooling on day-to-day training performance and heat 
adaptation. Cooling prior to training in the heat may seem 
incongruous with the aim of heat acclimation, in which a 
certain level of thermal stimulus is essential for heat adapta-
tion. Yet, it is plausible that precooling may help to maintain 
the quality of training in the heat and minimise the risks of 
maladaptation.

Previous studies have shown that active secretion is 
obligatory for the adaptation of sweat glands (Buono et al. 
2009; Collins et al. 1966; Fox et al. 1964); hence, cooling 
techniques that suppress sweat secretion during heat expo-
sure may be antagonistic to heat adaptation. Local sweating 
response has been shown to be mediated by skin tempera-
ture and skin blood flow independently (Wingo et al. 2010). 
Conversely, CWI has been shown to substantially reduce 
skin temperature and skin blood flow (Choo et al. 2016). 
It is hence plausible that precooling by CWI during heat 
acclimation may have an inhibitory effect on the adapta-
tion of sweat glands. However, we have previously demon-
strated that precooling by CWI (22 °C × 30 min) increases 
total work output at a given perceived exertion (Choo et al. 
2019). Furthermore, although we found that CWI delayed 
onset of sweating, local sweat rate increased rapidly during 
exercise in the heat leading to similar sweat rate between 
CWI and a non-cooling control condition at the end of the 
exercise (Choo et al. 2019).

Elevation and earlier onset of cutaneous vasodilation dur-
ing exercise facilitate heat transfer to the skin and increases 
cutaneous water vapour pressure for evaporative cooling 
(Taylor and Cotter 2006). Interestingly, skin blood flow 
changes following heat acclimation appear to be unclear 
with some studies reporting unchanged (Nielsen et al. 1997; 
Regan et al. 1996) or decreased skin blood flow (Chen et al. 
2013). On the other hand, enhanced skin vascular sensitiv-
ity to acetylcholine (Lorenzo and Minson 2010) and lower 
temperature threshold for cutaneous vasodilation during 
passive lower body heating (Amano et al. 2015) have been 
observed after 5–10 days of heat acclimation. As mentioned 
previously, CWI reduces skin blood flow; hence, whether 
precooling by CWI will inhibit heat acclimation in terms of 
sudo- and vaso-motor responses during exercise in the heat 
warrants investigation.

Accordingly, this study aimed to examine the effects of 
precooling by CWI (PRECOOL) on day-to-day training 
intensity during heat acclimation and changes in endurance 
performance (i.e., 20-km TT) in the heat. It was hypothesised 
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that PRECOOL would result in better maintenance of the 
training intensity and improve endurance performance to a 
greater extent, compared with a non-cooling control condi-
tion (CON). The secondary hypothesis was that if training 
intensity was better maintained during heat acclimation, 
regular precooling by CWI would minimise adverse effects 
on the sudo- and vaso-motor adaptations.

Methods

Participants

This study was approved by Edith Cowan University Human 
Research Ethics Committee and Institutional Review Board 
of the Singapore Sport Institute. Experimental procedures 
were communicated to the participants before obtaining 
signed consent and were conducted in accordance with the 
standards set by Declaration of Helsinki.

Sample size calculation (G*Power 3.1.9.2) was per-
formed using the mean within-group change in power out-
put (28 W ± 19 W) from an 8-days heat acclimation study 
(Schmit et al. 2017b). For one-tailed t-test with β = 0.20 and 
α = 0.05, a sample size of six participants was calculated to 
detect a meaningful change in MPO during a 20-km TT. 
To account for attrition and to ensure sufficient power for 
other variables (e.g., core body temperature), 22 recreational 
cyclists and triathletes who were residents of the study loca-
tion (Singapore) at the time of the study were recruited. 
Participants were considered at least partially heat acclima-
tised given their self-reported heat exposure were 3–5 h per 
week. The data were collected from August 2018 to March 
2019 in Singapore. Two participants did not complete the 
acclimation programme due to personal reasons. Hence, 
20 participants were matched for V̇O2peak , associated peak 
aerobic power, and study enrolment dates (n = 10 and 10 for 
CON and PRECOOL, respectively). Only 19 participants 
(n = 9 and 10 for CON and PRECOOL, respectively) com-
pleted the pre- and post-acclimation tests, as one participant 
withdrew from the study after completing the acclimation 
programme due to illness unrelated to this study. Physical 
characteristics and baseline performance of the cohort are 
presented in Table 1. Self-reported heat exposure was deter-
mined through a questionnaire and included activities such 
as sauna or hot water immersion (temperature > 35 ℃) and 
any form of physical activities or work in hot environments 
(e.g., poorly ventilated room, heated room or under the hot 
sun).

Experimental design

During a preliminary session, participants completed an 
incremental test to determine V̇O2peak (TrueOne 2400, 

ParvoMedics, Utah, USA) and a 20-km TT as familiarisa-
tion on a Velotron cycle ergometer (Racermate, Seattle, WA, 
USA). The incremental test was commenced at 100 W for 
4 min and increased by 25 W min−1 until volitional exhaus-
tion. Participants then completed two heat stress tests and 
10 heat acclimation sessions. At ≥ 24 h following pre-accli-
mation tests, participants completed 10 acclimation sessions 
within 14 days. With the exception of one participant who 
performed the post-acclimation heat stress test 8 days after 
the last heat exposure due to personal commitment, the sec-
ond heat stress test was performed ≥ 48 h (range 2–5 days) 
after the last acclimation session. During the 24 h period 
before each test, participants maintained similar diets facili-
tated by 1-day food records and refrained from strenuous 
exercise and alcohol. Participants were instructed to main-
tain their usual dietary habits throughout the study period.

Heat stress tests

During each test, nude body mass (Model Spider 2, Met-
tler-Toledo GmbH, Albstadt, Germany) and urine spe-
cific gravity ([USG], Atago Digital Refractometer PR-RI, 
Tokyo, Japan) were assessed before a 15-min seated rest 
in an environmental chamber (35.3 ± 0.2 °C, 54 ± 1% rela-
tive humidity [RH]). Participants completed 25 min of con-
stant-paced cycling at 60% V̇O2peak followed by 20-km TT at 

Table 1  Baseline physical characteristics of participants undergoing 
heat acclimation preceded by either no cooling (CON) or 30 min of 
cold water immersion (PRECOOL)

V̇O2peak peak oxygen uptake, TT time trial, MPO mean power output, 
WBS (%) whole body sweat loss expressed as percentage of pre-exer-
cise body mass. Data are presented as mean ± SD within each group 
(n = 10 for each group, except for the baseline 20-km TT data, where 
n = 9 for CON). Significance level was accepted at P ≤ 0.05

CON PRECOOL

Age (years) 40 ± 9 37 ± 8
Body mass (kg) 74 ± 10 71 ± 5
Height (cm) 174 ± 3 172 ± 4
Sum of seven skinfolds (mm) 104 ± 46 107 ± 25
Body surface area  (m2) 1.88 ± 0.11 1.83 ± 0.07
V̇O2peak (mL kg−1 min−1) 47.1 ± 7.7 50.4 ± 9
Prorated peak power (W) 312 ± 40 314 ± 48
Relative power (W kg−1) 4.2 ± 0.6 4.5 ± 0.8
Training history (h week−1) 8.4 ± 4.6 11.6 ± 3.3
Heat exposure (h week−1) 2.8 ± 1.6 4.3 ± 2.8
Training load (AU) 2481 ± 1356 3074 ± 3756
Baseline 20-km TT MPO (W) 180 ± 42 177 ± 50
Baseline 20-km TT relative MPO 

(W kg−1)
2.4 ± 0.6 2.5 ± 0.8

Baseline 20-km TT finish time (min) 38.4 ± 4.4 38.9 ± 4.4
Baseline 20-km TT WBS (%) 2.3 ± 0.5 2.2 ± 0.4
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2.1 ± 0.3 min later. They were instructed to complete the TT 
as fast as possible and no feedback or verbal encouragement 
was provided except for the distance cycled. Airflow was 
provided at 28.8 km h−1, placed 0.3 m away from the cycle 
ergometer. Water consumption (22.0 ± 1.1 °C) was recorded 
for the purpose of calculating whole body sweat loss (WBS).

Temperature and sweat measurements

Rectal temperature (Tre) was monitored via a disposable 
thermistor (Monatherm Thermistor 400 Series, Mallinck-
rodt Medical, St. Louis, MO, USA) self-inserted 10 cm past 
the anal sphincter. Skin thermistors (YSI temperature probes 
400 Series, Dayton, OH, USA) were attached to the mid-
sternum (Tst), forearm (Tarm), thigh (Tth) and calf (Tca) to 
calculate weighted mean skin temperature (Tsk) (Ramana-
than 1964). Local sweat rate ([LSR], mg cm−2 min−1) was 
assessed by attaching sweat capsules (5.31 cm2) to the left 
forearm and the left thigh, 2 cm away from the skin thermis-
tors. Influent anhydrous N2 was supplied to the sweat cap-
sules at 1.5 L min−1 (Kofloc RK1204, Kojima Instruments 
Inc., Tokyo, Japan), and water content of the effluent N2 was 
measured (HMP60, Vaisala, Helsinki, Finland). Tempera-
ture and LSR data were recorded at 0.2 Hz (Squirrel 2020, 
Grant Instruments, Shepreth Cambridgeshire, UK). Sweat-
ing threshold and sensitivity were determined as previously 
described (Cheuvront et al. 2009). WBS was calculated from 
the change in nude body mass adjusted for volume of water 
ingested.

Skin perfusion, mean arterial blood pressure and HR

Skin perfusion (PU) was recorded at the left thigh (PeriFlux 
5000, Perimed AB, Järfälla, Stockholm, Sweden) with the 
probe (Probe 457) placed 2 cm away from the skin ther-
mistor. Mean arterial pressure (NOVA, Finapres Medical 
Systems©, Amsterdam, The Netherlands) was measured 
during constant-paced cycling only to minimise distraction 
to participants during the TT. Mean arterial pressure and PU 
were sampled at 10 Hz (Powerlab 16/30 ML 880/P, ADIn-
struments, New South Wales, Australia). Cutaneous vas-
cular conductance (CVC) was calculated as PU/mean arte-
rial pressure (PU·mmHg−1). HR (S810i, Polar Electro Oy, 
Kempele, Finland), perceived exertion (RPE) (Borg 1982) 
and thermal sensation (Young et al. 1987) were recorded 
throughout the exercise.

Heat acclimation

Participants cycled at RPE 15 on Wattbike Pro cycle 
ergometers (Wattbike Ltd., Nottingham, UK) for 60 min 
in the heat (35.3 ± 0.3 °C, 53 ± 2% RH). For PRECOOL, 
participants completed 30  min of mid-sternal CWI at 

21.9 ± 0.5 °C (ambient conditions: 23.4 ± 0.7 °C, 78 ± 7% 
RH) and commenced exercise 12.3 ± 2.2 min later. HR was 
recorded continuously during the exercise and participants 
were reminded to maintain exercise intensity at RPE 15 
every 10–15 min without feedback on HR and power out-
put. Water consumption (22.0 ± 1.1 °C) was recorded for 
the purpose of calculating WBS. The participants were 
instructed to record their training in addition to the heat 
acclimation sessions using the session-RPE method (Fos-
ter et al. 2001). Perceived well-being was recorded before 
each acclimation session (Ihsan et al. 2017). Specifically, 
participants were asked to rate their perceived general 
fatigue, sleep quality, general muscle soreness, stress lev-
els and mood on a scale of one to five in increments of 0.5. 
Overall well-being was then determined by summing the 
scores from the five items. The aggregated score obtained 
prior to the first heat acclimation session was used as base-
line and subsequent response was expressed as percentage 
change.

Statistical analysis

Data are expressed as mean ± SD and statistical sig-
nificance level was accepted at P ≤ 0.05. Meaningful-
ness of the within-group difference in the 20-km TT 
performance was calculated using Hedges’ g effect size 
and interpreted as < 0.2 = negligible, 0.2–0.49 = small, 
0.5–0.79 = medium, ≥  0.8 = large (Cohen 1992). Within- 
and between-group difference in the physiological and per-
formance data were analysed by linear mixed models fit-
ted with restricted maximum likelihood (R v3.5.0, R Core 
Team, R Foundation for Statistical Computing, Vienna, 
Austria). Initial models included a by-participant random 
intercept and time or/and group as fixed effects. Bonferroni 
adjustment for multiple comparisons was used for post-hoc 
analysis when appropriate.

Results

Participant characteristics and performance 
at baseline

A total of 20 participants (n = 10 and 10 for CON and 
PRECOOL, respectively) completed all 10 sessions within 
14 days and were included for the analysis of the heat accli-
mation data. One participant from the CON group did not 
complete the post-acclimation heat stress test due to illness 
not related to this study. Therefore, 19 participants (n = 9 and 
10 for CON and PRECOOL, respectively) were included for 
the analysis of the heat stress test data.
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Heat acclimation

When MPO was expressed as percentage change from 
the first session (∆MPO), there was a main group effect 
(P = 0.042), and the overall ∆MPO for CON was 5.5% 
lower than PRECOOL (Fig. 1). However, there was no time 
(P = 0.361) or group × time interaction effect (P = 0.127) 
for ∆MPO. Comparison of absolute MPO between the first 
and last sessions exhibited a group × time interaction effect 
(P = 0.032), resulting from a non-significant decrease in 
MPO in the CON group (session 1: 168 ± 35 W versus ses-
sion 10: 157 ± 32 W, P = 0.062), while absolute MPO was 
unchanged in the PRECOOL group (session 1: 166 ± 33 W 
versus session 10: 173 ± 41 W, P = 0.214). However, abso-
lute MPO was not different between the two groups during 
sessions 1 and 10 (both P > 0.05). Absolute MPO across 
the 10 sessions are presented as online-only supplementary 
material. On average, CON and PRECOOL cycled at power 
output equivalent to 61.7 ± 6.1% V̇O2peak and 62.9 ± 5.7% 
V̇O2peak , respectively, during the ten heat acclimation 
sessions.

Group (P = 0.029) and time (P < 0.001), but no interac-
tion effects (P = 0.075) were evident for HR expressed as 
absolute change from session 1 (∆HR, Fig. 1). Overall ∆HR 
for CON and PRECOOL were − 7 ± 7 bpm and − 1 ± 8 bpm, 

respectively. ∆HR during session 10 was decreased from 
session 1 (P = 0.008). No group (P = 0.531), time (P = 0.343) 
or interaction effect (P = 0.249) was observed for WBS 
expressed as percentage change from pre-exercise body mass 
(Fig. 1). No group (P = 0.372), time (P = 0.638) or inter-
action effect (P = 0.493) was evident for well-being scores 
expressed as percentage change from session 1 (Fig. 1).

Heat stress tests

Hydration status, temperature, HR and perceptual 
measures

Participants were euhydrated (USG < 1.025) before exercise 
(Armstrong et al. 1994). For CON, there were no differ-
ences between pre- and post-acclimation tests for USG (Pre: 
1.010 ± 0.006 g ml−1, Post: 1.010 ± 0.007 g ml−1, P = 0.896) 
and body mass (Pre: 74.6 ± 10.4 kg, Post: 75.0 ± 10.6 kg, 
P = 0.138). For PRECOOL, USG was lower at pre-accli-
mation tests when compared with post-acclimation tests 
(Pre: 1.008 ± 0.007 g ml−1, Post: 1.017 ± 0.006 g ml−1, 
P = 0.002); however, there was no difference for body mass 
(Pre: 70.8 ± 5.4 kg, Post: 70.6 ± 4.8 kg, P = 0.484).

Temperature, HR and perceptual responses during the 
heat stress tests are presented in Tables 2 and 3. There were 

Fig. 1  Percentage change in 
mean power output (∆MPO, 
a) and absolute change in 
heart rate (∆HR, b), whole 
body sweat loss as percentage 
from pre-exercise body mass 
(WBS%, c) and well-being as 
percentage change from session 
1 (∆Well-being) during the 10 
heat acclimation sessions for 
CON and PRECOOL. Data are 
mean ± SD for all 20 partici-
pants, unless stated otherwise. 
†Significantly different from 
CON (main effect, P ≤ 0.05, 
insets), *significantly different 
from session 1 (main effect, 
P ≤ 0.05)

†
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missing data for Tre due to probe damage and displacement 
(see Tables 2 and 3 for the exact sample size). For CON, 
there was no acclimation effect for Tre and Tsk, while PRE-
COOL demonstrated a significant 0.3 °C reduction in Tre 
at rest and during the constant-paced cycling from the first 
heat stress test. Both groups demonstrated lower HR during 
the constant-paced cycling after acclimation. Pooled analy-
sis showed a decrease in Tre at rest (− 0.2 °C, P = 0.001) 
and during exercise (− 0.2 °C, P = 0.002). When analysed 
as a cohort, there was a decrease in HR during exercise 
(− 5  bpm, P < 0.001), while HR at rest was unchanged 
(− 1 bpm, P = 0.419). The absolute changes in Tre and HR 
at rest and during the constant-paced exercise were not dif-
ferent between the groups (Table 3). Thermal sensation was 

lower during the 20-km TT after acclimation for CON but 
was unchanged for PRECOOL. There was no acclimation 
effect for RPE in either CON or PRECOOL group.

Skin perfusion and sweat responses

There was no acclimation effect for skin PU, CVC, LSR and 
WBS% for either CON or PRECOOL (Table 4). Tre at onset 
of sweating was lower for PRECOOL after heat acclima-
tion (Fig. 2, P = 0.042), while it was unchanged for CON 
(P = 0.642). Sweat sensitivity against Tre was unaffected by 
heat acclimation for either CON (P = 0.181) or PRECOOL 
(P = 0.232).

Table 2  Temperature, heart 
rate (HR) and perceptual 
responses during pre- and post-
acclimation heat stress tests

End-exercise values are reported for constant-paced cycling and the 20-km time trials. Tre rectal tem-
perature, Tsk  weighted mean skin temperature, HR heart rate, RPE rating of perceived exertion. Data are 
mean ± SD for n = 9 and 10 for CON and PRECOOL, respectively, except for Tre at rest and constant-paced 
cycling (n = 8 for CON), and Tre during 20-km time trial (n = 8 and 9 for CON and PRECOOL, respec-
tively). *Significantly different from pre-acclimation test (P ≤ 0.05)

CON P value PRECOOL P value

Pre Post Pre Post

At rest
 Tre (°C) 37.3 ± 0.2 37.2 ± 0.3 0.213 37.6 ± 0.4 37.3 ± 0.4* 0.001
 Tsk (°C) 34.3 ± 0.7 34.3 ± 0.6 0.889 34.7 ± 0.4 34.5 ± 0.4 0.315
 HR (bpm) 76 ± 8 76 ± 9 0.973 74 ± 10 72 ± 5 0.323
 Thermal sensation 4.7 ± 0.5 4.4 ± 0.5 0.139 4.4 ± 0.4 4.3 ± 0.5 0.726

Constant-paced cycling
 Tre (°C) 37.9 ± 0.3 37.8 ± 0.4 0.215 38.1 ± 0.3 37.9 ± 0.3* 0.002
 Tsk (°C) 34.2 ± 0.7 34.0 ± 0.7 0.344 34.6 ± 0.5 34.6 ± 0.6 0.925
 HR (bpm) 146 ± 15 141 ± 13* 0.033 146 ± 11 140 ± 11* 0.007
 RPE 13.5 ± 1.7 13.9 ± 1.2 0.630 13.7 ± 1.6 13.7 ± 1.5  > 0.90
 Thermal sensation 5.0 ± 0.6 4.9 ± 0.9 0.545 5.2 ± 0.5 5.0 ± 0.4 0.269

20-km time trials
 Tre (°C) 38.8 ± 0.6 38.7 ± 0.5 0.553 38.8 ± 0.5 38.7 ± 0.3 0.650
 Tsk (°C) 33.3 ± 1.1 33.4 ± 0.9 0.857 34.2 ± 0.8 34.2 ± 1.0 0.912
 HR (bpm) 166 ± 12 166 ± 12 0.939 164 ± 15 165 ± 7 0.649
 RPE 17.7 ± 1.8 18.3 ± 1.3 0.397 17.7 ± 1.7 18.0 ± 1.2 0.434
 Thermal sensation 5.8 ± 0.9 5.0 ± 1.1* 0.005 5.6 ± 0.5 5.3 ± 0.5 0.081

Table 3  Change in the 20-km 
time trial performance and 
physiological outcomes during 
the heat stress tests for the CON 
and PRECOOL groups

MPO  mean power output, TT time trial, Tre rectal temperature, HR heart rate. Data are mean ± SD for n = 9 
and 10 for CON and PRECOOL, respectively, except for Tre at rest and constant-paced cycling (n = 8 for 
CON). Significance level was accepted at P ≤ 0.05

CON PRECOOL P value

∆ MPO for 20-km TT (W) 15 ± 20 16 ± 17 0.934
∆ finish time for 20-km TT (s) – 94 ± 173 – 101 ± 103 0.921
∆ Tre at rest (°C) – 0.1 ± 0.2 – 0.3 ± 0.2 0.088
∆ Tre during constant-paced cycling (°C) – 0.1 ± 0.2 – 0.3 ± 0.2 0.100
∆ HR at rest (bpm) 0 ± 6 – 2 ± 7 0.424
∆ HR during constant-paced cycling (bpm) – 4 ± 4 – 5 ± 4 0.768
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Twenty kilometre TT performance

Within-group analysis showed that PRECOOL improved 
MPO (P = 0.016, g = 0.90) and finish time (P = 0.013, 

g = 0.93) during the second TT, with nine out of ten partici-
pants demonstrated improved performance (Fig. 3). For the 
CON group, TT performance was improved in seven out of 
nine participants, resulting in non-significant performance 

Table 4  Skin blood flow and 
sweat responses during pre- and 
post-acclimation heat stress 
tests

Data are mean ± SD for n = 9 and 10 for CON and PRECOOL, respectively, except for skin perfusion and 
CVC (n = 9 and 8 for CON and PRECOOL, respectively). End-exercise values are reported for constant-
paced cycling and the 20-km time trials. CVC   cutaneous vascular conductance, LSR  local sweat rate aver-
aged from forearm and thigh, WBS%  whole body sweat loss as percentage from pre-exercise body mass. 
Significance level was accepted at P ≤ 0.05

CON P value PRECOOL P value

Pre Post Pre Post

At rest
 Skin perfusion (PU) 24 ± 9 28 ± 16 0.483 31 ± 15 26 ± 10 0.627
 CVC (PU mm Hg−1) 0.31 ± 0.13 0.36 ± 0.18 0.558 0.39 ± 0.18 0.32 ± 0.11 0.176

Constant-paced cycling
 Skin perfusion (PU) 99 ± 28 99 ± 13 0.937 85 ± 18 90 ± 39 0.263
 CVC (PU mm Hg−1) 1.15 ± 0.34 1.14 ± 0.20 0.807 0.96 ± 0.25 0.99 ± 0.45 0.879
 LSR 0.94 ± 0.47 0.91 ± 0.48 0.645 1.00 ± 0.31 0.89 ± 0.33 0.388

20-km time trials
 Skin perfusion (PU) 91 ± 26 93 ± 15 0.804 84 ± 22 88 ± 29 0.207
 LSR 1.15 ± 0.64 1.15 ± 0.56 0.926 1.04 ± 0.40 1.13 ± 0.43 0.463
 WBS% 2.3 ± 0.5 2.3 ± 0.4 0.858 2.2 ± 0.4 2.3 ± 0.5 0.461

Fig. 2  Rectal core temperature 
(Tre, a and b) at onset of sweat-
ing, and slope of regression 
line for the increase in local 
sweat rate against Tre (c and 
d) for CON and PRECOOL. 
Data are mean ± SD for n = 9 
and 8 for CON and PRECOOL, 
respectively. *Significantly dif-
ferent from pre-acclimation test 
based on within-group analysis 
(P ≤ 0.05)
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gains for CON (MPO: P = 0.052 and g = 0.72, finish time: 
P = 0.140 and g = 0.52, Fig. 3). However, there was no dif-
ference in the absolute change in 20-km TT MPO or finish 
time between the CON and PRECOOL groups (Table 3).

Discussion

Meeting specific energetic demands during heat acclima-
tion may be important for exercise performance gains. 
However, the challenge of training at moderate-to-high 
intensity in the heat without the risks of functional over-
reaching remains. Accordingly, the present study investi-
gated the effects of precooling on the day-to-day exercise 
intensity and thermoregulatory adaptation during 10 days of 
training in the heat. The main findings were that: (1) overall 
training intensity expressed as percentage change from the 
first heat acclimation session was higher in the PRECOOL 
group when compared with the CON group; (2) only the 
PRECOOL group demonstrated a significant 0.3 °C reduc-
tion in Tre, while the whole cohort exhibited a lower HR 
response during cycling at 60% V̇O2peak ; however, there was 
no observable increase in sweat rate or skin blood flow; and 
(3) significant improvement in the 20-km TT was observed 

in the PRECOOL group but not in the CON group, although 
mean performance change was not different between the two 
groups. Collectively, there is some evidence of heat adapta-
tion in the PRECOOL group only, but there is insufficient 
evidence to support or refute the secondary hypothesis that 
regular precooling during heat acclimation would have any 
detrimental effect on the sudo- and vaso-motor adaptations.

Novel to this study, our results showed that precooling 
helped to maintain the training intensity at a given RPE 
during heat acclimation (Fig. 1), consistent with our previ-
ous observation that CWI resulted in a modest increase in 
MPO during 60 min of cycling at a constant RPE (Choo 
et al. 2019). Regular post-exercise CWI has been shown to 
improve sprint performance by   2% during 3–5 consecu-
tive days of high-intensity cycling in the heat (Stanley et al. 
2013; Vaile et al. 2008). However, to date, no studies have 
explored the possibility of combining precooling with heat 
acclimation. Our results showed that when 30 min × 22 °C 
CWI was used as cooling before training in the heat, day-
to-day exercise intensity was better maintained when com-
pared with no cooling, with an overall mean difference of 
5.5% in ∆MPO between the CON and PRECOOL groups 
(Fig. 1). Average HR during heat acclimation was main-
tained for PRECOOL, whereas it was decreased for CON 

Fig. 3  Finish time (a and b) 
and mean power output (MPO, 
c and d) during the 20-km time 
trials at pre- and post-accli-
mation heat stress tests. Lines 
represent individual participant 
performance and shaded bars 
show the mean group perfor-
mance. Data are mean ± SD 
for n = 9 and 10 for CON and 
PRECOOL, respectively. 
*Significantly different from 
pre-acclimation test based on 
within-group analysis (P ≤ 0.05)
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(Fig. 1). Taken together with the decline in MPO during 
heat acclimation, it seems logical to suggest a decrease in the 
relative exercise intensity for CON. The authors nevertheless 
acknowledge that regular CWI may be logistically demand-
ing to implement in a real-world scenario. Other more prac-
tical precooling modalities that target core and skin tem-
peratures (e.g., ice slurry ingestion combined with cooling 
garments) may be of interest to practitioners. However, we 
have previously shown that the ergogenic effect of ice slushy 
is less effective when compared with 22 °C × 30 min CWI 
(Choo et al. 2019), and hence how comparable the current 
findings would be to such precooling modalities is unclear.

Hallmarks of heat adaptation include increased sweat 
rate (Poirier et al. 2016), lower core temperature (Poirier 
et al. 2015) and HR responses during exercise (Garrett et al. 
2009). Except for a lower HR response during cycling at 
60% V̇O2peak , minimal heat adaptations were observed for 
CON (Table 3). In contrast, the PRECOOL group exhibited 
significant reduction in HR (− 5 bpm) and Tre (− 0.3 °C) 
during the submaximal exercise, as well as a lower Tre at 
the onset of sweating (Fig. 2). A reduction of 0.3 °C in Tre 
has also been reported by previous studies using controlled-
hyperthermic (Garrett et al. 2009), fixed-intensity (Castle 
et al. 2011; Poirier et al. 2015), or passive post-exercise 
heat acclimation protocols (Zurawlew et al. 2016). How-
ever, changes in LSR or WBS were not evident in both CON 
and PRECOOL groups in the present study. Interestingly, 
higher sweat loss at a given exercise bout following heat 
acclimation has been observed in some (Poirier et al. 2015, 
2016; Schmit et al. 2017a), but not all studies (Castle et al. 
2011; Reeve et al. 2019; Zurawlew et al. 2016). The vari-
ability in sudomotor adaptation may be in part related to 
the duration of heat exposure (Patterson et al. 2004) and the 
environmental conditions (Tebeck et al. 2019). It is also pos-
sible that prolonged residence in warm and humid climates 
has resulted in a negative adaptation in the sweat glands to 
conserve body fluid (Bae et al. 2006). Taken together, our 
findings do not demonstrate profound physiological changes 
typifying heat adaptation, particularly the CON group.

The present study used an RPE-based protocol during 
heat acclimation. While such protocols may have great 
ecological validity, participants were instructed to regu-
late exercise intensity based on a fixed RPE and Tre was not 
monitored during the heat acclimation sessions. Hence, it 
is possible that the imposed heat stimulus was insufficient 
to induce heat adaptation in the present study. This, how-
ever, seems unlikely as the exogenous heat load, relative 
exercise intensity (  60% V̇O2peak ) and total heat exposure 
(600 min) in the present study were comparable to stud-
ies that reported lower Tre and HR responses following heat 
acclimation (Castle et al. 2011; Fujii et al. 2012). We have 
previously demonstrated that 22 °C × 30 min CWI minimally 
reduces Tre, but significantly reduces Tsk and increases power 

output during 60 min of cycling at RPE 15, compared with 
no cooling (Choo et al. 2019). In that study, Tre increased by 
1.2–1.4 °C, which has been shown to be sufficient to induce 
heat acclimation after 6–10 days of heat exposure (Magal-
hães et al. 2010; Regan et al. 1996; Zurawlew et al. 2016). 
Indeed, some signs of heat acclimation were observed in 
the PRECOOL group as indicated by lower Tre (− 0.3 °C) 
and lower HR (− 5 bpm) during the constant-paced cycling. 
In contrast, Tre decreased by 0.1 °C (P = 0.215) in the CON 
group. Taken together with the decline in HR and MPO dur-
ing the acclimation period, it is, therefore, conceivable that 
a less optimal adaptation has occurred for CON. Previous 
research involving tropical natives has produced equivocal 
findings with regards to thermophysiological adaptation to 
heat exposure (Magalhães et al. 2010; Saat et al. 2005). For 
example, 14 day × 60 min cycling at 60% V̇O2max in the heat 
has been shown to decrease exercising Tre and HR without 
concomitant changes in LSR for the upper back (Saat et al. 
2005). Conversely, using a controlled-hyperthermic model 
(i.e., raising Tre by 1 °C) during 11 days of heat acclima-
tion, increased LSR for multiple sites including chest and 
thigh have been observed (Magalhães et al. 2010). Common 
to these studies, resting Tre was unaffected by acclimation 
(mean change + 0.12 °C to − 0.21 °C), while lower HR dur-
ing exercise was observed (Magalhães et al. 2010; Saat et al. 
2005). Taken together, the plausible explanation for mini-
mal adaptation to heat stimulus in tropical natives may be a 
combination of acclimatised status and the effectiveness of 
different heat acclimation techniques.

Heat acclimation did not affect sweating sensitivity or 
skin blood flow response in the present study (Table 4 and 
Fig. 2). Earlier studies have also reported unchanged sweat 
gain against core temperature after 8–10 day × 60–100 min 
of heat acclimation (Pandolf et al. 1988; Patterson et al. 
2004; Regan et al. 1996). Although continuous suppression 
of local sweating by CWI during heat acclimation has been 
shown to inhibit the adaptation in sweat glands (Collins 
et al. 1966; Fox et al. 1964), previous observation from our 
laboratory has shown that precooling by CWI delays sweat 
gland recruitment but minimally affects LSR (Choo et al. 
2019). Additionally, the lack of skin vasomotor adaptation 
in the present study is consistent with some studies (Nielsen 
et al. 1997; Regan et al. 1996), but not others (Amano et al. 
2015; Fujii et al. 2012; Notley et al. 2018). Lorenzo and 
Minson (2010) postulated that heat acclimation enhanced 
skin microvascular sensitivity to certain vasodilatory stimuli 
(e.g., acetylcholine) rather than inducing structural changes. 
However, a more recent study has suggested that cutaneous 
vasomotor adaptation is evident only under specific condi-
tions, e.g., maintaining a constant level of thermal stimulus 
via a controlled-hyperthermic protocol (Notley et al. 2018). 
As mentioned, the variability in sudo- and vaso-motor adap-
tations may also be related to the total exposure and the 
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ambient conditions during heat acclimation. Collectively, 
there is no evidence that precooling by CWI attenuates 
the thermal stimulus necessary for sudo- and vaso-motor 
adaptations.

The ergogenic mechanisms of heat acclimation may be 
largely related to enhanced cardiovascular stability (Périard 
et al. 2016). In the present study, both CON and PRECOOL 
demonstrated lower exercising HR response after acclima-
tion, but significant performance gains were evident in the 
PRECOOL group only (Fig. 3). The authors acknowledged 
that absence of a significant between-group difference in 
the mean performance change lessens the impact of our 
findings (Table 3), and the lack of significant improvement 
for CON may be due to a type II error as moderate effects 
were observed for MPO and finish time (g = 0.72 and 0.52, 
respectively). Training at high intensity in the heat, even 
for as little as 5 days, has been shown to result in functional 
overreaching and adversely affect 20-km TT performance 
by 1.7% (Schmit et al. 2017a) and cycling to exhaustion by 
22 min (Reeve et al. 2019), despite signs of heat adaptation. 
There was no group or acclimation effect for perceived well-
being (Fig. 1). However, as well-being or other related meas-
ures (e.g., heart rate variability or hormonal response) were 
not assessed during the heat stress tests and only one TT 
was performed following acclimation, there is a possibility 
of functional overreaching in some individuals in the CON 
group, resulting in a non-significant performance change.

Conclusions

The current findings suggest mild CWI (22 °C × 30 min) can 
help to maintain day-to-day exercise intensity during training 
in the heat and improves subsequent time trial performance 
in the heat. Given that exercise intensity is typically reduced 
when performed in the heat and could result in peripheral 
de-conditioning, the current study extends support for the 
use of precooling to maintain day-to-day intensity during 
heat acclimation. Athletes who live in tropical countries 
or undertaking heat acclimation ahead of competing in the 
heat could, therefore, include precooling strategies to pre-
serve training quality. With regards to whether precooling 
might influence thermoregulatory adaptations, a significant 
reduction of 0.3 °C in Tre was observed for PRECOOL only; 
however, as there was no observable increase in sweat rate, 
there is insufficient evidence to support or refute that reg-
ular precooling would have any detrimental effect on the 
sudo- and vaso-motor adaptations during training in the heat. 
As Tre was not monitored during the heat acclimation ses-
sions, it is possible that the magnitude of heat stimulus was 
insufficient to induce heat adaptation in the present study. 
Additionally, training in the heat without precooling elicited 
similar decreases in the HR response during submaximal 

cycling, but any ergogenic effect of heat acclimation may be 
offset by a less than optimal level of physiological stimulus 
and/or functional overreaching. The present study highlights 
the benefits of precooling on heat acclimation, but whether it 
will have similar effects on elite athletes who typically train 
at higher intensities requires further investigation.

Acknowledgements The experiments were carried out at Singapore 
Sport Institute. The authors wish to thank all the participants for vol-
unteering. The authors also thank Man Tong Chua, Nurul Shafiqah 
Binte Mohamed Saiful, and Kin Ming Chow for their assistance in 
data collection.

Author contributions Conception and design of research: HCC, CRA, 
JJP, and MI; acquisition of data: HCC and JWJP; formal analysis of 
data: HCC; interpretation of data: HCC, CRA, JJP, JWJP, ARA, and 
MI; writing of the original draft: HCC; review and editing of manu-
script: HCC, CRA, JJP, JWJP, FHYT, MI, ARA, and JKWL; supervi-
sion of research: CRA, JJP, ARA, FHYT, and JKWL.

Funding This study was funded by the School of Medical and Health 
Sciences, Edith Cowan University. At the time of the study was con-
ducted, HCC was supported by the International Postgraduate Research 
Scholarship and Edith Cowan University.

Compliance with ethical standards 

Conflict of interest No conflicts of interest, financial or otherwise, are 
declared by the authors.

Ethical approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of Edith 
Cowan University Human Research Ethics Committee (Reference num-
ber: 15078 CHOO) and Institutional Review Board of the Singapore 
Sport Institute (Reference number: PH-ECP-022) and with the 1964 
Helsinki Declaration and its later amendments or comparable ethical 
standards.

Informed consent Informed consent was obtained from all individual 
participants included in the study.

References

Amano T, Inoue Y, Koga S, Nishiyasu T, Kondo N (2015) Influence of 
exercise training with thigh compression on heat-loss responses. 
Scand J Med Sci Sports 25:173–182

Armstrong LE, Maresh CM, Castellani JW, Bergeron MF, Kenefick 
RW, LaGasse KE, Riebe D (1994) Urinary indices of hydration 
status. Int J Sport Nutr 4:265–279

Bae J-S, Lee J-B, Matsumoto T, Othman T, Min Y-K, Yang H-M 
(2006) Prolonged residence of temperate natives in the tropics 
produces a suppression of sweating Pflügers. Archiv 453:67–72

Bongers CC, Thijssen DH, Veltmeijer MT, Hopman MT, Eijsvogels 
TM (2015) Precooling and percooling (cooling during exercise) 
both improve performance in the heat: a meta-analytical review. 
Br J Sports Med 49:377–384

Borg GA (1982) Psychophysical bases of perceived exertion. Med Sci 
Sports Exerc 14:377–381

Buono MJ, Numan TR, Claros RM, Brodine SK, Kolkhorst FW 
(2009) Is active sweating during heat acclimation required for 



1153European Journal of Applied Physiology (2020) 120:1143–1154 

1 3

improvements in peripheral sweat gland function? Am J Physiol 
Regul Integr Comp Physiol 297:R1082–R1085

Castle P, Mackenzie RW, Maxwell N, Webborn AD, Watt PW (2011) 
Heat acclimation improves intermittent sprinting in the heat 
but additional pre-cooling offers no further ergogenic effect. J 
Sports Sci 29:1125–1134

Chen T-I, Tsai P-H, Lin J-H, Lee N-Y, Liang MT (2013) Effect of 
short-term heat acclimation on endurance time and skin blood 
flow in trained athletes Open Access. J Sports Med 4:161

Cheuvront SN, Bearden SE, Kenefick RW, Ely BR, DeGroot DW, 
Sawka MN, Montain SJ (2009) A simple and valid method to 
determine thermoregulatory sweating threshold and sensitivity. 
J Appl Physiol 107:69–75

Choo HC, Nosaka K, Peiffer JJ, Ihsan M, Yeo CC, Abbiss CR (2016) 
Peripheral blood flow changes in response to post-exercise cold 
water immersion. Clin Physiol Funct Imaging 38:46–55

Choo HC, Nosaka K, Peiffer JJ, Ihsan M, Abbiss CR (2017) Ergo-
genic effects of precooling with cold water immersion and ice 
ingestion: a meta-analysis. Eur J Sport Sci 18:170–181

Choo HC, Peiffer JJ, Lopes-Silva JP, Mesquita RN, Amano T, Kondo 
N, Abbiss CR (2019) Effect of ice slushy ingestion and cold 
water immersion on thermoregulatory behavior. PLoS One 
14:e0212966

Cohen J (1992) A power primer. Psychol Bull 112:155–159
Colin J, Timbal J, Houdas Y, Boutelier C, Guieu JD (1971) Compu-

tation of mean body temperature from rectal and skin tempera-
tures. J Appl Physiol 31:484–489

Collins K, Crockford G, Weiner J (1966) The local training effect 
of secretory activity on the response of eccrine sweat glands. J 
Physiol 184:203–214

Foster C et al (2001) A new approach to monitoring exercise training. 
J Strength Cond Res 15:109–115

Fox R, Goldsmith R, Hampton I, Lewis H (1964) The nature of the 
increase in sweating capacity produced by heat acclimatization. 
J Physiol 171:368–376

Fujii N, Honda Y, Ogawa T, Tsuji B, Kondo N, Koga S, Nishiyasu 
T (2012) Short-term exercise-heat acclimation enhances skin 
vasodilation but not hyperthermic hyperpnea in humans exer-
cising in a hot environment. Eur J Appl Physiol 112:295–307

Garrett AT, Goosens NG, Rehrer NG, Patterson MJ, Cotter JD (2009) 
Induction and decay of short-term heat acclimation. Eur J Appl 
Physiol 107:659–670

Garrett AT, Creasy R, Rehrer NJ, Patterson MJ, Cotter JD (2012) 
Effectiveness of short-term heat acclimation for highly trained 
athletes. Eur J Appl Physiol 112:1827–1837

Heathcote SL, Hassmén P, Zhou S, Stevens CJ (2018) Passive heat-
ing: reviewing practical heat acclimation strategies for endur-
ance athletes. Front Physiol 9:1851

Ihsan M, Watson G, Abbiss CR (2016) What are the physiologi-
cal mechanisms for post-exercise cold water immersion in the 
recovery from prolonged endurance and intermittent exercise? 
Sports Med 46:1095–1109

Ihsan M, Tan F, Sahrom S, Choo HC, Chia M, Aziz AR (2017) Pre-
game perceived wellness highly associates with match running 
performances during an international field hockey tournament. 
Eur J Sport Sci 17:593–602

Lee JK, Nio AQ, Fun DC, Teo YS, Von Chia E, Lim CL (2012) 
Effects of heat acclimatisation on work tolerance and ther-
moregulation in trained tropical natives. J Therm Biol 
37:366–373

Lorenzo S, Minson CT (2010) Heat acclimation improves cutaneous 
vascular function and sweating in trained cyclists. J Appl Physiol 
109:1736–1743

Magalhães FC et al (2010) Thermoregulatory efficiency is increased 
after heat acclimation in tropical natives. J Physiol Anthropol 
29:1–12

Nielsen B, Strange S, Christensen NJ, Warberg J, Saltin B (1997) 
Acute and adaptive responses in humans to exercise in a warm, 
humid environment. Pflugers Arch 434:49–56

Notley SR, Taylor EA, Ohnishi N, Taylor NA (2018) Cutaneous 
vasomotor adaptation following repeated, isothermal heat expo-
sures: evidence of adaptation specificity. Appl Physiol Nutr 
Metab 43:415–418

Pandolf KB, Cadarette BS, Sawka MN, Young AJ, Francesconi RP, 
Gonzalez RR (1988) Thermoregulatory responses of middle-
aged and young men during dry-heat acclimation. J Appl Phys-
iol 65:65–71

Patterson MJ, Stocks JM, Taylor NA (2004) Humid heat accli-
mation does not elicit a preferential sweat redistribution 
toward the limbs. Am J Physiol Regul Integr Comp Physiol 
286:R512–R518

Périard JD, Thompson MW, Caillaud C, Quaresima V (2013) Influence 
of heat stress and exercise intensity on vastus lateralis muscle and 
prefrontal cortex oxygenation. Eur J Appl Physiol 113:211–222

Périard JD, Travers GJ, Racinais S, Sawka MN (2016) Cardiovascular 
adaptations supporting human exercise-heat acclimation. Auton 
Neurosci 196:52–62

Poirier MP, Gagnon D, Friesen BJ, Hardcastle SG, Kenny GP (2015) 
Whole-body heat exchange during heat acclimation and its decay. 
Med Sci Sports Exerc 47:390–400

Poirier MP, Gagnon D, Kenny GP (2016) Local versus whole-body 
sweating adaptations following 14 days of traditional heat accli-
mation. Appl Physiol Nutr Metab 41:816–824

Ramanathan NL (1964) A new weighting system for mean surface 
temperature of the human body. J Appl Physiol 19:531–533

Reeve T, Gordon R, Laursen PB, Lee JK, Tyler CJ (2019) Impairment 
of cycling capacity in the heat in well-trained endurance athletes 
after high-intensity short-term heat acclimation. Int J Sports Phys-
iol Perform 14(8):1058–1065

Regan JM, Macfarlane DJ, Taylor NAS (1996) An evaluation of the 
role of skin temperature during heat adaptation. Acta Physiol 
Scand 158:365–375

Saat M, Sirisinghe RG, Singh R, Tochihara Y (2005) Effects of short-
term exercise in the heat on thermoregulation, blood parameters, 
sweat secretion and sweat composition of tropic-dwelling sub-
jects. J Physiol Anthropol Appl Human Sci 24:541–549

Schmit C, Duffield R, Hausswirth C, Brisswalter J, Le Meur Y (2017) 
Optimizing heat acclimation for endurance athletes: high-vs low-
intensity training. Int J Sports Physiol Perform 13(6):816–823

Schmit C, Le Meur Y, Duffield R, Robach P, Oussedik N, Coutts A, 
Hausswirth C (2017) Heat-acclimatization and pre-cooling: a fur-
ther boost for endurance performance? Scand J Med Sci Sports 
27:55–65

Skein M, Duffield R, Cannon J, Marino FE (2012) Self-paced intermit-
tent-sprint performance and pacing strategies following respective 
pre-cooling and heating. Eur J Appl Physiol 112:253–266

Stanley J, Peake JM, Buchheit M (2013) Consecutive days of cold 
water immersion: effects on cycling performance and heart rate 
variability. Eur J Appl Physiol 113:371–384

Taylor NA, Cotter JD (2006) Heat adaptation: guidelines for the opti-
misation of human performance. Int Sportmed J 7:33–57

Tebeck ST, Buckley JD, Bellenger CR, Stanley J (2019) Differing 
physiological adaptations induced by dry and humid short-term 
heat acclimation. Int J Sports Physiol Perform 1:1–8

Tyler CJ, Reeve T, Hodges GJ, Cheung SS (2016) The effects of heat 
adaptation on physiology, perception and exercise performance in 
the heat: a meta-analysis. Sports Med 46:1699–1724

Vaile J, Halson S, Gill N, Dawson B (2008) Effect of hydrotherapy on 
recovery from fatigue. Int J Sports Med 29:539–544

Versey NG, Halson SL, Dawson BT (2013) Water immersion recovery 
for athletes: effect on exercise performance and practical recom-
mendations. Sports Med 43:1101–1130



1154 European Journal of Applied Physiology (2020) 120:1143–1154

1 3

Wingfield GL, Gale R, Minett GM, Marino FE, Skein M (2016) The 
effect of high versus low intensity heat acclimation on perfor-
mance and neuromuscular responses. J Therm Biol 58:50–59

Wingo JE, Low DA, Keller DM, Brothers RM, Shibasaki M, Crandall 
CG (2010) Skin blood flow and local temperature independently 
modify sweat rate during passive heat stress in humans. J Appl 
Physiol 109:1301–1306

Young AJ, Sawka MN, Epstein Y, DeCristofano B, Pandolf KB (1987) 
Cooling different body surfaces during upper and lower body 
exercise. J Appl Physiol 63:1218–1223

Zurawlew MJ, Walsh NP, Fortes MB, Potter C (2016) Post-exercise hot 
water immersion induces heat acclimation and improves endur-
ance exercise performance in the heat. Scand J Med Sci Sports 
26:745–754

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Effect of regular precooling on adaptation to training in the heat
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Experimental design
	Heat stress tests
	Temperature and sweat measurements
	Skin perfusion, mean arterial blood pressure and HR
	Heat acclimation
	Statistical analysis

	Results
	Participant characteristics and performance at baseline
	Heat acclimation
	Heat stress tests
	Hydration status, temperature, HR and perceptual measures
	Skin perfusion and sweat responses
	Twenty kilometre TT performance


	Discussion
	Conclusions
	Acknowledgements 
	References




