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Abstract

Introduction

A typical heat acclimation (HA) protocol takes 5—7 d of 60—90 minutes of heat exposure.
Identifying the minimum dose of HA required to elicit a heat adapted phenotype could
reduce financial constraints on participants and aid in the tapering phase for competition in
hot countries. Therefore, the aim of this study was to investigate a 4 d HA regimen on physi-
cal performance

Methods

Twelve moderately trained males were heat acclimated using controlled hyperthermia
(T,&>38.5°C), with no fluid intake for 90 min on 4 consecutive days, with a heat stress test
(HST) being completed one week prior to (HST2), and within one-week post (HST3) HA.
Eleven completed the control study of HST1 versus HST2, one week apart with no interven-
tion. Heat stress tests comprised of cycling for 90 min @ 40% Peak Power Output (PPO);
35°C; 60%RH followed by 10 minutes of passive recovery before an incremental test to
exhaustion. Physical performance outcomes time to exhaustion (TTE), PPO, end rectal
temperature (T, enp), and heart rate (HRgnp) was measured during the incremental test to
exhaustion.

Results

Physiological markers indicated no significant changes in the heat; however descriptive sta-
tistics indicated mean resting T, lowered 0.24°C (-0.54 to 0.07°C; d =2.35: very large) and
end-exercise lowered by 0.32°C (-0.81 t0 0.16; d = 2.39: very large). There were significant
improvements across multiple timepoints following HA in perceptual measures; Rate of per-
ceived exertion (RPE), Thermal Sensation (TS), and Thermal Comfort (TC) (P<0.05). Mean
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TTE in the HST increased by 142 s (323+333 to 465+235s; P = 0.04) and mean PPO by
76W (137+£128 t0 213+77 W; P=0.03).

Conclusion

Short-term isothermic HA (4 d) was effective in enhancing performance capacity in hot and
humid conditions. Regardless of the level of physiological adaptations, behavioural adapta-
tions were sufficient to elicitimproved performance and thermotolerance in hot conditions.
Additional exposures may be requisite to ensure physiological adaptation.

Introduction

Exercise in excessive heat can cause greater physiological and perceptual stress compared to
mild conditions [1-3] resulting in diminished exercise capacity [4]. Heat acclimation (HA)
regimes are used in conjunction with exercise to stress thermoregulatory and cardiovascular
systems [5], in order to achieve a heat-adapted phenotype more capable of tolerating and
exercising in hot conditions [6, 7].

Heat acclimation is achieved by increasing core temperature (T,) over a sustained period. A
sufficient stimulus is fundamental in generating a physiological strain elicit adaptation [6, 8,
9], with the magnitude of adaptation seemingly dependant on the scale and regularity of ther-
mal strain and impulse applied [2]. In this case, the HA method used to achieve this is the con-
trolled hyperthermia method. Controlled hyperthermia is executed based on endogenous
measures, namely T, [6, 10, 11], and can provide continuous training by achieving specific and
individualised T, through a combination of passive and active HA [6, 12]. As a participant
begins to adapt to the heat, their adaptive threshold becomes more difficult to attain. There-
fore, the balance between work and rest needs to be altered to ensure consistency, or a progres-
sion of endogenous heat strain to continue the adaptive response [6]. The balance between
work and rest to specify and reach a certain T, guarantees a consistency, or a progression of
endogenous heat stress to achieve adaptation-although this requires modifications in applica-
tion during each session. By comparison, fixed intensity methods are very simple to imple-
ment, with participants sustaining a fixed workload throughout each individual active
acclimation session [13-25]. It can become problematic to attain and sustain a target T, of
38.5°C using the more conventional continuous HA methods, nonetheless a controlled iso-
thermic HA methodology defeats this problem by making sure that the target T, is achieved
and then sustained using passive and active heat stress [2].

Many studies have explored hydration status of participants exercising in the heat and it is
generally accepted that hydration status influences physiological and performance responses
in the heat [26]. Naturally, during exercise in the heat dehydration occurs. As a result, fluid-
regulatory, cardiovascular, and thermal strain are increased [10]. Restricting fluid intake exac-
erbates the strain applied on the body, encouraging cardiovascular and fluid regulatory adapta-
tions that are key mechanisms of a heat-adapted phenotype [26-31]. One of these key
mechanisms is the expansion of plasma volume facilitated through sodium retention and ele-
vated intra-vascular albumin levels [10, 32] encourages the body to retain and utilise the bodily
fluid it already has without external replenishment.

In recent years, researchers have focused on the minimum dose required to produce these
physiological and behavioural adaptation with the aim of improving performance in the short-
est timeframe [2, 33]. Utilising the controlled hyperthermia methodology protocols vary in
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exercise mode, exposure duration, exposure intensity, and the number of repeated bouts. Heat
acclimation adaptations are achieved within 4-7 d [34] and a 5 d protocol is commonly used
[2, 5, 10, 28, 33, 35-37]. Limited evidence exists following 4 d of heat exposure. Further, due to
heterogeneity in study designs, comparisons of HA after 4 d and the typical 5 d protocol are
challenging [38-40].

Identifying the minimum required HA dose is beneficial for health and logistical reasons. A
shorter HA protocol may reduce the risk of injury or heat illness and the reduced exposure
time can be implemented more easily during the tapering phase of an athletes training shortly
before competition [2]. This may provide financial benefits from one less day of training in an
environmental chamber. The aim of this study was therefore to explore the effectiveness of 4
consecutive 90 min, isothermic, HA bouts with no fluid intake by assessing physiological and
subjective markers of adaptation, as well as performance markers pre- and post-intervention.
The hypothesis was that 4-consecutive days of short-term isothermic heat acclimation (STHA)
would enhance physiological markers of adaptation, whilst perceived heat stress would be
reduced and, subsequently, performance would improve.

Materials and methods

Experimental design

Twelve moderately trained males who trained 2-3 times weekly took part in this study, com-
pleting 4 consecutive days of short-term isothermic HA with no fluid intake during each bout
(Fig 1). Twelve completed the intervention trial, conducted one-week before and within one
week of STHA intervention. Eleven completed the control trial (HST1 v HST2) conducted one
week apart with no intervention. Participants completed a ramped protocol to exhaustion to
calculate 40% of the PPO to be used as the resistance for the HSTs.

Participants

Participants were fully informed of all experimental procedures by both written and verbal
means. Experimental periods were conducted outside of the British summer time. Heat stress
tests and acclimation bouts were conducted at the same time of day in the mornings. Partici-
pants were asked to refrain from strenuous exercise 24 h prior to each HST as well as caffeine
and alcohol 12 h before each bout of exercise. Participants were instructed to wear a shirt and
shorts and wear similar if not the same clothing on each visit. Pre-exercise medical question-
naires and informed consent forms were completed before being recruited and all were in
good health. Ethical approval was provided by the University of Hull’s Ethics Committee (No.
1516177) following World Health Organization Declaration of Helsinki guidelines. With HST
resistance determined via PPO, participants were categorised accordingly in line with the rec-
ommendations of De Pauw and colleagues [41] (n = 5: PL1, PPO <280 W; n = 2: PL2, PPO
280-319 W; n = 5: PL3, PPO 320-379 W). Furthermore, participants consisted of n = 4 run-
ners, n = 5 cyclists, n = 1 weightlifter, and n = 2 footballers who trained 2-3 times a week.

Aerobic fitness test

Participants performed an incremental ramp protocol on a cycle ergometer (Daum Electronic
Gmbh, Furth, Germany) to determine peak oxygen uptake (VO, peat) ad PPO (W) starting at
50 W. Resistance increased by 25 W every minute until volitional exhaustion. Breath by breath
expired air was collected via metabolic cart system (Cortex Metalyzer 3B, Cortex Biophysic,
Leipzig, Germany) calibrated by 3 L calibration syringe (Hans Rudolph 3 L, Cranlea & Co.,
Birmingham, UK) and calibration gas (5% CO,, 15% O,, Cranlea & Co., Birmingham, UK).
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Fig 1. Schematic model of the short-term isothermic heat acclimation protocol for moderately trained males.

https://doi.org/10.1371/journal.pone.0270093.g001

Participants’ rate of perceived exertion (RPE) and HR were recorded every minute. Peak oxy-
gen uptake was determined via a rolling 30 s average, therefore the final VO, peatc Value was the
final 30 s before exhaustion. Peak power output was determined by the power the participant
achieved before exhaustion. All participants received verbal encouragement in the waning
stages of the test. Termination occurred when either the participants voluntarily ended the
test, or the participant could not maintain >60 rpm.

Short-term isothermic heat acclimation protocol. The experiment took place in an
Environmental Chamber (Type SSR 60-20H, Design Environmental, Gwent, Wales) in 40°C
and 60%RH for 90 minutes per day using controlled hyperthermia with no fluid intake. Envi-
ronmental conditions were recorded every 10 min. Participants cycled (Monark 824E, Monark
Exercise AB, Varberg, Sweden) until reaching target T, of 38.5°C as quickly as possible and
resistance was individually adapted as necessary every 5 min to maintain thermal stimulus.
Upon achieving this target, participants ceased exercising and were seated for the remainder of
the session-unless T, fell below 38.5°C then light exercise was prescribed. This protocol is
identical to previous work conducted by Garrett and colleagues [5, 10, 35, 36] but over 4 d HA.

Hydration status. Participants were instructed to provide a pre-exercise nude body mass
(BM,,,qe) measure prior to samples being given. Post-exercise BM,,,q. Was obtained after capil-
lary blood samples were taken and before a urine sample was given. Both BM,,,,4. measures
were obtained on every visit and on days one and four of acclimation. Urine samples were col-
lected on days one and four of acclimation and on every visit for HST’s following the same
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routine as HA measures. Urine specific gravity (SG,) was calculated using a refractometer
(Unicron-N, Urine specific gravity refractometer, Atago CO., Tokyo, Japan) [42]. Urine colour
(colour,) was measured using a colour, chart [43] and urine osmolality (osm,) was measured
using an osmometer (Model 3320, Advanced Instruments Inc., Massachusetts, USA). All mea-
sures were collected immediately prior to and post exercise, in duplicate and analysed immedi-
ately with the mean value reported.

Blood. Venous and capillary blood samples were obtained pre- and post-heat exposure on
day one and day four of the HA. Additional capillary samples were obtained pre and post each
HST. Venous samples were taken from an antecubital vein and capillary blood samples from a
fingertip. Venous blood was collected in one 4 mL heparin “green top”, one 4 mL serum sepa-
rating tube “gold top”, and one 4 mL Ethylenediaminetetraacetic acid “purple top” (VACU-
ETTE®, Greiner Bio One Ltd, Stonehouse, United Kingdom). Collection tubes were
immediately inverted a minimum of eight times to ensure a homogenous sample. Approxi-
mately 1 mL of whole blood from heparin tubes was removed and analysed using an auto-
mated blood gas analyser (ABL800 Basic analyser, Radiometer, UK) within 30 minutes of
collection for [Na™], [Cl'] and [K"]. Serum separating tubes were allowed to clot at room tem-
perature. Collection tubes were then centrifuged (Heraeus Labofuge 400R, Kendro Laboratory
Products, Bishops Stortford, UK) at 2118g for 10 minutes at 4°c. After centrifugation, ~1 mL
of plasma/serum from each tube was aliquoted into cryo-tubes and stored at -80°c until analy-
sis. Samples were allowed to thaw at room temperature and vortexed before analysis. An auto-
mated benchtop analyser (ABX Pentra 400, Horiba UK, Northampton, UK) was used to
quantify [Total Protein] and [Albumin] from serum samples. Enzyme-linked immunosorbent
assays were used to quantify aldosterone (Aldosterone ELISA Kit [ab136933], abcam, Cam-
bridge, UK); cortisol (Cortisol ELISA Kit [ab108665], abcam, Cambridge, UK) and HSP70
(HSP70 High Sensitivity ELISA Kit [ab133061]). The manufacturer intra-assay coefficient of
variation for all participant samples in duplicate was 4.4-6.6% for aldosterone, <9% for corti-
sol, and 5.9-11.4% for HSP70. The recommended protocols provided by the manufacturer
were followed for each ELISA. Changes in percentage of plasma volume (%PV) was calculated
from changes in haemoglobin (Hb) and haematocrit (Hct), as defined by Dill and Costill [44].
Both Hb and Hct were analysed in duplicate from capillary blood samples with the mean
reported. Samples were analysed using a Hb analyser (Hemocue 201+, Radiometer Ltd, Craw-
ley, UK) and a microhematocrit centrifuge (Hawksley & Sons, Lancing, UK) respectively.

Heat stress test

The HSTs were conducted in the same environmental chamber set to 35°C, 60%RH and con-
sisted of 90 min continuous exercise on a cycle ergometer (Daum Electronic Gmbh, Furth,
Germany) using individualized workloads at 40% PPO output achieved in the VO, peak trial.
Upon completion, there was a 10 min passive recovery period before performing an incremen-
tal ramp protocol to exhaustion. Increments were 2% of PPO applied every 30 s, commencing
from the individualised 40% PPO workload. Recorded measures from the performance trial
included End T, (°C), time to exhaustion (TTE) (s), power (W), and End HR (b'min™). Envi-
ronmental conditions were recorded using the same procedure as the acclimation sessions.
Capillary blood, urine samples and BM,,,,4 were obtained, pre and post exercise on every visit.

Heart rate. Heart rate was measured using a HR monitor (Polar FS1, Polar Electro, OY,
Finland) at baseline and every 10 min throughout the continuous exercise trial. End exercise
HR was taken at exhaustion of the incremental protocol to exhaustion.

Body temperature. Core body temperature was measured using a rectal thermistor (U
Thermistor, Grant Instruments Ltd, Cambridge, UK) inserted 10cm past the anal sphincter.
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Skin thermistors (Type EUS-U-V5-V2, Grant Instruments Ltd, Cambridge, UK) were placed
on the body in four sites as outlined by Ramanathan [45]. From these, mean skin temperature
(T,) and mean body temperature (T,) were calculated [45]. Temperature data was recorded at

baseline and every 10 min using a portable data logger (2020 series data logger, Grant Instru-
ments Ltd, Cambridge, UK).

Perceptual measures

Participants were asked to give their RPE (6-20) [46], thermal comfort (TC) (1-5) and thermal
sensation (TS) (1-13) [47] These were collected every 10 min from rest to completion of the 90
min steady state exercise bout.

Data analysis

The stress response of dependant measures in STHA and HST's were analysed through SPSS
(IBM SPSS Statistics, Version 25, IBM Corp, Armonk, New York, USA). The Shapiro-Wilk
test determined normal distribution. A two-way repeated measures ANOVA was used to
determine main effects between day one and day four of HA, pre vs post HST's as well as inter-
action and effect over time for all dependant measures. If a participant did not complete the 90
min steady state exercise component during the HST, their final measurement was duplicated
into missing time points to include all participants. Pairwise comparison, least significant dif-
ference (LSD) correction t-tests were used when appropriate to determine significance at spe-
cific time-points. Significance was defined at <0.05 where appropriate to define variation
among groups through SPSS. The change in thermal markers on day one to day four of accli-
mation were analysed using one-way ANOVA, with repeated measures and LSD correction,
pairwise comparison t-tests to isolate differences between days. Where appropriate, data is
reported as mean+SD with 95% confidence intervals (95%CI) and the magnitude of effect
using Cohen’s d effects sizes (0.2-0.59 small; 0.6-1.19 moderate; 1.2-1.99 large, 2.0-4.0 very
large) [48]. Intraclass Correlation Coefficient estimates and their 95% confident intervals were
calculated using SPSS based on a mean-rating (k = 3), absolute agreement, 2-way mixed effects
model (Table 1).

Results

Twelve (n = 12) male participants (mean+SD; age: 35+15yrs; height: 175.3+4.5 cm; mass: 79.7
+11.2 kg VO, peak: 47.249.9 mLkg"'min™") who took part in training at least twice a week
completed this study. All twelve participants completed a pre- and post-intervention HST and
the four consecutive days of acclimation. Whereas n = 11 completed the control study. Data is
representative of all twelve participants unless otherwise specified.

Control study

The HST1 versus HST2 (n = 11) was a control trial completed 1 week apart with no interven-
tion (Fig 1). Table 1 contains Intraclass Correlation Coefficient calculations for HST 1-2 for all
resting and end-exercise measures.

Intervention study

The HST?2 versus HST3 was an intervention study completed one week prior (HST2) and
within one week (HST3) of 4 consecutive days of 90 min (40°C; 60%RH) using controlled
hyperthermia with dehydration stimuli (Fig 1).
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Table 1. Intraclass Correlation Coefficient calculations for resting and end-exercise measures in SPSS using single-rating, absolute-agreement, 2-way random
effects model (n =11).

Variable Intraclass Correlation 95% Confidence Interval F Test with True Value 0
Lower Bound Upper Bound Value dfl df2 Sig.
HRR Single Measures 0.773 0.382 0.932 8.193 10 10 0.001
HRE Single Measures 0.660 0.175 0.893 5.504 10 10 0.006
MSTR Single Measures 0.347 -0.189 0.756 2.237 10 10 0.110
MSTE Single Measures -0.122 -0.452 0.394 0.700 10 10 0.709
MBT R Single Measures 0.455 -0.200 0.820 2.545 10 10 0.078
MBTE Single Measures -0.110 -0.716 0.520 0.814 10 10 0.625
T,.R Single Measures 0.363 -0.285 0.779 2.090 10 10 0.130
T, E Single Measures 0.402 -0.218 0.793 2.319 10 10 0.100
OSMOR Single Measures 0.243 -0.320 0.707 1.692 10 10 0.210
OSMO E Single Measures 0.369 -0.126 0.763 3.320 10 10 0.036
USG R Single Measures 0.205 -0.329 0.682 1.578 10 10 0.242
USGE Single Measures 0.280 -0.163 0.702 2.240 10 10 0.110
COLR Single Measures 0.000 -0.399 -1.326 0.514 10 10 0.500
COLE Single Measures 0.356 -0.184 0.761 2.275 10 10 0.106
BM R Single Measures 0.997 0.987 0.999 875.210 10 10 0.000
BM E Single Measures 0.998 0.994 1.000 1548.805 10 10 0.000
HbR Single Measures 0.694 0.199 0.907 5.296 10 10 0.007
HbE Single Measures 0.479 -0.098 0.824 2.886 10 10 0.055
HctR Single Measures 0.627 0.075 0.884 4.170 10 10 0.017
HctE Single Measures 0.924 0.754 0.979 24.477 10 10 0.000
RPEE Single Measures 0.770 0.339 0.933 7.153 10 10 0.002
TSR Single Measures -0.027 -0.277 0.405 0.905 10 10 0.561
TSE Single Measures 0.710 0.254 0.911 5.957 10 10 0.005
TCR Single Measures -0.019 -0.677 0.586 0.967 10 10 0.521
TCE Single Measures 0.437 -0.199 0.810 2.476 10 10 0.084

notes: R = resting; E = End-Exercise; HR = heart rate; MST = mean skin temperature; MBT = mean body temperature; Tre = rectal temperature; OSMO = urine
osmolality; USG = urine specific gravity; COL = urine colour; BM = body mass; Hb = haemoglobin; Hct = haematocrit; RPE = rate of perceived exertion; TS = thermal

sensation; TC = thermal comfort

https://doi.org/10.1371/journal.pone.0270093.t001

Table 2. Mean+SD thermal stress and strain on day one and four of short-term heat acclimation for ten moder-
ately trained males (n = 10).

Day 1 Day 4 Cohens D p-value
Mean T,, (°C) 38.28+0.19 38.14+0.16 0.70 0.06
Time to T, 38.5°C (min) 37.27£6.89 40.90+8.13 1.81 0.09
Time spent above 38.5°C 52.73+6.89 49.11+8.13 1.81 0.09
Work (KJ) 39.08+8.33 39.56+10.52 0.04 0.92
BM Change (%) -1.3£0.1 -1.3+0.1 0.01 0.89
%PV Change -5.78+6.55 -4.85+11.39 0.09 0.82

Ta = ambient temperature; RH = relative humidity; Tre = rectal temperature; min = minutes; KJ = kilojoules; % =

percentage; PV = plasma volume; BM = body mass. Data presented as mean+SD for ten male participants.

https://doi.org/10.1371/journal.pone.0270093.t002
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Fig 2. Mean (SD) work output on days 1-4 of acclimation after 90 min heat exposure.

https://doi.org/10.1371/journal.pone.0270093.g002

Acclimation

Thermal stress and strain day 1 versus day 4. Rectal temperature (7)) responses are
indicative of a consistent thermal strain (Table 2). There was no significant increase in mean
work completed (P = 0.92) (Fig 2). There were no significant changes in time to reach 38.5°C
(n = 10), however descriptive statistics indicated a 10% increase (37.27+6.89 to 40.90+8.13min;
P =0.09; d = 1.81: Large). Similarly, there was a limited concurrent decrease in time above
38.5°C (n = 10) of 7% (52.73£6.89 to 49.1148.13min; P = 0.09; d = 1.81: Large) between days
one and four of acclimation (Fig 3).

Hydration status. Urine colour, osm,, SG,, and BM were measured pre- and post-exer-
cise on day one and four of acclimation (Table 3). There was a main effect across time (F [1,9]
= 140,798, P<0.001) as well as a significant interaction effect (F [1,9] = 23.4, P = 0.001) in BM
measures. Pairwise comparisons showed a significant decrease between post-measures on days
one and four (T [9] = 2.8, P = 0.02), as well as in day one pre-post (T [9] = 10.9, P<0.001) and
day four (T [9] = 12.3, P<0.001). A significant main effect across time was detected in colour,
(F[1,9] = 22,959, P = 0.001) and further post-hoc analysis indicated significant decreases on
day one pre-post (T'[9] =-3.9, P = 0.004) and day four (T [9] = -3.3, P = 0.009). No significant
main effects or interaction effect were indicated for osm, or No significant main or interaction
effects were indicated in SG,, measures.

Blood markers. Plasma sodium [Na"],, analysis (Table 4) demonstrated significant main
effects across time (F [1,9] = 23.1, P = 0.001) and day (F [1,9] = 9.4, P = 0.013). There was a sig-
nificant main effect across time (n = 8; F [1,7] = 22.5, P = 0.002) detected in [aldo],, measures
(Table 4). Similarly, TP analysis (Table 4) indicated a significant effect across time (F [1,9] =
68.4, P<0.001). Analysis of [alb], (Table 4) measurements indicated a significant main effect
across time (F [1,9] = 26.7, P = 0.001). Heat shock protein corrected for total protein [HSP70/
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Fig 3. Mean (SD) Time to 38.5°C (min) and Mean (SD) Time above 38.5°C (min) from Day 1 to Day 4 of
acclimation after 90 min heat exposure.

Table 3. Mean+SD for BM,,,4. and urinary measures of hydration (colour,; osm,; SG,,) pre- and post-exposure, on days one and four of short-term heat acclimation

(n=10).
Pre
BM (kg) 76.8+6.4
colour, (units) 2+1
osm, (mOsm/kg) 401+333
SG,, (units) 1.0110+0.0105

Day 1
Post

75.0%6.3

4+1

465+286

p-value

<0.001*%

0.004*

1.0131+0.0099 -

Pre
76.4+6.4
3+1
424+326

1.0109+0.0103

Day 4
Post

74.3+6.2

4+1

485+263
1.0125+0.0081

colouru = urine colour; osmu = urine osmolality; SGu = urine specific gravity; kg = kilograms; STHA = short-term heat acclimation

p-value
<0.001**
0.009*

* = main effect over time; + = main effect for day; & = interaction effect. Data presented as mean+SD for ten male participants. A two-way repeated measures ANOVA

and LSD correction t-tests was used when appropriate to determine differences between pre- and post-exposure, on day one and day four of STHA.

https://doi.org/10.1371/journal.pone.0270093.t003

Table 4. Mean+SD for blood measures and percentage change from pre- to post-exposure on day one and four of short-term heat acclimation.

Pre
Adlo (,=8) 4414212
cortisol (n = 8) 252+102
HSP70 (n=9) 6.54+0.08
Na+ 140.5+2.8
TP 75.6+3.1
alb 757435

Day 1
Post
658+306
279+171
6.52+0.06
144.6+4.7
83.5+2.4
827+45

%Change
49
11
0
3
10
9

Pre
565+477
208+120

6.58+0.07
139.8+3
76.1+2.2
763+33

Day 4
Post
1419+884
282+139
6.52+0.07
141.2+4.4
85.6+4.3
860+84

%Change
151
36
0
1
12
13

[aldo]p = plasma aldosterone; pg.mL-1 = pictograms per millilitre; [Na+]p = plasma sodium; mmol.L-1 = millimoles per litre; [TP]p = total protein; mg.mL-

1 = milligrams per millilitre; [cortisol]p = plasma cortisol; ug.dL-1 = micrograms per decilitre. Data is presented mean+SD for n = ten moderately trained males. A two-

way repeated measures ANOVA and post-hoc LSD correction t-tests when appropriate was used to determine differences from pre- and post-exposure, on day one and

day four of acclimation.

https://doi.org/10.1371/journal.pone.0270093.t004
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Fig4. Mean=SD for T}, (upper), T, (middle), and T, (lower) pre- to post short-term heat acclimation in hot
conditions (35°C; 60%RH; n = 12).
https://doi.org/10.1371/journal.pone.0270093.9004

TP],, total protein ([TP],,), and [cortisol],, analysis (Table 4) showed no significant main effect
for day, time, or interaction effect from day one to four (P>0.05).

Heat stress test. Body temperature. There was no main effect for day in T, (Fig 4: upper)
(F[1,11] =3.2; P=0.103) or interaction effect (F [9, 99] = 1.6; P = 0.135). However, there was
a significant main effect for time (F [9, 99] = 165.1; P<0.001). Descriptive statistics indicated
that mean T,, was lower at rest by 0.24°C (-0.54 to 0.07°C; d = 2.35: very large) and end-exer-
cise by 0.32°C (-0.81 to 0.16; d = 2.39: very large). There was no main (F [1, 11] = 2.5;

P =0.145) or interaction (F [9, 99] = 0.2; P = 0.996) effect for day in T, (Fig 4: middle) but
there was a significant main effect for time (F [9, 99] = 81.9; P<0.001). There were no main (F
[1,11] = 2.2; P=0.166) or interaction (F [9, 9] = 1.3; P = 0.246) effects for T, (Fig 4: lower).

Heart rate and percentage change in plasma volume. There was no main effect for day (Fig
5) (F [1, 7] = 2.6; P = 0.154) or interaction effect (F [9, 63] = 0.7; P = 0.743) in HR. However,
there was a significant main effect across time (F [9, 63] = 96.1; <0.001). Descriptive statistics
indicated mean resting HR was lower at rest by 6 (-19 to 6 bmin'; d = 0.32: small) and end-
exercise by 10 (-23 to 4 b'min'; d = 1.85: small). There was limited change in %PV (-4.70 to
-6.63; d = 0.84: moderate) pre- to post-intervention.

Perceptual. A main effect for day (F 1, 11] = 17.3; P = 0.002) and a main effect over time (F
[9,99] = 105.6; P<0.001) was indicated for pre-post intervention RPE measures. LSD cor-
rected post-hoc comparisons showed significant decreases at 10 (T'[11] = 2.3; P = 0.04), 20 (T
[11] = 3.4; P= <0.01); 30 (T [11] = 3.5; P = <0.01), 40 (T [11] = 2.9; P = 0.01), 50 (T [11] = 3.9;
P<0.01),60 (T [11] = 3.4; P=<0.01), 70 (T [10] = 2.8; P = 0.02), and 80 (T [8] = 2.5; P = 0.04)
minute time points from pre- to post-intervention. There was a significant main effect for day
(F[1,11] = 12.1; P =0.005) in TS as well as a main effect over time (F [9,99] = 40.3; P<0.001).
There was a significant main effect for day (F [1,11] = 7.0; P = 0.02) as well as a main effect
across time (F [9,99] = 63.0; P<0.001) indicated in TC.

Exercise performance. Post 90 min incremental time trial performance increased by 44%
(5.38+5.54 to 7.74+3.92min"'; P = 0.04; d = 2.31: Very Large) pre- to post-intervention. PPO
output increased by 55% (137128 to 213+£77W; P = 0.03; d = 3.39: Very Large). Fig 7
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represents the percentage completion of the HST and ramped protocol to exhaustion. Mean
90 min steady-state exercise performance increased by 8% (83.33+10.73 to 90.00+0.00min"";
P =0.05; d =4.12: Very Large).

Discussion

This study investigated the effectiveness of four consecutive days of 90 min isothermic exer-
cise-heat stress protocol on 12 moderately trained males. Post intervention RPE, TC, and TS
significantly decreased at specific time points while TTE and PPO both significantly increased
during the ramped test to exhaustion. Descriptive statistics showed mean resting T,, and HR
was lowered, however this was insignificant. These findings suggest this protocol could be an
effective tool for athletes preparing for exercise in the heat and may provide an effective sup-
plement to warm weather training camps.

Effectiveness of short-term isothermic heat acclimation

Relationship between adaptive response and exposure duration. The wide variety of
protocols questions the duration and type of heat exposure imposed. The more obvious varia-
tion between studies is the number of daily exposures outlined by [33]. For example 4 d [38-
40],5d [28, 36, 49], 6 d [50-52] and 7 d [16, 53] have been used previously. However, the less
obvious variation between studies is the duration of the daily exposure. Garrett, Goosens [36]
and Garrett, Creasy [28] employed a 90 min duration whereas other studies range from 30
min to 120 min [33], with one study imposing a 240 min duration over 5 days [52]. Therefore,
when designing and implementing an acclimation protocol, is the number of daily exposures
more important than the duration of the exposure itself or vice-versa.

Pryor, Minson [34] suggest exercise intensities and rest periods should be sport specific.
Subsequently, duration and number of daily exposures should consider the type of sport too.
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Fig 7. Completion (%) of the 90 min (s) and ramped protocol to exhaustion (s) pre- to post- acclimation in hot
conditions (35°C, 60%RH).

https://doi.org/10.1371/journal.pone.0270093.9007

For example, if the participants are highly trained endurance athletes then it would be futile to
design a short duration (<60 min) protocol with fewer daily exposures (<5 d)-due to training
status as higher trained athletes already possess physiological and behavioural adaptations to
cope with exercise-heat stress [2, 10, 28, 54]. Hence, it may be difficult to induce an adaptive
stimulus to encourage adaptation [2, 34]. It may be practical to increase the duration >60 min
and additional daily exposures to allow more time to induce a sufficient adaptive stimulus [2,
33, 34]. It is suggested to reduce the duration of heat exposure first, as the magnitude and rate
of adaptations are greater in lesser trained individuals [2, 10, 28, 33, 34]. Therefore, shorter ses-
sions of <60 mins over <5 d may be insufficient to induce physiological and perceptual bene-
fits. In the current study, 90 min per day over 4 d was sufficient to encourage partial
adaptation in moderately trained athletes. This was comparable with previous work over 5 d
[2, 10, 28, 33].

Considering the duration and number of daily exposures, it may be worth noting the total
exposure time versus the time spent above 38.5°C T,,. A T,, of 38.5°C has been routinely used
in controlled hyperthermia studies and is widely viewed as the threshold for adaptive response
[2, 35,49, 54, 55]. Therefore, it would seem appropriate to record the time spent above 38.5°C
when comparing between studies. In the present study, participants spent approximately 55%
(3.3 hours) of total exposure time (6 hours) above 38.5°C T,, (Fig 2). A recent study by Moss,
Bayne [2] only reports exposure time, where participants were heat exposed for a total of 5 h
over 5 d. Similarly, previous work by Garrett, Creasy [28], Garrett, Goosens [10], Garrett,
Gleadall-Siddall [49], and Neal, Corbett [54] implemented a total of 7.5 h over 5 d. Therefore,
variations within study designs can make it difficult to compare [34], particularly with con-
trolled hyperthermia methods, as the time spent above 38.5°C T,, may provide more informa-
tion when comparing protocols and how different protocols affect the magnitude of heat
adaptation.

Rectal temperature. The present protocol did not significantly reduce mean resting T,
(-0.24; -0.54 to 0.07°C). A lower resting T, is suggested to be an indicator of successful HA
regimens, as it delays critical exercise-capacity limiting, high-core body temperatures in the
heat [2, 3, 56]. Inducing a lower resting T, through HA is important in uncompensable heat
stress by widening the core temperature band at the time of day heat-exercise bouts occur [57].

The present findings could be explained by greater reductions in resting T, by the lower
training status of several participants compared to higher trained participants in this study-
with previous literature suggesting minor reductions in resting T,, occur in higher trained
individuals [2, 10, 28, 54]. More efficient heat loss mechanisms at a lower core temperature
add to the reduction in thermal strain [2], evidenced by the number of participants who did
not complete the 90 min continuous exercise bout in HST2 but did in HST3 (Fig 7). This is
similar to the findings of Mackay, Patterson [58] who found that 5 d of HA was adequate to
improve time-to-exhaustion in a rugby league specific HA regimen-in temperate conditions.
Compared to a previous 5 d study, greater changes were observed across a shorter period of
time (45 min), as well as main effects between trials [2].

Heart rate. Mean resting HR was not significantly reduced by HA (-6; -19 to 6 b.min™"). A
recent meta-analysis inferred that HA offers moderate benefits on lowering resting HR [33],
while current data indicates a negligible effect on resting HR (-6; -19 to 6 bmin™'; d = 0.32:
small). It is widely accepted that HR adaptations occur rapidly, typically within 4-5 d [33]. As
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with T, participants’ training status affects the magnitude of adaptation that occurs, with
lesser trained individuals undergoing a greater degree of adaptation [10, 33].

Exercising HR was stabilised across the 90 min. A similar 5 d STHA protocol by Moss,
Bayne [2] demonstrates a significant difference at similar time-points at 20, 30, and 40 min
having only recorded 45 min of exercise. It is suggested that HA does not improve the reten-
tion of PV during exercise in the heat [10, 54, 57, 59]. The current study found PV decreased
further by 41% (-4.70+10.88 to -6.63+10.71%; P = 0.62; d = 0.84: Moderate). This is despite a
16% increase from day one to four of acclimation (-5.78+6.55 to -4.85+11.39%; P = 0.82;

d = 0.38: Small). Typically, increased HR stability is accompanied by PV expansion which aids
with the reduction of CV strain during exercise-heat bouts [2, 33]. Data from the meta-analysis
indicates that PV expansion is common following HA regardless of methodology [33]. How-
ever, this is not the case in the current study where mean PV decreased contradicting earlier
work. Training status of participants has been known to affect the magnitude of adaptation, as
higher trained, endurance athletes already possess expanded PV [57]. This may be attributed
to the type of sport athletes partake in which may impose varying physical demands.

Schleh, Ruby [60] describe the relationship between PV expansion and the hormone
[aldo], and they observed a significant decrease in [aldo], levels both pre- and post-exercise
following acclimation contradicting that HA would promote the release of the hormone
enabling PV expansion. They attributed this to an already increased PV at rest and therefore
limited further expansion [60]. The current study contradicts the work of Schleh, Ruby [60] as
increases in resting and post-exercise [aldo], concentrations on day four were significantly
increased. Similar work conducted by Garrett, Goosens [10] found a comparable relationship
between increases in aldosterone and PV expansion, suggesting a positive feedback mecha-
nism because of increasing plasma osmolality caused by dehydration on [aldo],, [10, 60].

Perceptual adaptations. Participants felt more thermally comfortable and perceived
reduced strain post-HA consistent with previous work [2]. The current perceptual data indi-
cates the 4 d programme can be just as effective as previous 5 d, although longer durations of
>7 d offer an increased magnitude of adaptations [2].

Reducing the perception of effort can potentially increase the capacity of exercise, particu-
larly in subsequent heat-exercise bouts. It is suggested that a lower RPE enables participants to
tolerate prolonged steady-state exercise [33]. Data showing the lowering of RPE was only pres-
ent in three studies [33]. However with the addition of Moss, Bayne [2], and the current study,
RPE is shown to be lowered consistently throughout STHA (4-7 d). Willmott, Hayes [40]
observed a lowering in RPE with concurrent reductions in T,, and partly attribute perfor-
mance improvements to improved comfort levels related to lower RPE and the same fixed
exercise intensity in the respective groups’ final sessions. The perceptual adaptations found in
previous STHA work could be representative of a reduced tendency to select lower exercise
intensities in the heat, as well as possibly maintaining decision-making and cognitive functions
during race conditions [40, 61].

Performance and time to exhaustion trial. Training status of the participants may vary
within the group. Those who are lesser trained may have experienced a greater magnitude of
physiological adaptation compared to their higher trained counterparts [2, 10, 28, 54]. Addi-
tionally, the lesser trained participants may have adapted their behaviour more radically as
they may have been less familiar and experienced with the demand of endurance exercise.
Whereas those who are endurance trained possess some adaptations before they undergo accli-
mation [2, 10, 28, 33, 34]. Both statements reflect previous work that physiological adaptations
provide an increased buffer before reaching performance compromising core temperatures
[57] and perceptual/behavioural adaptations enhance participant performance during steady-
state exercise performance in the heat [33]. Continuous exercise performance demonstrated
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improvement post-acclimation in the hot conditions of the HSTs (35°C; 60%RH) and
improved to the extent that all participants completed the 90 min steady state exercise post
intervention compared to the 7 participants pre-intervention.

The incremental protocol to exhaustion reported significant increases in TTE (P = 0.04)
and PPO (P = 0.03). Due to the varying methodologies used in the application of HA [34], it is
difficult to compare directly to other performance data. However, other previous STHA (<7
d) performance data indicate improved performance capability in varying hot conditions. Gar-
rett, Creasy [28] observed a mean decrease of 4 s in time to completion in untrained and mod-
erately trained males (P = 0.02). Meanwhile, Garrett, Goosens [36] observed a 106 s increase in
TTE post-STHA (5 d) (P = 0.001) using an identical protocol to this study but with 5 d. Con-
versely, Neal, Corbett [54] found no increase in time to completion (P = 0.38) but did observe
an increase in mean PPO (P = 0.056) albeit this was deemed insignificant.

Fluid retention

The fundamental component of using the controlled hyperthermia technique is that partici-
pants experience the same thermal load, as was the case in the current study—experiencing
mild hypohydration of ~1.3% BM in both the pre- and post-intervention trials (Table 1).
Blood parameters during acclimation (Table 3) indicates a meaningful change in [Na*] -
which is responsible for aiding fluid retention [35]-on day one but not day four despite an
increase in resting [aldo],,. Post-exercise [aldo], increased significantly from resting concen-
trations on day four. An increase in [aldo], concentrations without increases in [Na'],, is
inconsistent with previous data [35, 62-64] but is not universal [28]. This is unexpected as the
notable effects of [aldo], is the retention of [Na"],, thereby retaining water from the urine to
maintain extracellular volume and, consequently, blood volume [28, 35]. [28] observed a PV
increase without concurrent [NaJr]P increases which was attributed to the increase in PV itself.
As PV had already increased (4.5%), it may not have been a necessary function to attempt to
increase further. Interestingly, the absence of such a change on day four similar to day one
when considering [aldo],, and PV measures could be related to the reduced heat exposure
compared to previous studies [35, 62-64].

Cortisol

Cortisol is frequently described as an indicator of physical and psychological strain [2]. While
this study did not find any significant differences in cortisol, a greater mean within-trial
increase occurred pre- to post-exposure on day four compared to day one with post-exercise
measures being very similar (Table 3). This observation conflicts with Watkins, Cheek [24]
and Moss, Bayne [2] who found significant within trial increases, specifically in pre-interven-
tion measures where baseline cortisol was not different-and participants were allowed to
drink ad libitum either before and after [24] or during [2] heat exposure. Costello, Rendell [65]
also observed a similar increase in pre-intervention cortisol levels, however this was in a dehy-
drated state and was not replicated when hydration was maintained.

Costello, Rendell [65] offer three plausible explanations for their findings. The first being
circadian rhythm and cortisol decreasing naturally as the biological day progresses. The second
being a reduced catabolic response to the same pre-training exercise stimulus or stress, likely
augmented by HA. The third being increases in circulating cortisol levels being visible after
exercise if the intensity is >60% of maximal oxygen consumption for 20 min or more. In the
context of this study, trials were completed at the same time of day for every visit. Catabolic
responses by the definition offered may not apply as the current post intervention within-trial
increase was greater than pre-intervention. Finally, the experimental design was 90 min and
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cortisol measures obtained during the intervention period as opposed to pre-post intervention
HSTs.

Based on the present data, we speculate that cortisol behaved similarly to T,,, widening the
range between baseline and end-exercise. We observed a concurrent reduction in mean sub-
jective measures in pre-post HSTs (Fig 6) and increased mean exercise duration (Fig 7), and
with cortisol being frequently described as measure of physiological and psychological stress,
lower baseline cortisol may be the cause with participants being less stressed prior to exercising
in the heat.

Heat shock proteins

The present study found limited changes in HSP70/TP response to exercise-heat stress consis-
tent with previous work-albeit data is very limited-which suggests HA has a trivial effect on
increasing extracellular concentrations of HSP70 [33]. However, increases of 110% [66] and
320% [67] have been reported [33]. The present data suggests HA has very little effect on HSP
concentrations as an adaptive response in shorter acclimation protocols.

Limitations

Opverall, 12 participants took part in this study with n = 11 completing the control trial and

n = 12 completing the intervention trial. We controlled for heat but not exercise. Testing peri-
ods were conducted outside of the British Summer Time and participants were instructed to
follow their typical training regime whilst refraining from exercising 24h prior to any visit.
Current literature suggests this effect is minimal but could be more influential on lesser trained
individuals. Data and implications cannot be generalised beyond males as participants were
from various sporting backgrounds, ages, and training status. A more homogenous group
would be more beneficial in future. Sample sizes in this field are an issue in general, with
groups of 3-4 participants taking 4-5 weeks depending on methodology. Our sample size

(n = 12) is larger-than-most compared to previous work. Participants were sourced from vol-
unteers based at or associated with the University of Hull, recruited on a convenience basis.
Participants are also from a variety of sporting backgrounds (cycling, football, rugby, and run-
ning) and performance levels (PL1: n = 5; PL2: n = 2; PL3: n = 5). Future studies would benefit
from a more homogenous group of participants from similar sports and training status.

Conclusion

In summary, short-term isothermic HA (4 d) with no fluid intake enhanced performance
capacity in hot and humid conditions in moderately trained males. Restricting fluid intake was
adequate in increasing the physiological and perceptual stress experienced by participants
thereby enhancing adaptation to the environment. Regardless of the level of physiological
adaptations, the behavioural adaptations coupled with the perceptual benefit brought about by
4 d isothermic STHA was enough to elicit improved performance and thermotolerance in hot
conditions. In terms of cellular heat stress response, additional exposures may be required to
ensure this level of adaptation.

Author Contributions

Data curation: Andrew J. Simpson, Rebecca V. Vince.
Investigation: Jake Shaw, Cory Walkington, Edward Cole.
Methodology: Jake Shaw, Andrew T. Garrett.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270093 November 17, 2022 17/21


https://doi.org/10.1371/journal.pone.0270093

PLOS ONE

Effectiveness of short-term isothermic-heat acclimation (4 days) in moderately trained males

Resources: Damien O. Gleadall-Siddall, Rachel Burke, James Bray, Andrew T. Garrett.

Supervision: James Bray, Andrew J. Simpson, Andrew T. Garrett.

Writing - original draft: Jake Shaw.
Writing - review & editing: Jake Shaw, Damien O. Gleadall-Siddall, Rachel Burke, Andrew ]J.

Simpson, Andrew T. Garrett.

References

1.

10.

1.

12

13.

14.

15.

16.

Galloway SD, Maughan RJ. Effects of ambient temperature on the capacity to perform prolonged cycle
exercise in man. Med Sci Sports Exerc. 1997; 29(9):1240-9. Epub 1997/10/06. https://doi.org/10.1097/
00005768-199709000-00018 PMID: 9309637.

Moss JN, Bayne FM, Castelli F, Naughton MR, Reeve TC, Trangmar SJ, et al. Short-term isothermic
heat acclimation elicits beneficial adaptations but medium-term elicits a more complete adaptation. Eur
J Appl Physiol. 2020; 120(1):243-54. Epub 2019/11/27. https://doi.org/10.1007/s00421-019-04269-5
PMID: 31768621.

Tucker R, Rauch L, Harley YX, Noakes TD. Impaired exercise performance in the heat is associated
with an anticipatory reduction in skeletal muscle recruitment. Pflugers Arch. 2004; 448(4):422—-30. Epub
2004/05/13. https://doi.org/10.1007/s00424-004-1267-4 PMID: 15138825.

Ely MR, Martin DE, Cheuvront SN, Montain SJ. Effect of ambient temperature on marathon pacing is
dependent on runner ability. Med Sci Sports Exerc. 2008; 40(9):1675-80. Epub 2008/08/08. https://doi.
org/10.1249/MSS.0b013e3181788da9 PMID: 18685522.

Garrett AT, Rehrer NJ, Patterson MJ. Induction and decay of short-term heat acclimation in moderately
and highly trained athletes. Sports Med. 2011; 41(9):757-71. Epub 2011/08/19. https://doi.org/10.2165/
11587320-000000000-00000 PMID: 21846164.

Gibson OR, Mee JA, Tuttle JA, Taylor L, Watt PW, Maxwell NS. Isothermic and fixed intensity heat
acclimation methods induce similar heat adaptation following short and long-term timescales. J Therm
Biol. 2015;49-50:55-65. Epub 2015/03/17. https://doi.org/10.1016/j.jtherbio.2015.02.005 PMID:
25774027.

Sawka MN, Leon LR, Montain SJ, Sonna LA. Integrated physiological mechanisms of exercise perfor-
mance, adaptation, and maladaptation to heat stress. Compr Physiol. 2011; 1(4):1883-928. Epub
2011/10/01. https://doi.org/10.1002/cphy.c100082 PMID: 23733692.

Regan JM, Macfarlane DJ, Taylor NA. An evaluation of the role of skin temperature during heat adapta-
tion. Acta Physiol Scand. 1996; 158(4):365—75. Epub 1996/12/01. https://doi.org/10.1046/}.1365-201X.
1996.561311000.x PMID: 8971258.

Taylor NAS, Cotter JD. Heat adaptation: Guidelines for the optimisation of human performance. Interna-
tional Sportmed Journal. 2006; 7(1):33-57. WOS:000242612500003.

Garrett AT, Goosens NG, Rehrer NJ, Patterson MJ, Harrison J, Sammut |, et al. Short-term heat accli-
mation is effective and may be enhanced rather than impaired by dehydration. Am J Hum Biol. 2014; 26
(3):311-20. Epub 2014/01/29. https://doi.org/10.1002/ajhb.22509 PMID: 24469986.

Patterson MJ, Stocks JM, Taylor NA. Whole-body fluid distribution in humans during dehydration and
recovery, before and after humid-heat acclimation induced using controlled hyperthermia. Acta Physiol
(Oxf). 2014; 210(4):899-912. Epub 2013/12/18. https://doi.org/10.1111/apha.12214 PMID: 24330400.

Fox RH, Goldsmith R, Kidd DJ, Lewis HE. Acclimatization to heat in man by controlled elevation of body
temperature. J Physiol. 1963; 166:530—47. Epub 1963/05/01. https://doi.org/10.1113/jphysiol.1963.
sp007121 PMID: 13959046; PubMed Central PMCID: PMC1359351.

Amorim F, Yamada P, Robergs R, Schneider S, Moseley P. Effects of whole-body heat acclimation on
cell injury and cytokine responses in peripheral blood mononuclear cells. Eur J Appl Physiol. 2011; 111
(8):1609-18. Epub 2010/12/31. https://doi.org/10.1007/s00421-010-1780-4 PMID: 21191798.

Castle P, Mackenzie RW, Maxwell N, Webborn AD, Watt PW. Heat acclimation improves intermittent
sprinting in the heat but additional pre-cooling offers no further ergogenic effect. J Sports Sci. 2011; 29
(11):1125-34. Epub 2011/07/23. https://doi.org/10.1080/02640414.2011.583673 PMID: 21777052.

Cheung SS, McLellan TM. Heat acclimation, aerobic fithess, and hydration effects on tolerance during
uncompensable heat stress. J Appl Physiol (1985). 1998; 84(5):1731-9. Epub 1998/06/06. https://doi.
org/10.1152/jappl.1998.84.5.1731 PMID: 9572824,

Houmard JA, Costill DL, Davis JA, Mitchell JB, Pascoe DD, Robergs RA. The influence of exercise
intensity on heat acclimation in trained subjects. Med Sci Sports Exerc. 1990; 22(5):615-20. Epub
1990/10/01. https://doi.org/10.1249/00005768-199010000-00012 PMID: 2233200.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270093 November 17, 2022 18/21


https://doi.org/10.1097/00005768-199709000-00018
https://doi.org/10.1097/00005768-199709000-00018
http://www.ncbi.nlm.nih.gov/pubmed/9309637
https://doi.org/10.1007/s00421-019-04269-5
http://www.ncbi.nlm.nih.gov/pubmed/31768621
https://doi.org/10.1007/s00424-004-1267-4
http://www.ncbi.nlm.nih.gov/pubmed/15138825
https://doi.org/10.1249/MSS.0b013e3181788da9
https://doi.org/10.1249/MSS.0b013e3181788da9
http://www.ncbi.nlm.nih.gov/pubmed/18685522
https://doi.org/10.2165/11587320-000000000-00000
https://doi.org/10.2165/11587320-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21846164
https://doi.org/10.1016/j.jtherbio.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/25774027
https://doi.org/10.1002/cphy.c100082
http://www.ncbi.nlm.nih.gov/pubmed/23733692
https://doi.org/10.1046/j.1365-201X.1996.561311000.x
https://doi.org/10.1046/j.1365-201X.1996.561311000.x
http://www.ncbi.nlm.nih.gov/pubmed/8971258
https://doi.org/10.1002/ajhb.22509
http://www.ncbi.nlm.nih.gov/pubmed/24469986
https://doi.org/10.1111/apha.12214
http://www.ncbi.nlm.nih.gov/pubmed/24330400
https://doi.org/10.1113/jphysiol.1963.sp007121
https://doi.org/10.1113/jphysiol.1963.sp007121
http://www.ncbi.nlm.nih.gov/pubmed/13959046
https://doi.org/10.1007/s00421-010-1780-4
http://www.ncbi.nlm.nih.gov/pubmed/21191798
https://doi.org/10.1080/02640414.2011.583673
http://www.ncbi.nlm.nih.gov/pubmed/21777052
https://doi.org/10.1152/jappl.1998.84.5.1731
https://doi.org/10.1152/jappl.1998.84.5.1731
http://www.ncbi.nlm.nih.gov/pubmed/9572824
https://doi.org/10.1249/00005768-199010000-00012
http://www.ncbi.nlm.nih.gov/pubmed/2233200
https://doi.org/10.1371/journal.pone.0270093

PLOS ONE

Effectiveness of short-term isothermic-heat acclimation (4 days) in moderately trained males

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kresfelder TL, Claassen N, Cronje MJ. Hsp70 Induction and hsp70 gene polymorphisms as Indicators
of acclimatization under hyperthermic conditions. Journal of Thermal Biology. 2006; 31(5):406—15.
https://doi.org/10.1016/j.jtherbio.2006.02.001 WOS:000238588800006.

Lorenzo S, Halliwill JR, Sawka MN, Minson CT. Heat acclimation improves exercise performance. J
Appl Physiol (1985). 2010; 109(4):1140-7. Epub 2010/08/21. https://doi.org/10.1152/japplphysiol.
00495.2010 PMID: 20724560; PubMed Central PMCID: PMC2963322.

Lorenzo S, Minson CT. Heat acclimation improves cutaneous vascular function and sweating in trained
cyclists. J Appl Physiol (1985). 2010; 109(6):1736—43. Epub 2010/09/25. https://doi.org/10.1152/
japplphysiol.00725.2010 PMID: 20864556; PubMed Central PMCID: PMC3006409.

Marshall HC, Campbell SA, Roberts CW, Nimmo MA. Human physiological and heat shock protein 72
adaptations during the initial phase of humid-heat acclimation. Journal of Thermal Biology. 2007; 32
(6):341-8. https://doi.org/10.1016/j.jtherbio.2007.04.003 WOS:000248969500006.

Nielsen B, Hales JR, Strange S, Christensen NJ, Warberg J, Saltin B. Human circulatory and thermo-
regulatory adaptations with heat acclimation and exercise in a hot, dry environment. J Physiol. 1993;
460:467-85. Epub 1993/01/01. https://doi.org/10.1113/jphysiol. 1993.sp019482 PMID: 8487204;
PubMed Central PMCID: PMC1175224.

Nielsen B, Strange S, Christensen NJ, Warberg J, Saltin B. Acute and adaptive responses in humans to
exercise in a warm, humid environment. Pflugers Arch. 1997; 434(1):49-56. Epub 1997/05/01. https://
doi.org/10.1007/s004240050361 PMID: 9094255.

Sandstrom ME, Siegler JC, Lovell RJ, Madden LA, McNaughton L. The effect of 15 consecutive days of
heat-exercise acclimation on heat shock protein 70. Cell Stress Chaperones. 2008; 13(2):169-75.
Epub 2008/09/02. https://doi.org/10.1007/s12192-008-0022-8 PMID: 18759002; PubMed Central
PMCID: PMC2673895.

Watkins AM, Cheek DJ, Harvey AE, Blair KE, Mitchell JB. Heat acclimation and HSP-72 expression in
exercising humans. Int J Sports Med. 2008; 29(4):269-76. Epub 2007/09/21. https://doi.org/10.1055/s-
2007-965331 PMID: 17879884.

Yamada PM, Amorim FT, Moseley P, Robergs R, Schneider SM. Effect of heat acclimation on heat
shock protein 72 and interleukin-10 in humans. J Appl Physiol (1985). 2007; 103(4):1196—204. Epub
2007/07/07. https://doi.org/10.1152/japplphysiol.00242.2007 PMID: 17615280.

Sekiguchi Y, Filep EM, Benjamin CL, Casa DJ, DiStefano LJ. Does Dehydration Affect the Adaptations
of Plasma Volume, Heart Rate, Internal Body Temperature, and Sweat Rate During the Induction
Phase of Heat Acclimation? J Sport Rehabil. 2020:1—4. Epub 2020/01/08. https://doi.org/10.1123/jsr.
2019-0174 PMID: 31910392.

Fan JL, Cotter JD, Lucas RA, Thomas K, Wilson L, Ainslie PN. Human cardiorespiratory and cerebro-
vascular function during severe passive hyperthermia: effects of mild hypohydration. J Appl Physiol
(1985). 2008; 105(2):433-45. Epub 2008/05/17. https://doi.org/10.1152/japplphysiol.00010.2008
PMID: 18483173.

Garrett AT, Creasy R, Rehrer NJ, Patterson MJ, Cotter JD. Effectiveness of short-term heat acclimation
for highly trained athletes. Eur J Appl Physiol. 2012; 112(5):1827-37. Epub 2011/09/15. https://doi.org/
10.1007/s00421-011-2153-3 PMID: 21915701.

Ikegawa S, Kamijo Y, Okazaki K, Masuki S, Okada Y, Nose H. Effects of hypohydration on thermoregu-
lation during exercise before and after 5-day aerobic training in a warm environment in young men. J
Appl Physiol (1985). 2011; 110(4):972—-80. Epub 2011/02/12. https://doi.org/10.1152/japplphysiol.
01193.2010 PMID: 21310891.

Judelson DA, Maresh CM, Yamamoto LM, Farrell MJ, Armstrong LE, Kraemer WJ, et al. Effect of hydra-
tion state on resistance exercise-induced endocrine markers of anabolism, catabolism, and metabo-
lism. J Appl Physiol (1985). 2008; 105(3):816—24. Epub 2008/07/12. https://doi.org/10.1152/
japplphysiol.01010.2007 PMID: 18617629.

Osterberg KL, Pallardy SE, Johnson RJ, Horswill CA. Carbohydrate exerts a mild influence on fluid
retention following exercise-induced dehydration. J Appl Physiol (1985). 2010; 108(2):245-50. Epub
2009/11/27. https://doi.org/10.1152/japplphysiol.91275.2008 PMID: 19940093.

Patterson MJ, Stocks JM, Taylor NA. Sustained and generalized extracellular fluid expansion following
heat acclimation. J Physiol. 2004; 559(Pt 1):327—-34. Epub 2004/06/26. https://doi.org/10.1113/jphysiol.
2004.063289 PMID: 15218070; PubMed Central PMCID: PMC1665061.

Tyler CJ, Reeve T, Hodges GJ, Cheung SS. The Effects of Heat Adaptation on Physiology, Perception
and Exercise Performance in the Heat: A Meta-Analysis. Sports Med. 2016; 46(11):1699-724. Epub
2016/04/24. https://doi.org/10.1007/s40279-016-0538-5 PMID: 27106556.

Pryor JL, Minson CT, Ferrera MS. Performance, Cardiovascular, Thermoregulatory, and Fluid Adjust-
ments to Heat Stress: The Rationale for Heat Acclimation. Sport and Physical Activity in the Heat.
2018:33-58. https://doi.org/10.1007/978-3-319-70217-9_3.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270093 November 17, 2022 19/21


https://doi.org/10.1016/j.jtherbio.2006.02.001
https://doi.org/10.1152/japplphysiol.00495.2010
https://doi.org/10.1152/japplphysiol.00495.2010
http://www.ncbi.nlm.nih.gov/pubmed/20724560
https://doi.org/10.1152/japplphysiol.00725.2010
https://doi.org/10.1152/japplphysiol.00725.2010
http://www.ncbi.nlm.nih.gov/pubmed/20864556
https://doi.org/10.1016/j.jtherbio.2007.04.003
https://doi.org/10.1113/jphysiol.1993.sp019482
http://www.ncbi.nlm.nih.gov/pubmed/8487204
https://doi.org/10.1007/s004240050361
https://doi.org/10.1007/s004240050361
http://www.ncbi.nlm.nih.gov/pubmed/9094255
https://doi.org/10.1007/s12192-008-0022-8
http://www.ncbi.nlm.nih.gov/pubmed/18759002
https://doi.org/10.1055/s-2007-965331
https://doi.org/10.1055/s-2007-965331
http://www.ncbi.nlm.nih.gov/pubmed/17879884
https://doi.org/10.1152/japplphysiol.00242.2007
http://www.ncbi.nlm.nih.gov/pubmed/17615280
https://doi.org/10.1123/jsr.2019-0174
https://doi.org/10.1123/jsr.2019-0174
http://www.ncbi.nlm.nih.gov/pubmed/31910392
https://doi.org/10.1152/japplphysiol.00010.2008
http://www.ncbi.nlm.nih.gov/pubmed/18483173
https://doi.org/10.1007/s00421-011-2153-3
https://doi.org/10.1007/s00421-011-2153-3
http://www.ncbi.nlm.nih.gov/pubmed/21915701
https://doi.org/10.1152/japplphysiol.01193.2010
https://doi.org/10.1152/japplphysiol.01193.2010
http://www.ncbi.nlm.nih.gov/pubmed/21310891
https://doi.org/10.1152/japplphysiol.01010.2007
https://doi.org/10.1152/japplphysiol.01010.2007
http://www.ncbi.nlm.nih.gov/pubmed/18617629
https://doi.org/10.1152/japplphysiol.91275.2008
http://www.ncbi.nlm.nih.gov/pubmed/19940093
https://doi.org/10.1113/jphysiol.2004.063289
https://doi.org/10.1113/jphysiol.2004.063289
http://www.ncbi.nlm.nih.gov/pubmed/15218070
https://doi.org/10.1007/s40279-016-0538-5
http://www.ncbi.nlm.nih.gov/pubmed/27106556
https://doi.org/10.1007/978-3-319-70217-9_3
https://doi.org/10.1371/journal.pone.0270093

PLOS ONE

Effectiveness of short-term isothermic-heat acclimation (4 days) in moderately trained males

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Garrett AT, Dodd E, Biddlecombe V, Gleadall-Siddall D, Burke R, Shaw J, et al. Effectiveness of Short-
Term Heat Acclimation on Intermittent Sprint Performance With Moderately Trained Females Control-
ling for Menstrual Cycle Phase. Front Physiol. 2019; 10:1458. Epub 2019/12/19. https://doi.org/10.
3389/fphys.2019.01458 PMID: 31849708; PubMed Central PMCID: PMC6895212.

Garrett AT, Goosens NG, Rehrer NJ, Patterson MJ, Cotter JD. Induction and decay of short-term heat
acclimation. Eur J Appl Physiol. 2009; 107(6):659—70. Epub 2009/09/04. https://doi.org/10.1007/
s00421-009-1182-7 PMID: 19727796.

Gibson OR, Turner G, Tuttle JA, Taylor L, Watt PW, Maxwell NS. Heat acclimation attenuates physio-
logical strain and the HSP72, but not HSP90alpha, mRNA response to acute normobaric hypoxia. J
Appl Physiol (1985). 2015; 119(8):889-99. Epub 2015/07/25. https://doi.org/10.1152/japplphysiol.
00332.2015 PMID: 26205540.

Petersen CJ, Portus MR, Pyne DB, Dawson BT, Cramer MN, Kellett AD. Partial heat acclimation in
cricketers using a 4-day high intensity cycling protocol. Int J Sports Physiol Perform. 2010; 5(4):535—45.
Epub 2011/01/27. https://doi.org/10.1123/ijspp.5.4.535 PMID: 21266737.

Piwonka RW, Robinson S. Acclimatization of highly trained men to work in severe heat. J Appl Physiol.
1967; 22(1):9—12. Epub 1967/01/01. https://doi.org/10.1152/jappl.1967.22.1.9 PMID: 6017659.

Willmott AGB, Hayes M, Waldock KAM, Relf RL, Watkins ER, James CA, et al. Short-term heat accli-
mation prior to a multi-day desert ultra-marathon improves physiological and psychological responses
without compromising immune status. J Sports Sci. 2017; 35(22):2249-56. Epub 2016/12/10. https://
doi.org/10.1080/02640414.2016.1265142 PMID: 27935427.

De Pauw K, Roelands B, Cheung SS, de Geus B, Rietjens G, Meeusen R. Guidelines to classify subject
groups in sport-science research. Int J Sports Physiol Perform. 2013; 8(2):111-22. Epub 2013/02/23.
https://doi.org/10.1123/ijspp.8.2.111 PMID: 23428482.

Armstrong LE, Soto JA, Hacker FT Jr, Casa DJ, Kavouras SA, Maresh CM. Urinary indices during dehy-
dration, exercise, and rehydration. Int J Sport Nutr. 1998; 8(4):345-55. Epub 1998/12/08. https://doi.
org/10.1123/ijsn.8.4.345 PMID: 9841955.

Armstrong LE, Maresh CM, Castellani JW, Bergeron MF, Kenefick RW, LaGasse KE, et al. Urinary indi-
ces of hydration status. Int J Sport Nutr. 1994; 4(3):265—79. Epub 1994/09/01. https://doi.org/10.1123/
ijsn.4.3.265 PMID: 7987361.

Dill DB, Costill DL. Calculation of percentage changes in volumes of blood, plasma, and red cells in
dehydration. J Appl Physiol. 1974; 37(2):247-8. Epub 1974/08/01. https://doi.org/10.1152/jappl.1974.
37.2.247 PMID: 4850854.

Ramanathan NL. A New Weighting System for Mean Surface Temperature of the Human Body. J Appl
Physiol. 1964; 19:531-3. Epub 1964/05/01. https://doi.org/10.1152/jappl.1964.19.3.531 PMID:
14173555.

Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. 1982; 14(5):377-81.
Epub 1982/01/01. PMID: 7154893.

Gagge AP, Stolwijk JA, Hardy JD. Comfort and thermal sensations and associated physiological
responses at various ambient temperatures. Environ Res. 1967; 1(1):1-20. Epub 1967/06/01. https://
doi.org/10.1016/0013-9351(67)90002-3 PMID: 5614624.

Cumming G. Understanding the new statistics: Effect sizes, confidence intervals, and meta-analysis:
Routledge; 2013.

Garrett AT, Gleadall-Siddall D, Burke R, Bray J, Nation F. Effectiveness of Short-Term Heat Acclimation
on Intermittent Sprint Performance in the Heat with Moderately Trained Males. Journal of Human Per-
formance in Extreme Environments (in press). 2021.

Fuijii N, Honda Y, Ogawa T, Tsuji B, Kondo N, Koga S, et al. Short-term exercise-heat acclimation
enhances skin vasodilation but not hyperthermic hyperpnea in humans exercising in a hot environment.
Eur J Appl Physiol. 2012; 112(1):295-307. Epub 2011/05/07. https://doi.org/10.1007/s00421-011-
1980-6 PMID: 21547423.

Fujii N, Tsuji B, Honda Y, Kondo N, Nishiyasu T. Effect of short-term exercise-heat acclimation on venti-
latory and cerebral blood flow responses to passive heating at rest in humans. J Appl Physiol (1985).
2015; 119(5):435-44. Epub 2015/07/15. https://doi.org/10.1152/japplphysiol.01049.2014 PMID:
26159763.

Racinais S, Mohr M, Buchheit M, Voss SC, Gaoua N, Grantham J, et al. Individual responses to short-
term heat acclimatisation as predictors of football performance in a hot, dry environment. Br J Sports
Med. 2012; 46(11):810-5. Epub 2012/07/17. https://doi.org/10.1136/bjsports-2012-091227 PMID:
22797527.

Buono MJ, Heaney JH, Canine KM. Acclimation to humid heat lowers resting core temperature. Am J
Physiol. 1998; 274(5):R1295-9. Epub 1998/06/27. https://doi.org/10.1152/ajpregu.1998.274.5.R1295
PMID: 9644042.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270093 November 17, 2022 20/21


https://doi.org/10.3389/fphys.2019.01458
https://doi.org/10.3389/fphys.2019.01458
http://www.ncbi.nlm.nih.gov/pubmed/31849708
https://doi.org/10.1007/s00421-009-1182-7
https://doi.org/10.1007/s00421-009-1182-7
http://www.ncbi.nlm.nih.gov/pubmed/19727796
https://doi.org/10.1152/japplphysiol.00332.2015
https://doi.org/10.1152/japplphysiol.00332.2015
http://www.ncbi.nlm.nih.gov/pubmed/26205540
https://doi.org/10.1123/ijspp.5.4.535
http://www.ncbi.nlm.nih.gov/pubmed/21266737
https://doi.org/10.1152/jappl.1967.22.1.9
http://www.ncbi.nlm.nih.gov/pubmed/6017659
https://doi.org/10.1080/02640414.2016.1265142
https://doi.org/10.1080/02640414.2016.1265142
http://www.ncbi.nlm.nih.gov/pubmed/27935427
https://doi.org/10.1123/ijspp.8.2.111
http://www.ncbi.nlm.nih.gov/pubmed/23428482
https://doi.org/10.1123/ijsn.8.4.345
https://doi.org/10.1123/ijsn.8.4.345
http://www.ncbi.nlm.nih.gov/pubmed/9841955
https://doi.org/10.1123/ijsn.4.3.265
https://doi.org/10.1123/ijsn.4.3.265
http://www.ncbi.nlm.nih.gov/pubmed/7987361
https://doi.org/10.1152/jappl.1974.37.2.247
https://doi.org/10.1152/jappl.1974.37.2.247
http://www.ncbi.nlm.nih.gov/pubmed/4850854
https://doi.org/10.1152/jappl.1964.19.3.531
http://www.ncbi.nlm.nih.gov/pubmed/14173555
http://www.ncbi.nlm.nih.gov/pubmed/7154893
https://doi.org/10.1016/0013-9351%2867%2990002-3
https://doi.org/10.1016/0013-9351%2867%2990002-3
http://www.ncbi.nlm.nih.gov/pubmed/5614624
https://doi.org/10.1007/s00421-011-1980-6
https://doi.org/10.1007/s00421-011-1980-6
http://www.ncbi.nlm.nih.gov/pubmed/21547423
https://doi.org/10.1152/japplphysiol.01049.2014
http://www.ncbi.nlm.nih.gov/pubmed/26159763
https://doi.org/10.1136/bjsports-2012-091227
http://www.ncbi.nlm.nih.gov/pubmed/22797527
https://doi.org/10.1152/ajpregu.1998.274.5.R1295
http://www.ncbi.nlm.nih.gov/pubmed/9644042
https://doi.org/10.1371/journal.pone.0270093

PLOS ONE

Effectiveness of short-term isothermic-heat acclimation (4 days) in moderately trained males

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Neal RA, Corbett J, Massey HC, Tipton MJ. Effect of short-term heat acclimation with permissive dehy-
dration on thermoregulation and temperate exercise performance. Scand J Med Sci Sports. 2016; 26
(8):875—-84. Epub 2015/07/30. https://doi.org/10.1111/sms.12526 PMID: 26220213.

Sotiridis A, Debevec T, Geladas N, Mekjavic IB. Are five 60-min sessions of isothermic heat acclimation
sufficient to elicit beneficial physiological adaptations? Eur J Appl Physiol. 2020; 120(9):2001-2. Epub
2020/07/28. https://doi.org/10.1007/s00421-020-04439-w PMID: 32715393.

Gonzalez-Alonso J, Teller C, Andersen SL, Jensen FB, Hyldig T, Nielsen B. Influence of body tempera-
ture on the development of fatigue during prolonged exercise in the heat. J Appl Physiol (1985). 1999;
86(3):1032-9. Epub 1999/03/06. https://doi.org/10.1152/jappl.1999.86.3.1032 PMID: 10066720.

Akerman AP, Tipton M, Minson CT, Cotter JD. Heat Stress and Dehydration in Adapting for Perfor-
mance: Good, Bad, Both or Neither?. Temperature. 2016; 3(3):412—36. https://doi.org/10.1080/
23328940.2016.1216255 PMID: 28349082

Mackay J, Patterson SD, Jeffries O, Waldron M. Limited Effects of Short-Term Heat Acclimation during
a Rugby League Training Week. Archives of Physical Health and Sports Medicine. 2018; 1(1):22-33.

Pethick WA, Murray HJ, McFadyen P, Brodie R, Gaul CA, Stellingwerff T. Effects of hydration status
during heat acclimation on plasma volume and performance. Scand J Med Sci Sports. 2019; 29
(2):189-99. Epub 2018/10/15. https://doi.org/10.1111/sms.13319 PMID: 30317666.

Schleh MW, Ruby BC, Dumke CL. Short term heat acclimation reduces heat stress, but is not aug-
mented by dehydration. J Therm Biol. 2018; 78:227-34. Epub 2018/12/05. https://doi.org/10.1016/j.
jtherbio.2018.10.004 PMID: 30509641.

Flouris AD, Schlader ZJ. Human behavioral thermoregulation during exercise in the heat. Scand J Med
Sci Sports. 2015; 25 Suppl 1:52-64. Epub 2015/05/07. https://doi.org/10.1111/sms.12349 PMID:
25943656.

Allsopp AJ, Sutherland R, Wood P, Wootton SA. The effect of sodium balance on sweat sodium secre-
tion and plasma aldosterone concentration. Eur J Appl Physiol Occup Physiol. 1998; 78(6):516-21.
Epub 1998/12/05. https://doi.org/10.1007/s004210050454 PMID: 9840406.

Brandenberger G, Candas V, Follenius M, Kahn JM. The influence of the initial state of hydration on
endocrine responses to exercise in the heat. Eur J Appl Physiol Occup Physiol. 1989; 58(6):674-9.
Epub 1989/01/01. https://doi.org/10.1007/BF00418516 PMID: 2543562.

Francesconi RP, Armstrong LE, Leva N, Moore R, Szlyk PC, Matthew WT, et al. Endocrinological
responses to dietary salt restriction during heat acclimation. Nutritional Needs in Hot Environments:
Applications for Military Personnel in Field Operations. 1993: 259.

Costello JT, Rendell RA, Furber M, Massey HC, Tipton MJ, Young JS, et al. Effects of acute or chronic
heat exposure, exercise and dehydration on plasma cortisol, IL-6 and CRP levels in trained males.
Cytokine. 2018; 110:277-83. Epub 2018/02/07. https://doi.org/10.1016/j.cyt0.2018.01.018 PMID:
29402724.

Jeukendrup A, Saris WH, Brouns F, Kester AD. A new validated endurance performance test. Med Sci
Sports Exerc. 1996; 28(2):266—70. Epub 1996/02/01. https://doi.org/10.1097/00005768-199602000-
00017 PMID: 8775164.

Armstrong LE, Maresh CM, Keith NR, Elliott TA, Vanheest JL, Scheett TP, et al. Heat acclimation and
physical training adaptations of young women using different contraceptive hormones. Am J Physiol
Endocrinol Metab. 2005; 288(5):E868-75. Epub 2004/12/16. https://doi.org/10.1152/ajpendo.00434.
2004 PMID: 15598669.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270093 November 17, 2022 21/21


https://doi.org/10.1111/sms.12526
http://www.ncbi.nlm.nih.gov/pubmed/26220213
https://doi.org/10.1007/s00421-020-04439-w
http://www.ncbi.nlm.nih.gov/pubmed/32715393
https://doi.org/10.1152/jappl.1999.86.3.1032
http://www.ncbi.nlm.nih.gov/pubmed/10066720
https://doi.org/10.1080/23328940.2016.1216255
https://doi.org/10.1080/23328940.2016.1216255
http://www.ncbi.nlm.nih.gov/pubmed/28349082
https://doi.org/10.1111/sms.13319
http://www.ncbi.nlm.nih.gov/pubmed/30317666
https://doi.org/10.1016/j.jtherbio.2018.10.004
https://doi.org/10.1016/j.jtherbio.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30509641
https://doi.org/10.1111/sms.12349
http://www.ncbi.nlm.nih.gov/pubmed/25943656
https://doi.org/10.1007/s004210050454
http://www.ncbi.nlm.nih.gov/pubmed/9840406
https://doi.org/10.1007/BF00418516
http://www.ncbi.nlm.nih.gov/pubmed/2543562
https://doi.org/10.1016/j.cyto.2018.01.018
http://www.ncbi.nlm.nih.gov/pubmed/29402724
https://doi.org/10.1097/00005768-199602000-00017
https://doi.org/10.1097/00005768-199602000-00017
http://www.ncbi.nlm.nih.gov/pubmed/8775164
https://doi.org/10.1152/ajpendo.00434.2004
https://doi.org/10.1152/ajpendo.00434.2004
http://www.ncbi.nlm.nih.gov/pubmed/15598669
https://doi.org/10.1371/journal.pone.0270093

