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Abstract

We investigated whether single or combined methods of pre-
cooling could affect high-intensity exercise performance in a hot
environment. Seven male athletes were subjected to four experi-
mental conditions for 30 min in a randomised order. The four ex-
perimental conditions were: 1) wearing a vest cooled to a temper-
ature of 4 °C (Vest), 2) consuming a beverage cooled to a temper-
ature of 4 °C (Beverage), 3) simultaneous usage of vest and con-
sumption of beverage (Mix), and 4) the control trial without pre-
cooling (CON). Following those experimental conditions, they
exercised at a speed of 80% VO:max until exhaustion in the heat
(38.1£0.6 °C, 55.3 £ 0.3% RH). Heart rate (HR), rectal temper-
ature (Teore), skin temperature (Tskin), sweat loss (SL), urine spe-
cific gravity (USG), levels of sodium (Na*) and potassium (K*),
rating of perceived exertion (RPE), thermal sensation (TS), and
levels of blood lactic acid ([Bla]) were monitored. Performance
was improved using the mixed pre-cooling strategy (648.43 =+
77.53 s, p = 0.016) compared to CON (509.14 + 54.57 s). Tcore
after pre-cooling was not different (Mix: 37.01 £ 0.27 °C, Vest:
37.19 £ 0.33 °C, Beverage: 37.03 + 0.35 °C) in all cooling condi-
tions compared to those of CON (37.31 £0.29 °C). A similar Teore
values was achieved at exhaustion in all trials (from 38.10 °C to
39.00 °C). No difference in the level of USG was observed be-
tween the conditions. Our findings suggest that pre-cooling with
a combination of cold vest usage and cold fluid intake can im-
prove performance in the heat.

Key words: Cooling prior to exercise, external and internal cool-
ing, hyperthermia, thermoregulation, high-intensity aerobic exer-
cise.

Introduction

The Tokyo 2021 Summer Olympics (Tokyo 2020, post-
poned to 2021) was expected to be held on one of the hot-
test days recorded thus far (ambient temperature 27-31 °C,
60-80% relative humidity in July and August) (Gerrett et
al., 2019; Notley et al., 2020). These hot-humid environ-
mental conditions pose a major challenge to the physiolog-
ical status of athletes (Vanos et al., 2018). As shown previ-
ously, exposure to hot climatic conditions could cause a
decrease in athletic performance and potentially compro-
mise safety during the competition (Choo et al., 2017;
Wendt et al., 2007) perhaps by through elevated: ther-
moregulatory strain (Havenith and Fiala, 2016), cardiovas-

cular strain (Cheung and Sleivert, 2004), thermal percep-
tion (Schlader et al., 2010), and by altering the function of
the central nervous system (Nybo, 2011). During exercise,
hyperthermia could distribute more blood for peripheral
convective cooling and augment sweat loss for evaporative
cooling (Reilly et al., 2006), which impaired exercise ca-
pacity (Nybo, 2008). Furthermore, the augmented sweat
loss could induce a progressive decrease in body fluids and
lead to dehydration (Nassis and Geladas, 2003a; Nassis and
Geladas, 2003b; Quod et al., 2006). A low degree of dehy-
dration could impair thermoregulatory function and aggra-
vate cardiovascular strain (Kenefick, 2018). Once the wa-
ter deficit of body mass exceeds ~2%, endurance exercise
performance declines under hot conditions (Cheuvront et
al., 2003).

Athletes may use practical and effective pre-cooling
strategies and devices to alleviate the adverse effects of hot
conditions, and improve their exercise performance and ca-
pacity (Gibson et al., 2019; Périard et al., 2016). These
strategies aim at reducing the body temperature before ex-
ercising in a hot environment (Bongers et al., 2014; Cotter
et al.,, 2001; Marino, 2002; Montain and Coyle, 1992;
Wohlfert and Miller, 2019). Pre-cooling strategies can de-
crease thermoregulatory strain, cardiovascular strain, im-
prove thermal perception (Cheuvront et al., 2003; Siegel et
al., 2011), and subsequently reduce the level of hyperther-
mia and dehydration (Montain and Coyle, 1992). Pre-cool-
ing can attenuate the total sweat loss under hot conditions
(Faulkner et al., 2019; Wilson et al., 2002). However, was
there an unequivocal conclusion that pre-cooling could im-
prove hydration when the total sweat loss decreased.
Hence, the effects of pre-cooling on the hydration require
further research.

Pre-cooling strategies are classified according to the
application of the cooling technique used, that is, whether
applied externally (the surface of the body) or internally
(into the body through the mouth and/or nose) (Ross et al.,
2013). Internal cooling can increase body heat storage ca-
pacity and reduce heart rate by decreasing the core temper-
ature (Marino, 2002; Quod et al., 2006; Wegmann et al.,
2012). External cooling can reduce blood flow in the skin
(James et al., 2015) via superficial blood vessel con-
striction and increase the heat gradient from the core to the
skin, thereby facilitating heat loss (Cheuvront et al., 2010).
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When compared with non-cooling strategies, the use of in-
ternal pre-cooling strategies showed increase in time to ex-
haustion (19-31.9%) in highly trained athletes (>55
mL/kg/min of VO,max), while external cooling elicited in-
crease in distance (3.6-13.1%) covered by highly trained
athletes (Rodriguez et al., 2020). However, large volumes
of fluid consumed before high-intensity exercise could re-
sult in a high risk of gastrointestinal upset or discomfort
(Ross et al., 2011), which could lead to shivering and in-
crease glycogen utilization (Jacobs et al., 1994). Besides
that, the stronger cooling power of pre-cooling protocol
(exposure more part of body, longer period, and lower tem-
perature) could induce muscle stiffness and uncomfortable
sensations of coldness (Yeargin et al., 2006). Additionally,
the mixed-method cooling (combination of internal and ex-
ternal strategies) vs. internal or external strategies did not
exhibited any significant benefit, although a mixed-method
approach showed a favourable trend to reduce thermal and
improve performance in highly trained athletes (Rodriguez
et al., 2020). To date, none of the studies on this topic have
focussed on the effect of mixed-method cooling on the time
to exhaustion under heat stress conditions in highly trained
athletes (Aldous et al., 2019; Munoz et al., 2012; Ross et
al., 2011).

Using this underlying rationale, the aim of this
study was to determine whether a mixed-method cooling
would exert potential ergogenic effects on the time to ex-
haustion (a measure of exercise capacity or endurance) un-
der heat stress conditions in highly trained athletes. The
other objective was to investigate whether the modified
pre-cooling intervention, which did not cause gastrointes-
tinal discomfort or shivering (Daries et al., 2000), could
improve exercise performance while exercising in the heat.
We hypothesised that pre-cooling approaches, including
internal, external and mixed-method cooling strategies,
could prolong the duration of exercise at a speed of 80% of
VOomax under heat stress conditions in highly trained ath-
letes.

Methods

Participants

Seven male college athletes volunteered to participate in
this study. No participant is acclimatised to the heat condi-
tions. The mean age, stature, mass, body fat, and VO,max
were 20.3 £ 1.3 years old, 1.83 + 0.04 m, 84.3 + 4.7 kg,
12.7 + 4.5%, and 60.71 + 4.07 mL-kg"'min"' (55-66
mL-kg!'min"), respectively. All participants were rugby
players who regularly trained 5 times per week (20 hours
per week). Their training history was 15.1 £ 2.7 years (10—
18 years) of training. All procedures complied with the
guidelines prescribed by the Declaration of Helsinki, 2013.
Permission was obtained from the ethical committee of the
Chinese Institute of Sport Science (the Fundamental Re-
search Foundation of the China Institute of Sport Science
(20-06) and the National Natural Science Foundation of
China (11775059)). All volunteers provided verbal and
written informed consent prior to this investigation.

Experimental procedures

All experimental procedures were conducted in the labora-
tory during the spring season (March to April) in Beijing,
China. Athletes were in a fully hydrated state before arrival
to the laboratory and refrained from strenuous exercise,
caffeine intake, and alcohol consumption for 24 h prior to
the experiments. Every volunteer was advised to replicate
food and fluid supplementation for 24 h before the experi-
ments. Trials were performed at 7-day intervals and were
conducted at the same time of the day to eliminate the ef-
fects of circadian rhythm. The integrated experimental plan
is shown in Figure 1.

All volunteers completed a graded exercise test
(GXT) on a treadmill (Pulsar, H/P/Cosmos Sports & Med-
ical, Nussdorf Traunstein, Germany) to get the VO,max,
which is the maximal rate of whole-organism oxygen con-
sumption during the GXT (Daries et al., 2000; Millet et al.,
2003), at normal temperature (27 °C, 40% RH) prior to the
commencement of the experimental trials. The GXT in-
cluded a continuous protocol on the treadmill as per previ-
ously described methods (Metaxas et al., 2005). Briefly,
the participants began running at 8.0 km/h and 1.0% grade
for 3 min. The speed was increased by 2.0 km/h every 3
min. When the treadmill speed reached 14.0 km/h, the
grade increased to 2.0%. Thereafter, the speed continued to
increase by 2.0 km/h every 3 min until a stage with a speed
of 20.0 km/h was reached. Once this stage was reached
(20.0 km/h and 2.0% grade), the treadmill speed and grade
remained unchanged until volitional exhaustion. The crite-
ria for reaching VO,max were coincided with at least 2 as
follows: 1) HR recorded a value 220-age; 2) the respiratory
exchange ratio was higher than 1.05; 3) the RPE reached
19-20; 4) the participant could not keep up with the exer-
cise intensity (Katica et al., 2017; Krishnan et al., 2017).
Following the GXT, the participants rested in the labora-
tory. After the resting period, they had a short run at a speed
of 80% VO,max (3 min) in order to familiarise with the
speed.

All experimental procedures (control and pre-cool-
ing conditions) were conducted at the Special Environment
Laboratory (CNRO Science Technology, Tianjin, China)
at the Emphasis Laboratory of the General Administration
of Sport of China. The experimental procedures were per-
formed in a hot and humid environment (38.1 £ 0.6 °C,
55.3 £0.3% RH), in a randomised order. At the beginning
of each experimental session, in a 27 °C, and 40% RH en-
vironment, a 30-min warm-up protocol at 60% VO,max in-
tensity was performed by each volunteer. After this warm-
up, all physiological, psychological, and biochemical pa-
rameters were recorded for 5 min before pre-cooling (be-
fore). Thereafter, the 30 min of control procedure and the
pre-cooling protocol were performed in a hot and humid
environment (38.1 + 0.6 °C; 55.3 £ 0.3% RH) under four
separate conditions, as follows: 1) volunteers sat with no
pre-cooling and ingesting nothing (CON); 2) volunteers
wore a vest cooled to a temperature of 4 °C (Vest) as the
external cooling method without ingesting any fluid; 3)
volunteers ingested a beverage cooled to a temperature
of 4°C at a dose of 2.3 mL/kg body mass (Beverage) as the
internal cooling method; and 4) the external and internal
cooling methods were performed simultaneously (Mix).
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Figure 1. Flow-process diagram of the entire precooling research, which includes the procedure and measurements (n
= 7). P; The 30-min precooling maneuvers include different interventions and one control. E; The exercise protocol would be terminated
when the subject was exhausted. a. All date recorded within 5 min. b. Precooling protocols started. c. Precooling protocols terminated. d.

Exercise protocol began.

The vest (2.4 kg, Raxwell RAX-201, SYSBEL, Shanghai,
China) could deposit four sealed cooling packs containing
phase change material (0.4 kg, Raxwell RAX-2011, Sys-
bel, China) in two anterior and posterior pockets and was
tested using an infrared thermometer. The cooling bever-
age (6% carbohydrate, Gatorade, PepsiCo, New York,
USA) was ingested at the beginning of pre-cooling, at 10
min and 20 min of pre-cooling period. When the 30-min
pre-cooling procedures were completed, the physiological
parameters were recorded for a 5-min (after). Thereafter,
the exercise protocol was performed at a speed of 80%
VO:max on a treadmill until volitional exhaustion (Figure
1). When the exercise regimen was completed, the physio-
logical parameters were recorded once again (exhaustion).

Measurement

Height (GMCS-IV stadiometer, shanghai, China, accuracy
of 0.01 m) and weight (RCS-2 electronic scales, shanghai,
China, accuracy of 0.01 kg) of each participant were meas-
ured in the laboratory. Fat mass was determined using dual-
energy X-ray absorptiometry scan (DXA, Lunar Prodigy;
General Electric, Madison, WI, USA). Expired air samples
were collected via a metabolic cart (Cortex Biophysik
Metalyzer 3B, Leipzig, Germany) to determine VO;max,
which was calculated as the average of the VO, values
measured over the final 30 s.

Urine samples were collected before pre-cooling and
after exercise to determine the urine specific gravity (USG)
by using a hand-held refractometer (MASTER-URC/NM,
ATAGO, Japan). After removing sweat with a towel, the
body mass was determined using a weighting scale (In-
Body 370, InBody, Korea). The whole body sweat loss
(SL) was calculated using a modified equation corrected
for fluid ingestion, urine excretion, and blood removal

(Stevens et al., 2016). Thus, the SL (L) can be estimated
using Eq.1 mentioned below:

SL=W,-W+F-U-B (1)

Where, Wy is the initial body mass measurement of pre-cooling (Wee.-
fore)- W is the final body mass measurement of exercise (Wexnaustion)- F
indicates the fluid ingested, U is urine volume, and B is blood re-
moved.

Heart rate (HR) was recorded with a chest HR sensor
monitor (H10, Polar, Finland) and a sports watch (V800,
Polar, Finland) throughout the pre-cooling and exercise
protocol. Tcore Was measured with a thermometer (T12,
DEDAKIJ, Germany), self-inserted in the volunteer’s rec-
tum approximately 10 cm past the edge of the anal sphinc-
ter and securely positioned. Tsin Was recorded with ther-
mocouple thermometers (YHT309, ShenZhen YuanHeng-
Tong Technology, China) at the following locations: fore-
head (Ttorchead), left upper chest (Tenest), right scapula (Tscap-
ula), Tight upper arm (Tupper-am), left lower arm (Tiower-arm),
left hand (Thana), right anterior thigh (Tiign), and left calf
(Tcarr). Mean Tgin Was estimated as (Faulkner et al., 2019):

Tskin:0~07Tf0rehead+O 1 75Tscapula+0 1 75Tchest+0~07Tupper-
arm+0 . 07Tlower-arm +0~05Tha.nd+0~ 1 9Tthigh+0 -2Tcalf (2)

The rating of perceived exertion (RPE) and thermal
sensations (TS) were recorded every 5 min during the pre-
cooling period and exercise protocol with the 620 RPE
scale (6: least effort, 20: maximum effort) and the 0-8 TS
scale (0: unbearably cold, 8: unbearably hot) (Bedny and
Seglin, 1997; Gagge et al., 1969). Blood was collected
from the fingertip to determine the blood lactic acid ([Bla])
concentration using a Lactate Scout portable lactate test an-
alyser (EKF Diagnostics, Berlin, Germany). Blood sample
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(5 mL) were collected from the antecubital vein of the arm.
A coagulant was added to all blood samples to separate the
serum via centrifugation (X-15R, Beckman, American) at
4 °C for 15 min. The separated serum sample was stored at
-80 °C until determination of sodium (Na") and potassium
(K*) concentrations. The concentrations of sodium and po-
tassium were tested using an ion selective electrode (ISE,
Roche Group).

Statistical analyses

The data were non-normally distributed. Consequently, the
Kruskal-Wallis H test used to test the differences between
variables, which served as the primary test for assessment
of potential statistical differences. The Kruskal-Wallis H
test was used to determine differences in HR, Tcore, Tskin,
Na', K¥, RPE, TS, and [Bla] values before and after pre-
cooling and at the end of exercise, SL during pre-cooling
and exercise, and time to exhaustion and USG at the point
of exercise exhaustion, between the four pre-cooling trials.
When a difference was detected, the Cohen’s d effect sizes
(ES) were then verified to evaluate the level/degree of dif-
ference. The following criteria were used: an ES <0.2 was
classified as ‘trivial’, ES = 0.2-0.49 as ‘small’, ES = 0.5—
0.79 as ‘moderate’, and ES>0.8 as a ‘large’ effect (Hopkins
etal., 2009). Data were analysed using Statistics SPSS 22.0
for Windows (Version 22, SPSS Inc., Chicago, Illinois,
USA) with statistical significance set at p < 0.05 and high
statistical significance set at p < 0.01. All data are presented
as mean =+ standard deviation (S.D.).

Results

Performance

The time to exhaustion was longer in Mix (648.43 £77.53
s) compared to that in CON (509.14 £ 54.57 s, H=9.120,

p =0.016, ES = 0.72, Figure 2). There was no difference
between other pre-cooling trials and CON (Vest: 582.43 +
86.81 s, p=0.81, Beverage: 591.57 +£99.94 s, p = 0.493).

Physiological responses

No significant differences were observed in VO, at
exhaustion among the four trials (CON: 56.71 £5 .45
mL-kg'-min!, Vest: 57.29 + 3.77 mL-kg"!'min’!, Bever-
age: 57.86+5.96 mL-kg!-min’!, Mix: 58.14 +3.53 mL kg
Imin’t, H=0.879, p = 0.831).
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Figure 2. Time to exhaustion at 80% of VO2max in a hot en-
vironment (38.1 + 0.6 °C, 55.3 £ 0.3 % relative humidity, mean
+8.D., n="7). *p<0.05vs. CON

In terms of the HR responses, there were no signif-
icant differences (H = 4.680, p = 0.197, Table 1) between
Vest and CON, Beverage and CON, Mix and CON and
among the pre-cooling trials at the end of the exercise pro-
tocol.

Thermoregulatory responses

Teore did not differ among the conditions before pre-cooling
(H=0.392, p=0.942, Table 2) There were no significant
differences among the four different conditions (H=5.159,
p =0.161) after pre-cooling. There were no significant dif-
ferences between the trials (H = 0.046, p = 0.997) at the
time of exhaustion.

Table 1. Heart rate (HR) before and after pre-cooling and at the end of exercise in a hot

environment. Data are means £SD, n = 7.

Variable Control Vest Beverage Mix

HR before (bpm) 68+7 69+3 69 + 10 67+7
HR ater (bpm) 82+7 79+5 77+7 76 +8
HR exhaustion (bpm) 197 £5 192 £8 190 £ 7 187+9

Table 2. Rectal (Tcore) and skin temperature (Tskin) before and after pre-cooling and at the
end of exercise in a hot environment. Data are means +SD, n =7.

Variable Control Vest Beverage Mix

Teore before (°C) 36.93 £0.29 36.94+£0.14 36.91 £0.32 37.01 £0.24
Teore after (°C) 37.31+0.29  37.19+0.33 37.03 £ 0.35 37.01 £0.27
Tcore exhaustion (°C) 38.63+0.27  38.63+0.15 38.61+0.22  38.60+0.26
Tskin before (°C) 34.67 +0.33 3448+0.59 3459+046  34.53+0.89
Tskin after (°C) 35.62+0.20 35.16+040  3537+0.39  35.09+0.24
Tskin exhaustion (°C) 36.64+0.38  36.56+0.40 36.60+0.48  36.45+043

Table 3. Whole body sweat loss (SL) during pre-cooling and exercise at 80% of VO:2max
in a hot environment. Data are means +SD, n=7.

Variable Control Vest Beverage Mix
SL pre-cooling (L) 0.44 +0.18 036+0.15 027+0.13 0.14+0.10%*
SL exercise (L) 0.70 £0.17 0.67£0.16  0.66+0.19 0.63+0.11

**p <0.01 vs. Control.
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Table 4. Na* and K* concentration before and after pre-cooling and at the end of exercise in a hot environment.

Data are means £SD, n = 7.

Variable Control Vest Beverage Mix
Na* before (mmol/L) 137.71£1.38 137.86+1.35 137.43£1.81 137.43£1.51
Na* after (mmol/L) 138.14+3.24 137.86+1.95 137.57+£2.07 137.14+1.21
Na™ exhaustion (mmol/L) 140.14+1.68 139.14+2.61 138.43+£2.37 138.14+1.86
K* before (mmol/L) 3.72+0.17 3.69+0.08 3.71£0.11 3.71+0.16
K* after (mmol/L) 3.89+0.16 3.85+0.24 3.85+0.17 3.82+0.09
K* exhaustion (mmol/L) 4.00+0.18 3.93+0.23 3.90+0.17 3.87+0.20

Takin Was similar in all conditions before pre-cooling
(H = 1.033, p = 0.793, Table 2). After pre-cooling, there
were no significant differences between each trial with Tgin
(H=9.574,p=0.691, Table 2). At the time of exhaustion,
there were no significant differences between the trials (H
=1.189, p =0.756).

SL was lower in Mix as compared to that in CON at
the end of pre-cooling (H = 11.667, p = 0.009, ES = 0.67,
Table 3). At the same time, there were no significant dif-
ferences between Vest and CON (p = 1.000), Beverage and
CON (p = 0.579), Mix and Vest (p = 0.072) and Mix and
Beverage (p = 0.706). At the exhaustion of exercise, there
was no difference in SL among the four experimental (H =
0.824, p = 0.844, Table 3).
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Figure 3. Urine specific gravity (USG) change at the point of
exercise exhaustion. Data are means +SD, n = 7.

Hydration status
At the time of exhaustion, no significant differences

among the trials were observed in USG (H = 1.877, p =
0.202, Figure 3).

Before pre-cooling, the differences in Na* concen-
trations among the four trials were not significant (H
=0.629, p = 0.890, Table 4). Even after pre-cooling the dif-
ference among all trials was not significant (H=0.306, p =
0.959). At the time of exhaustion, no differences were
found (H = 3.587, p= 0.310) among the four different con-
ditions as well.

Before pre-cooling, the differences in K* concentra-
tions among the four trials were not significant (H=0.122,
p = 0.989, Table 4). After pre-cooling, and at the time of
exhaustion, no significant differences among the trials
were observed in K* concentrations (H = 0.448, p = 0.398
and H=1.514, p =0.679).

Rating of perceived exertion and thermal sensations
No significant difference was observed in RPE among the
trials at the time of exhaustion (H=1.381, p=0.710, Table
5).

No significant differences were observed in the TS
among the four trials before and after pre-cooling (H =
0.269, p = 0.966 and H =7.013, p=0.071, respectively, Ta-
ble 5). At the time of exhaustion, there were no significant
differences in TS in any condition (H = 2.250, p = 0.522,
Table 5).

Blood lactic acid levels

Before pre-cooling, the differences in [Bla] levels among
the four trials were also not significant (H = 3.392, p =
0.862). After pre-cooling, [Bla] level in the mixed trial was
significantly lower than that in CON (H = 13.396, p =
0.005, ES = 0.87; Table 6). At the end of exhaustion, [Bla]
level in the mixed trial was significantly lower than that in
CON (H =16.932, p=10.003, ES = 0.89; Table 6).

Table 5. Rating of perceived exertion (RPE) and thermal sensations (TS) before and after pre-
cooling and at the end of exercise in a hot environment. Data are means £SD, n = 7.

Variable Control Vest Beverage Mix

RPE before 9.4£2.0 9.6+1.0 9.4+1.6 9.4+1.4
RPE after 11.0£1.5 10.9+2.3 10.9£1.4 10.7+0.8
RPE exhaustion 17.9+1.1 17.6+1.9 17.6+1.5 17.1£0.9
TS before 5.0+£0.6 4.9+0.9 4.9+0.9 4.9+0.7
TS after 6.0+0.6 5.9+0.4 5.6+0.5 5.3+0.5
TS exhaustion 6.9+0.4 6.9+0.4 6.9+0.4 6.9+0.4

Table 6. Blood lactic acid ([Bla]) concentration before and after pre-cooling and at the end of
exercise in a hot environment. Data are means +SD, n = 7.

Variable Control Vest Beverage Mix
[Bla] before (mmol/L) 1.74+0.48 1.80+0.22 1.60+0.08 1.61+0.22
[Bla] atter (mmol/L) 2.87+0.22 2.27+0.80 1.89+0.29 1.61+0.18™
[Bla] exhaustion (mmol/L) 8.71+0.61 7.59+1.20 6.64+1.36 5.18+1.13™

** p<0.01 vs. CON
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Discussion

Our primary findings show that 30 min pre-cooling strate-
gies with a mixed-method improved the high-intensity run-
ning capacity in a hot and humid environment. The mixed-
method strategy that combines external and internal cool-
ing may be more effective than the others in improving per-
formance.

This finding is consistent with previous studies that
used a mixed pre-cooling strategy. Aldous and colleagues
(2019) reported that exercise performance increased by
simultaneous ingestion of 7.5 g/kg body mass of -1 °C ice
slurry and usage of -14.0 = 4.6 °C ice packs. Brade and
colleagues (2014) concluded that after 30 min of combined
body-cooling techniques (internal cooling: jacket; external
cooling: 7.5 g/kg ice slurry), the repeated sprint cycling
performance improved compared with a single cooling
method. The effects of internal (ingested 7.5 g/kg body
mass of -1 °C ice slurry) and external (immersed in 24 °C
cold water) pre-cooling measures on exercise performance
in the study conducted by Siegel et al. (2011) were identi-
cal to those in the current study. In the study of Thomas
and colleagues (2019) reported that a combination of inter-
nal and external cooling techniques did not offer benefits
to high-intensity exercise despite the fact that this pre-cool-
ing method reduced HR, Tcore, and TS. This contradiction
among the studies may be due to differences in exercise
protocols. In the study by Thomas and colleagues, a self-
paced exercise protocol was adopted, as opposed to our
study, where in exercise at a fixed intensity was consid-
ered.

Evidence regarding combination of external and in-
ternal pre-cooling strategies confirmed that mix-method
could augment the reduction in body temperature com-
pared with the application of a single method (Bongers et
al., 2014). It is logical that external pre-cooling would
lower the core temperature and thus may benefit subse-
quent exercise performance in the heat (Castle et al., 2006).
Internal pre-cooling (ice slurry) could contribute to a re-
duction in heat storage in the body and an increase in the
capacity of heat storage (Jay and Morris, 2018). Therefore,
combining external and internal cooling methods provided
cooling effect through thermoregulatory factors (Gibson et
al., 2019), thereby favourably affecting exercise perfor-
mance during intense exercise in a hot and humid environ-
ment.

Wearing a vest cooled to a temperature of 4 °C, as
utilized in our study, can transfer and dissipate excessive
heat by increasing conduction and evaporation to tempo-
rarily offset the thermal equilibrium (Ross et al., 2013). A
mixed-method approach may ameliorate thermoregulation
stress to maintain homoeostasis for enhancement of exer-
cise performance. The high T temperature is a major fac-
tor to limit to the exercise performance (Gonzalez-Alonso
et al., 1999; Gregson et al., 2002), which supports the ex-
perimental result that the Teoe Was same at the exhaustion
state. Even though no difference occurred in Teor at the end
of exhaustion, the rate of the Tcor rise during exhaustion
exercise was lower in this research. The mix pre-cooling

could forbid the Tcore to rising too fast, which could main-
tain Teore in a relative lower level and delay the fatigue hap-
pened during exercise. Therefore, mix pre-cooling could
improve the ability of attenuating the arising of Tcore dras-
tically without changing, which maintain the homeostasis
in a dynamic stable state. Besides that, whether the mix
pre-cooling could prolong the time of exercise through in-
creasing critical Tcore during exercise need further research.
Our findings of improved performance in the mix
condition were observed despite similar rectal and skin
temperatures after pre-cooling as well as at the point of ex-
haustion. Previous research has shown that external pre-
cooling does not always result in a reduction in the core
temperature (James et al., 2015). Duffield et al. (2010) re-
ported performance benefits following external cooling
techniques that did not generate reduction in Teore. During
exercise, increasing of the Tqin prematurely would impede
the heat dissipation (Cotter et al., 2001). In this study, eight
locations were used for the calculation of T (Faulkner et
al., 2019), which was more precise than a 4 site Tgin equa-
tion (Aldous et al., 2019). In this research, the same pre-
cooling duration and the same temperature of the environ-
ment contribute the result of Tgin, which were no differ-
ence between each one. The difference in Tyin was similar
to the study of Griggs and Havenith (Griggs et al., 2017).
Our study demonstrates improved performance in
hot conditions with the mixed-method approach pre-cool-
ing. Attenuating increases in skin temperature may facili-
tate the transfer of heat from the body’s core to the periph-
ery, although this was not translated into a lower core tem-
perature in our study. A lower skin temperature may also
contribute to a better cardiovascular function. Indeed, the
HR at exhaustion was lower in the mixed method com-
pared to that observed in the control in the trend (CON:
197.3+5.0 bpm v.s. Mix: 187.3+8.8 bpm) in our study,
which is indicative of a possibility of a better cardiovascu-
lar function. It appears that Tin and skin wetness are im-
portant mediators of behavioural thermoregulation and
may explain the extension of exercise time in our subjects.
In a previous study (Schlader et al., 2011), thermal sensa-
tion was reported to be associated with skin temperature.
Wohlfert and Miller (2018) also reported the same
results that there was no clinically meaningful differences
between pre-cooling modalities in RPE and TS. Pre-cool-
ing could create a heat sink to store more heat and blunt the
body temperature to rise, which could attenuate the adverse
effects, the RPE, and the TS (Rasmussen et al., 2010). Dur-
ing exercise, the heat stress improving lead the beta band
cortical oscillation declined which damage the cerebral
blood flow and metabolism through the cortical deactiva-
tion, finally, all those influence and change were verified
to contribute to a higher RPE and TS (Nybo et al., 2014).
Researches also suggested that thermoregulatory behavior
is regulated by the perceived exertion before pronounced
elevation in the thermo-physiological parameter during ex-
ercise (Rasmussen et al., 2010). As such, cool water con-
sumed intermittently may alter the sensory feedback and
attenuate the inhibitory effect on neural drive, thus improv-
ing perceptual measures and exercise performance without
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an obvious cooling effect (Watkins et al., 2018).

One of the limitations of our study is that only in-
cluded 7 subjects. There is no doubt that a higher number
of participants would strengthen our findings. Neverthe-
less, our participants were well-trained, and our findings
could be used by competitive athletes. Another one of the
limitations is that the fixed intensity exercise protocol in
laboratory, even exhaustion protocol could measure the ex-
ercise capacity, still limits the practice application in real
field. Another limitation is that we only recruited male par-
ticipants. The extension of these research questions to the
female population would increase the significance and im-
pact of the results. The strength of our study relies on the
fact that we tested our participants in an environment that
was more stressful than that expected during the Tokyo
Summer Olympic Games. Indeed, previous data on cli-
matic conditions of Tokyo in July and August indicate a
WBGT of 27+2.5 °C, which is lower than the estimated
WBGT of 34 °C recorded in our study. Therefore, our find-
ings may be beneficial to the athletes preparing for the
Olympic Games in 2021.

Conclusion

In the current study, 30-min pre-cooling strategies, simul-
taneous (Mix) could enhance the duration of 80% VO,max
high-intensity aerobic exercise in hot and humid condi-
tions. It could be inferred that mix pre-cooling could su-
press the increase in temperature during exercise in the hot
conditions. Concurrently, mixed pre-cooling could de-
crease the sweat loss to delay the water loss during the ex-
ercise in the heat. Additionally, pre-cooling could amelio-
rate the cardiovascular strain during exercise. Finally, com-
bination of external and internal pre-cooling provided a
cooling effect through thermoregulatory factors (forbid the
indexes to rising too fast), thereby enhancing exercise per-
formance favourably in a hot and humid environment.

Furthermore, combination of beverage consump-
tion and vest wearing, which are portable and inexpensive
approaches, may be recommended to players and practi-
tioners prior to training sessions and match play events to
counter the challenge of heat stress.
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Key points

e Precooling strategies with 30 min independent or sim-
ultaneous precooling maneuvers could improve run-
ning performance of 80% VO,max in hot and humid
climatic conditions compared with the control condi-
tion.

e Wearing a 4°C vest might augment the capacity of
heat dissipation by decreasing Tskin.

e Ingesting a 4°C beverage might increase the capacity
of heat storage and maintain homeostasis by reducing
Teore, HR and [Bla].

e The mix method-precooling maneuver seems to be
more effective than others by maintaining core-to-
skin thermal gradient and fortifying heat storage to re-
lieve thermophysiological strain.
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