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ABSTRACT

Objectives: To compare heat acclimation adaptations after three and six days of either post-exercise

hot water immersion (HWI) or exercise-heat-acclimation (EHA) in recreationally active individuals.

Design: Randomised, mixed model, repeated measures.

Methods: Post-exercise HWI involved a daily 40-min treadmill-run at 65% VOapeax in temperate
conditions (19°C, 45% RH) followed by HWI (< 40 min, 40°C water; n=9). Daily EHA involved a
<60-min treadmill-run in the heat (65% VOzpeak; 33°C, 40% RH; n=9), chosen to elicit a similar
endogenous thermal stimulus to HWI. A thermoneutral exercise intervention (TNE, 19°C, 45% RH;
n=9), work-matched to EHA, was also included to determine thermoregulatory adaptations to daily
exercise in temperate conditions. An exercise heat-stress-test was performed before and after three and
six intervention days and involved a 40-min treadmill-run and time-to-exhaustion (TTE) at 65%

VO»peak in the heat (33°C, 40% RH).

Results: ANCOVA, using baseline values as the covariate, revealed no interaction effects but
significant group effects demonstrated that compared to EHA, HWI elicited larger reductions in
resting rectal temperature (7re; p=0.021), Tt at sweating onset (p=0.011), and end-exercise Tr. during
exercise-heat-stress (—0.47°C; p=0.042). Despite a similar endogenous thermal stimulus to HWI, EHA
elicited a modest reduction in end-exercise Tr. (—0.26°C), which was not different from TNE
(—0.25°C, p=1.000). There were no main effects or interaction effects for end-exercise Ty, heart rate,

physiological strain index, RPE, thermal sensation, plasma volume, or TTE (all p>0.154).

Conclusion: Compared with conventional short-term exercise heat acclimation, short-term post-

exercise hot water immersion elicited larger thermal adaptations.

Keywords: acclimatization, endurance training, running, thermotolerance, performance, hot bath.
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INTRODUCTION

In preparation for competing or working in the heat, athletes, military personnel and occupational
workers who reside in temperate conditions are advised to complete a period of heat acclimation. 2
Heat acclimation adaptations, that improve endurance capacity and reduce susceptibility to exertional
heat illness,? include an earlier onset of cutaneous vasodilatation and sweating, an increase in sweating
rate, and a reduction in resting and exercising body temperature.* > Recommendations to maximise
adaptations are to complete > 15 daily exercise heat acclimation exposures (long-term heat
acclimation), which initiate profuse sweating and maintain an elevated body temperature for > 60
min.> ¢ However, protocols can be costly, impractical, ineffective as trained individuals are considered
partially heat acclimatised,” ® and the physical demands of daily exercise-heat-stress can disrupt
training and lead to fatigue.®? As a consequence, athlete engagement with long-term exercise heat
acclimation is poor.! To reduce the time commitment, sport scientists have designed short-term heat
acclimation interventions (< 7-days), supported by the premise that ~80% of adaptations occur in 7-
days.!” However, research investigations report inconsistent reductions in core body temperature at

rest and during exercise-heat-stress following short-term exercise heat acclimation.'!

Post-exercise passive heating, such as sauna bathing'? and hot water immersion (HWI),'*!> provide
alternative, more accessible and time efficient heat acclimation strategies compared to conventional
exercise-based approaches. These exposures to hot air/water can be incorporated into normal training,
e.g., HWI as part of a post-exercise washing routine, and may also support muscle recovery.'® Six days
of post-exercise HWI presents a short-term heat acclimation strategy, which provides reductions in
thermal strain that compare favourably with long-term interventions.!' HWI exposes individuals to a
large dual thermal stimulus (i.e. elevated core and skin temperatures), which is purported to induce a
more complete state of heat acclimation.!” Furthermore, exposure to high skin temperatures has been

shown to accelerate heat acclimation adaptation in females.'®

The primary aim of the current study was to compare thermal adaptations from three and six days of

post-exercise HWI with exercise heat acclimation (EHA) in recreationally active males. In addition,



75

76

77

78

79

by including a work-matched thermoneutral exercise intervention (TNE), we investigated the
individual contributions of daily submaximal exercise and heat stress to adaptation following EHA.
We hypothesised that post-exercise HWI would accelerate the speed of adaptation compared to EHA,

and that the benefits of EHA beyond that of TNE would be modest.
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METHODS

Participants: Twenty-seven recreationally active and non-heat-acclimatised males provided written
informed consent to participate. The study received local and Ministry of Defence Research Ethics
Committee approval and was conducted following the Declaration of Helsinki (2013; although was
not pre-registered) and received Defence Science and Technology Laboratory permission to publish.
Participants were matched for fitness characteristics in groups of three and randomly assigned to either
HWI, EHA, or TNE (randomiser.org; see Table 1 for participant characteristics). HWI involved a 40-
min treadmill-run in temperate conditions (19°C) followed by hot water immersion (< 40-min, 40°C
water). To elicit a similar endogenous thermal stimulus to HWI (i.e. area under the curve, AUC, time
and magnitude T\ was >38.5°C, °C-min"!; Supplement A), EHA involved a < 60-min treadmill-run in
the heat (33°C, 40% RH). Pilot data demonstrated a similar AUC from post-exercise HWI'? vs. a 60-
min treadmill run in the heat (65%VOapeak; 33°C, 40% RH). We deemed it unnecessary to include a
thermoneutral water immersion intervention as we have previously demonstrated that it provides no
heat acclimation benefits."> We did however include a thermoneutral exercise intervention (TNE) to
account for the effect of daily submaximal exercise on thermoregulatory adaptations. To enable work-
matching with EHA, TNE participants completed the same external work > 1-day after EHA

participants.

Table 1. Participant characteristics of post-exercise hot water immersion (HWI), exercise heat

acclimation (EHA) and thermoneutral exercise (TNE).

HWI EHA TNE
Age (years) 2243 20+2 21+2
Height (cm) 1775 181 £5 178 £ 6
Body mass (kg) 73+ 7 74 +7 70+ 7
VOzpeak (ml-kg '-min) 53+6 54 +3 53+4

Data are displayed as mean = SD. N = 9, each group.
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***Fig. 1 near here®**

Fitness assessment: Participants completed a fitness assessment within a week before their first
experimental trial. VOapeax Was assessed using a continuous maximal incremental exercise test
performed on a motorised treadmill (HP Cosmos Mercury 4.0, Nussdorf-Traunstein, Germany) in a
temperate laboratory (19°C) to volitional exhaustion. VOapeax Was determined as the highest oxygen
uptake attained over a 30-s period. A running speed that elicited 65% VOapeak in temperate conditions
was determined by the interpolation of the running speed—VO; relationship. Participants were then
familiarised with the treadmill running speed and experimental trial procedures. As temperate training
influences heat acclimation adaptations,’ participants’ physical activity time (> 3 METS) for the

duration of the study was assessed (Fitbit Flex, San Francisco, USA).

Experimental trials: Participants completed three experimental trials: before and after three, and six
days of their assigned intervention (Fig. 1). Twenty-four hours before experimental trials, participants
refrained from exercise, alcohol, diuretics, and caffeine. Before the first experimental trial, participants
completed a diet diary and replicated this food and fluid intake before subsequent experimental trials.
To ensure a similar circadian pattern, participants were instructed to sleep between 2200-h and 0700-h
before experimental trials; sleep duration and quality were confirmed (Actigraph wGT3X-BT,

Actigraph, Pensacola, USA).

On the day of the experimental trials (Fig. 1), participants arrived at the laboratory at 0730-h and were
provided with a standardised breakfast (2091 kilojoules, 71 g carbohydrate, 18 g fat, 17 g protein) and
a bolus of water (7 mL-kg ™' of body mass). Following 20-min seated rest in temperate conditions
(19°C, 45% RH), participants completed the Profile of Mood States questionnaire!® to determine total
mood disturbance and energy index (vigour—fatigue), to detect perceived training-induced fatigue. A
venous blood sample was taken without stasis and total haemoglobin mass, blood volume, and plasma
volume were assessed using the optimised carbon monoxide rebreathing technique.? Briefly, aliquots
of whole blood were used for the immediate determination of haemoglobin concentration (g-dL ™), in

duplicate (Hemocue, Sheffield, UK) and haematocrit (%), in triplicate (capillary tube method). Total
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haemoglobin mass was estimated from the percentage change in carboxyhaemoglobin concentration
(ABL80 CO-OX Flex hemoximeter Radiometer; Copenhagen, Denmark) measured in duplicate from
earlobe capillary blood samples collected before and after rebreathing a mixed bolus of (0.8 mL-kg™!
body mass) carbon monoxide (99.9%) and oxygen (3 L, 99.5%). Total haemoglobin mass,
haemoglobin concentration and haematocrit (%) was used to calculate blood volume (mL;
[haemoglobin mass / haemoglobin concentration] x 100) and red cell mass (mL; blood volume x
[haematocrit / 100]) for the calculation of plasma volume (mL; = blood volume — red cell mass).?’ A
urine sample was analysed using a handheld refractometer (Atago Uricon-Ne refractometer, NSG
Precision cells, New York, USA); exercise began when urine specific gravity was < 1.03.2' A rectal
thermistor (Henleys Medical Supplies Ltd., Herts, UK), fitted 10 cm beyond the anal sphincter, and a
data logger (YSI model 4000A; YSI, Dayton, Ohio, USA) provided a measure of rectal core
temperature (7r.). A pre-exercise nude body mass was recorded using a digital platform scale (Model
703; Seca, Hamburg, Germany). Skin thermistors (Grant EUS-U, Cambridge, UK) were attached on
the right side of the body (on the chest at a midpoint between the acromion process and the nipple, the
lateral mid-bicep, the anterior mid-thigh and lateral calf) and recorded using a data logger (Grant
SQ2020, Cambridge, UK); mean skin temperature (7«) was calculated using the following four-site
weighted equation: T = 0.3(Tchest + Tarm) + 0.2(Tinigh + Tearr).>* Following instrumentation, participants

rested for a further 30-min in temperate conditions (19°C, 45% RH) to establish baseline measures.

At 0945-h, dressed in shorts, socks, and trainers, participants entered the environmental chamber
(Delta Environmental Systems, Chester, UK; 33°C, 40% RH; 0.2 m"s™! wind velocity) to complete a
40-min treadmill run at 65% VOspeak. No fluids were consumed and T, skin temperatures, and heart
rate (Polar FT1, Polar Electro, Kempele, Finland) were monitored continuously. Local forearm sweat
rate was measured by dew point hygrometry. Anhydrous compressed nitrogen was passed through a 5-
cm? capsule affixed to the lower arm ventral surface (halfway between the antecubital fossa and
carpus) and connected to a hygrometry system (DS2000; Alpha Moisture Systems, UK). Local
forearm sweating rate was calculated using the difference in water content between effluent and

influent air and the flow rate (1 L-min ') and normalised for the skin surface area under the capsule



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

(expressed in milligrams per square centimetre per minute). Ty at sweating onset was determined by
plotting the relationship between local forearm sweat rate and Tr. (recorded at 20-s intervals) before
using segmented linear regression to identify the breakpoint in the two line segments.? Rating of
perceived exertion (RPE),?* thermal sensation,” oxygen uptake (VO,) and respiratory exchange ratio
(RER), assessed by the Douglas bag method, were recorded every 10-min. On completion of the
exercise, participants rested for 20-min in temperate conditions (19°C, 45% RH), during which they

t,26

completed a modified Stroop test,*°, and provided a nude body mass to estimate whole-body sweat

rate.

Participants then re-entered the environmental chamber and completed a TTE on a motorised treadmill
at 65% VOnpeak. Participants were instructed to “run for as long as possible”. TTE was terminated
when participants stopped running owing to volitional exhaustion, thermal discomfort, or when i
exceeded 39.5°C. No fluids were consumed, no feedback was provided, and T;. and heart rate were
monitored continuously. Following the cessation of exercise, capillary blood lactate concentrations
were assessed (Lactate Pro 2™, Arkray, Australia) as a marker of short-term overreaching.
Participants were provided with a bolus of water and were free to leave the laboratory when 7;. <

38.5°C.

Daily intervention: Each participant completed two, three consecutive day blocks of their assigned
intervention (Fig. 1), during which they consumed their normal diet and fluid intake. Each day,
participants arrived at the laboratory (0600-h and 1300-h), fitted a rectal thermistor to monitor 7., and
completed a 15-min seated rest in temperate conditions. Participants commenced their assigned
intervention dressed in shorts, socks, and trainers. A bolus of water (5 mL-kg ' of nude body mass)

was consumed during the first 20-min of exercise.

HWI involved a 40-min treadmill run in temperate conditions (65% VOapear; 19°C, 45% RH; 0.2 m-s™"
wind velocity) followed by a semi-recumbent < 40-min hot water immersion (40°C) to the neck, as
described.”” EHA and TNE involved a < 60-min treadmill run at the predetermined speed that reflected

65% VOapeax (in temperate conditions) in hot (33°C, 40% RH; 0.2 m-s ™' wind velocity) or temperate
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conditions (19°C, 45% RH; 0.2 m's™! wind velocity). Intervention sessions were terminated if maximal

immersion or exercise duration was reached, at the participant’s volition, or if 7. exceeded 39.5°C.

Statistical Analysis: A sample size estimation (G*Power 3.1.9)*” was performed using data from post-
exercise HWI (—0.36°C),"* exercise heat acclimation (—0.22°C)* and thermoneutral exercise (0.00°C),
with a pooled SD of 0.2°C. A one-way analysis of variance (ANOVA; alpha = 0.05, power = 0.8,
correlation = 0.7) estimated that eight participants per group was required to detect a difference in the
change in end-exercise Tr. between groups. However, following statistical advice during the review
process, a two-way mixed-methods analysis of covariance (ANCOVA) was considered the more
appropriate and statistically powerful approach for comparing the effectiveness of interventions. To
ensure adequate power and allowing for dropout, nine participants per group were recruited. All data
were checked for normality and sphericity, presented as mean and standard deviation (SD), and
statistical significance was accepted at p<0.050. Uncertainty in the true (population) values of effects
is presented as 95% confidence intervals (CI). A two-way mixed model ANCOVA with baseline
(PRE) as the covariate was used to compare hallmark heat acclimation adaptations (e.g., end-exercise
T:) across time (post three days vs. post six days) and between groups (HWI vs. EHA vs. TNE). The
endogenous thermal stimulus and physical activity during each of the daily interventions was
compared using a two-way mixed model analysis of variance (ANOVA). Bonferroni-adjusted pairwise
comparisons were used where appropriate to determine where differences occurred. The magnitude of
effect was reported using Cohen’s d, where 0.2, 0.5, and 0.8 represent small, medium, and large
effects, respectively.? Pearson’s correlations determined the strength of the relationship between
hallmark adaptations and changes in TTE. To assess endogenous thermal stimulus, the AUC was
performed on the daily intervention T} (time and magnitude 7. was >38.5°C) in each group using the
trapezoid method.*® A statistically meaningful change in end-exercise T was defined as —0.34°C
based on the large beneficial effect observed in a recent meta-analysis.!! Data were analysed using
SPSS version 27 (IBM Corporation, NY, USA), or GraphPad Prism Version 9 (GraphPad Software

Inc. La Jolla, USA).
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RESULTS

Daily intervention: All participants completed six days of their assigned intervention. Differences in
the daily endogenous thermal stimulus were observed between groups (main effect of group, /=29.756,
p<0.001; Supplement A), for example, mean daily AUC for T} > 38.5°C was similar in HWI and
EHA (HWI, 17 £ 3°C'min!; EHA, 17 = 7°C-min!; p=1.000) but lower in TNE (2 £ 3°C-min";
p<0.001; Supplement A). The daily endogenous thermal stimulus was maintained throughout the six-
day intervention (main effect of time, /=0.035, p=0.853; interaction effect, /=1.019, p=0.376), owing
to an increase (main effect of time, /=7.897, p=0.010) in mean daily HWI (days 1-3, 31 £+ 6 min; days
6-8, 35 £ 5 min) and EHA duration (days 1-3, 49 + 9 min; days 68, 54 + 8 min) . Following a
significant main effect of group (=4.315, p=0.025), post hoc pairwise comparisons revealed that total
external work was lower in HWI (37 + 6 km) compared to EHA (48 + 9 km, p=0.026), but no
differences were detected between TNE (45 + 9 km) and EHA (p=1.000), or between TNE and HWI
(p=0.169). No differences were observed for daily physical activity time (> 3 METS) throughout the
study protocol, evidenced by no main effects of time or group, and no interaction effect (all p>0.423;

Supplement A).

Hallmark heat acclimation adaptations: No differences were detected between groups for sleep
duration (6 + 1 h), sleep efficiency (86 + 9%) or urine specific gravity (1.019 £ 0.007) before
experimental trials, evidenced by no main effects of time or group, and no interaction effects (all
p=>0.336). A two-way mixed model ANCOVA, with baseline as the covariate, detected a main effect
of group for resting 7T;. (~6.438, p=0.006, Fig. 2A and C), end-exercise Tr. (/=5.299, p=0.013, Fig. 2B
and D), T at sweating onset (=7.633, p=0.003), and whole-body sweat rate (/=7.633, p=0.001,
Supplement B); there were no main effects of time or interaction effects (all p>0.144). Post hoc
pairwise comparisons revealed that HWI elicited a larger reduction in resting 7t (baseline-adjusted:
—0.38 = 0.23°C, CI: —0.26 to —0.49°C, d=1.6) compared to EHA (—0.14 = 0.23°C, CI: —0.03 to
—0.26°C, p=0.021, d=0.6) and TNE (—0.12 + 0.23°C, CI: —0.01 to —0.24°C, p=0.011, d=0.5; Fig. 2A).
Similarly, the reduction in end-exercise 7;. was larger following HWI (—0.47 &+ 0.23°C, CI: —0.36 to

—0.58°C, d=2.1) compared to EHA (—0.26 + 0.24°C, CI: —0.15 to —0.38°C, p=0.042, d=1.1) and TNE
10



232 (—0.25 £0.23°C, CI: —0.14 to —0.37°C; p=0.025, d=1.1; Fig. 2B). Furthermore, HWI elicited a

233 statistically meaningful decrease in end-exercise Tre (i.e. >0.34°C reduction)'! after only three days.
234  No differences were observed between EHA and TNE for resting Tr. (p=1.000) or end-exercise Tr
235  (p=1.000). T at sweating onset was reduced in accordance with resting T, with reductions being
236  larger following HWI compared with EHA (p=0.011) and TNE (p=0.005; Supplement B); no

237  differences were observed between EHA and TNE (p=1.000). Whole-body sweat rate was greater
238  following HWI (p=0.001) and EHA (p=0.009) compared to TNE, but no difference was detected
239  between HWI and EHA (p=0.950; Supplement B). The change in T during the 40-min treadmill-run
240  in the heat was lower at POST6 compared to at POST3, evidenced by a main effect of time (=4.444,
241 p=0.046, Supplement B); however, no differences were detected between groups (main effect of

242 group, f=1.046, p=0.368; interaction effect, /=1.046, p=0.368). No main effects of time or group, and
243  no interaction effects were detected for end-exercise Ty, heart rate, physiological strain index, RPE,
244 thermal sensation, plasma volume, blood volume, total haemoglobin mass, mean VO, or mean RER

245  (all p>0.154; Supplement B).

246 ***Fig. 2 near here***

247  Seven participants were removed from the TTE analysis owing to: reaching the T:. ethical cut-off

248  (HWI, n=2); going to the toilet (EHA, n=1); lower limb discomfort (TNE, n=1); exercise-induced

249  bronchoconstriction (TNE, n=1); nausea (TNE, n=1); and an obvious lack of effort without markers of
250  overreaching at rest (TNE, n=1). No main effects of time or group, and no interaction effects (all

251  p=0.416) were observed in the remaining 20 participants who completed the TTE protocol (7 HWI; 8
252  EHA; 5 TNE; Supplement C). Correlational analysis revealed that the change in TTE was associated
253  with the magnitude of adaptation in end-exercise Tr. (r = —0.47, p=0.019), end-exercise physiological
254 strain index (r = —0.54, p=0.008), and whole-body sweat rate ( = 0.49, p=0.013). There were no main
255  effects of time or group, and no interaction effects detected for markers of short-term overreaching (all
256  p=0.172), including: mood disturbance, energy index, Stroop reaction time, Stroop accuracy, end-TTE
257  heart rate, end-TTE blood lactate, and sleep efficiency. Although interestingly, the three EHA

258  participants who experienced no improvement or a decline in endurance capacity (Supplement C)

11



259  showed some signs of overreaching, evidenced by an increase in total mood disturbance (+29), and

260  decreases in energy index (—15), sleep efficiency (—13%), and Stroop accuracy (—3%).
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DISCUSSION

The current study sought to compare adaptations after three and six days of post-exercise HWI and
EHA in recreationally active males. In addition, the individual contributions of daily submaximal
exercise and heat stress to the adaptations following EHA were investigated. The novel finding is that
short-term post-exercise HWI elicits larger thermal adaptations compared with short-term EHA. For
example, resting 7. was lower following HWI (—0.38°C) compared to EHA (—0.14°C), which
translated to a lower end-exercise Tr. (—0.47°C) during exercise-heat-stress. Despite a similar daily
endogenous thermal stimulus during HWI and EHA (Supplement A), the benefits of exercising in the
heat beyond exercising in temperate conditions appear modest (end-exercise 7t reduction: EHA,

—0.26°C; TNE, —0.25°C).

Post-exercise HWI initiated a large reduction in resting 7r (—0.38°C), which accounted for most of the
reduction in end-exercise Tr. during exercise-heat-stress (~81%). The induction of a large reduction in
resting 7+ following HWI is likely due to exposure to a large dual thermal stimulus (average end-
immersion Ty was 39.3°C and Ty was 40°C), which is purported to induce a more complete state of
heat acclimation.'” We contend that this dual thermal stimulus is necessary for meaningful heat
acclimation adaptations to arise; a recent post-exercise HWI study eliciting an end-intervention 7t of
only 38.4°C observed no further benefit compared to exercise in the heat alone.?! Furthermore, the
HWI protocol in the current study likely elicited a greater peripheral stimulus as skin temperature was
continuously elevated for the whole immersion duration. In the present study, EHA had no effect on
resting 7t beyond that of exercise in temperate conditions, despite eliciting a similar endogenous
thermal stimulus to HWI. The larger reductions in resting 7r., end-exercise 7. and 7r. at sweating
onset after HWI compared to EHA are likely due to a higher skin temperature during the daily
intervention (40°C vs. ~35°C). This finding is supported by previous work that demonstrated an
accelerated rate of phenotypic adaptation when a high skin temperature was employed in conjunction
with conventional exercise heat acclimation.'® Research has linked the repeated elevation in skin
temperature and activation of warm-sensitive neurons to the induction of hypothalamic neural network

changes that reduce resting core temperature.*? Accordingly, the induction of meaningful heat
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acclimation benefits is dependent upon the magnitude of both the endogenous thermal stimulus and
skin temperature.'” In addition, HWI may elicit haematological adaptations (e.g., plasma volume
expansion) distinct from conventional exercise heat acclimation;** however, no differences were

observed in plasma volume following the interventions.

The inclusion of a work-matched thermoneutral exercise intervention allows for insights into the
individual influence of daily submaximal exercise and heat stress on adaptations in recreationally
active participants. For example, after adjusting for baseline, ~96% of the reduction in end-exercise Tt
following six days of EHA, was observed from daily thermoneutral exercise alone (—0.26°C vs.
—0.25°C). Aligning with previous research,'' EHA had a larger effect on increasing whole-body sweat
rate compared to daily exercise in temperate conditions, but this did not translate to an improvement in
endurance capacity in the heat. It is however worth noting that three EHA participants experienced
either a decline or no change in TTE, coinciding with evidence of short-term overreaching (e.g. total
mood disturbance and sleep efficiency).** The combined stressors of daily exercise-heat-stress could
have exhibited these abnormal training responses within our recreationally active population.** As
such, interventions should be undertaken with caution, while ensuring adequate time for recovery to

minimise fatigue and ensure adaptations are fully realised.®

The reduction in end-exercise Ty following six days of post-exercise HWI in the present study
(—0.47°C) exceeds that previously reported (—0.36°C).!° This is likely explained by the lower aerobic
fitness of the participants in the present study (53 ml-kg 'min~! vs. 61 ml-kg'-min");'*# endurance-
trained individuals are considered partially heat acclimatised and to have a reduced adaptation
potential.” ® Furthermore, the current study involved an additional exercise-heat exposure
(experimental trial) and rest-day after three days (Fig. 1). It is possible that previous research, adopting
a limited recovery period between the final heat acclimation bout and the exercise-heat-stress test, may

underplay heat acclimation benefits, as the full effects may manifest after adequate recovery.?

While the data clearly demonstrate heat acclimation adaptations, findings on the effectiveness of the

interventions for improving TTE should be considered with caution owing to the small sample size. As
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such, future work with a larger sample size is required to confirm (or reject) whether post-exercise
HWI provides favourable improvements in endurance capacity in the heat compared to EHA. We also
recognise that while the approach used in the current study allowed us to examine the importance of
the dual thermal stimulus for heat acclimation adaptation, mean body temperature (calculated from
core and skin temperature) was likely higher during HWI compared to EHA. Hence, further research
is required to determine whether post-exercise HWI compares favourably to EHA when mean body

temperature is matched.

Conclusion

Short-term post-exercise HWI intervention elicited larger thermal adaptations compared with
conventional short-term exercise heat acclimation. In addition, the thermal benefits of conventional

short-term exercise heat acclimation beyond exercising in temperate conditions appear modest.

Practical Implications

e Conventional short-term fixed intensity exercise heat acclimation initiates inconsistent and
relatively modest thermal adaptations.

e Short-term post-exercise hot bath intervention initiates larger thermal adaptations compared with
conventional short-term exercise heat acclimation.

e Taking a hot bath submerged to the neck, for up to 40 min, following habitual training in
temperate conditions, presents a practical and economical heat acclimation intervention —
eliminating the requirement for an increased training load, access to an environmental chamber or
relocation to a hot climate.

e To facilitate adaptations from the post-exercise hot bath intervention, exposure to a large dual
thermal stimulus (i.e. maintained elevation in both core temperature > 38.5°C and skin

temperature ~40°C) is required.

15



338
339
340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

REFERENCES

1.

10.

Périard JD, Racinais S, Timpka T, et al. Strategies and factors associated with
preparing for competing in the heat: a cohort study at the 2015 TAAF World Athletics
Championships. Br J Sports Med. 2017; 51(4):264-270.

Racinais S, Alonso JM, Coutts AJ, et al. Consensus recommendations on training and
competing in the heat. Br J Sports Med. 2015; 49(7):1164-1173.

Périard JD, Racinais S, Sawka MN. Adaptations and mechanisms of human heat
acclimation: Applications for competitive athletes and sports. Scand J Med Sci Sports.
2015; 25(S1):20-38.

Lorenzo S, Halliwill JR, Sawka MN, Minson CT. Heat acclimation improves exercise
performance. J Appl Physiol. 2010; 109(4):1140-1147.

Taylor NAS. Human heat adaptation. Compr Physiol. 2014; 4(1):325-365.

Saunders PU, Garvican-Lewis LA, Chapman RF, Périard JD. Special Environments:
Altitude and Heat. Int J Sport Nutr Exerc Metab. 2019; 29(2):210-219.

Gisolfi C, Robinson S. Relations between physical training, acclimatization, and heat
tolerance. J Appl Physiol. 1969; 26(5):530-534.

Shvartz E, Shapiro Y, Magazanik A, et al. Heat acclimation, physical fitness, and
responses to exercise in temperate and hot environments. J Appl Physiol Respir
Environ Exerc Physiol. 1977; 43(4):678-683.

Schmit C, Duffield R, Hausswirth C, Brisswalter J, Le Meur Y. Optimizing Heat
Acclimation for Endurance Athletes: High- vs Low-Intensity Training. Int J Sports
Physiol Perform. 2018; 13(6):816-823.

Robinson S, Turrell ES, Belding HS, Horvath SM. Rapid acclimatization to work in

hot climates. Am J Physiol. 1943; 140(2):168-176.

16



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

11.

12.

13.

14.

15.

16.

17.

18.

19.

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 Medicine. 2016; 46(11):1699-1724.

Scoon GS, Hopkins WG, Mayhew S, Cotter JD. Effect of post-exercise sauna bathing
on the endurance performance of competitive male runners. J Sci Med Sport. 2007,
10(4):259-262.

Zurawlew MJ, Mee JA, Walsh NP. Post-exercise Hot Water Immersion Elicits Heat
Acclimation Adaptations That Are Retained for at Least Two Weeks. Front Physiol.
2019; 10:1-11.

Zurawlew MJ, Mee JA, Walsh NP. Post-exercise Hot Water Immersion Elicits Heat
Acclimation Adaptations in Endurance Trained and Recreationally Active Individuals.
Front Physiol. 2018; 9:1-10.

Zurawlew MJ, Walsh NP, Fortes MB, Potter C. Post-exercise hot water immersion
induces heat acclimation and improves endurance exercise performance in the heat.
Scand J Med Sci Sports. 2016; 26(7):745-754.

Versey NG, Halson SL, Dawson BT. Water immersion recovery for athletes: effect on
exercise performance and practical recommendations. Sports Med. 2013; 43(11):1101-
1130.

Regan JM, Macfarlane DJ, Taylor NA. An evaluation of the role of skin temperature
during heat adaptation. Acta Physiol Scand. 1996; 158(4):365-375.

Mee JA, Peters S, Doust JH, Maxwell NS. Sauna exposure immediately prior to short-
term heat acclimation accelerates phenotypic adaptation in females. J Sci Med Sport.
2018; 21(2):190-195.

Grove JR, Prapavessis H. Preliminary evidence for the reliability and validity of an

abbreviated Profile of Mood States. Int J Sport Psychol. 1992; 23(2):93-109.

17



388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

20.

21.

22.

23.

24.

25.

26.

27.

28.

Schmidt W, Nicole P. The optimised CO-rebreathing method: A new tool to determine
total haemoglobin mass routinely. Eur J Appl Physiol. 2005; 95(5-6):486-495.
Armstrong LE. Hydration Assessment Techniques. Nutrition Reviews. 2005; 63(6):40-
54.

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

Cheuvront SN, Bearden SE, Kenefick RW, et al. A simple and valid method to
determine thermoregulatory sweating threshold and sensitivity. J Appl Physiol (1985).
2009; 107(1):69-75.

Borg G. Perceived exertion as an indicator of somatic stress. Scand J Rehabil Med.
1970; 2(2):92-98.

Hollies NRS, Goldman GRF. Psychological scaling in comfort assessment, in
Clothing Comfort: Interaction of Thermal, Ventilation, Construction, and Assessment
Factors. Hollies NRS, Goldman GRF, ed”eds. Ann Arbor, Ann Arbor Science
Publishers, 1977.

Dupuy O, Lussier M, Fraser S, Bherer L, Audiffren M, Bosquet L. Effect of
overreaching on cognitive performance and related cardiac autonomic control. Scand J
Med Sci Sports. 2014; 24(1):234-242.

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res
Methods. 2007; 39(2):175-191.

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.

18



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

29.

30.

31.

32.

33.

34.

35.

Cohen J. Statistical Power Analysis for The Behavioral Sciences, Hillsdale, NJ,
Lawrence Erlbaum Associates; 1988.

Cheuvront SN, Chinevere TD, Ely BR, et al. Serum S-100beta response to exercise-
heat strain before and after acclimation. Med Sci Sports Exerc. 2008; 40(8):1477-
1482.

Stevens CJ, Ross MLR, Carr MLR, et al. Postexercise Hot-Water Immersion Does
Not Further Enhance Heat Adaptation or Performance in Endurance Athletes Training
in a Hot Environment. Int J Sports Physiol Perform. 2020 (Ahead of print)

https://doi.org/10.1123/iispp.2020-0114.

Tan CL, Cooke EK, Leib DE, et al. Warm-Sensitive Neurons that Control Body
Temperature. Cell. 2016; 167(1):47-59.e15.

Kissling LS, Akerman AP, Cotter JD. Heat-induced hypervolemia: Does the mode of
acclimation matter and what are the implications for performance at Tokyo 2020?
Temperature (Austin). 2019; 7(2):129-148.

Meeusen R, Duclos M, Foster C, et al. Prevention, diagnosis and treatment of the
overtraining syndrome: Joint consensus statement of the European College of Sport
Science (ECSS) and the American College of Sports Medicine (ACSM). Eur J Sport
Sci. 2013; 13(1):1-24.

Daanen HA, Jonkman AG, Layden JD, Linnane DM, Weller AS. Optimising the

acquisition and retention of heat acclimation. /nt J Sports Med. 2011; 32(11):822-828.

19


https://doi.org/10.1123/ijspp.2020-0114

433
434

435

436

437

438

439

440

441

442

FIGURE LEGENDS

Fig. 1. Schematic of study design. HWI; post-exercise hot water immersion, EHA; exercise heat

acclimation and TNE; work-matched thermoneutral exercise.

Fig. 2. Influence of three (POST3) and six days (POST6) of thermoneutral exercise (TNE), exercise
heat acclimation (EHA), or post-exercise hot water immersion (HWI) on resting rectal core
temperature (7r) (A) and end-exercise Ty following a 40-min treadmill run at 65% VOzpeax in the heat
(33°C, 40% RH) (B). Bars represent the baseline-adjusted mean change from baseline; circles

represent individual participant responses.
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Fig. 1. Schematic of study design. HWI; post-exercise hot water immersion, EHA; exercise heat acclimation and TNE; work-matched thermoneutral exercise.
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445
446  Fig. 2. Influence of three (POST3) and six days (POST6) of thermoneutral exercise (TNE), exercise heat acclimation (EHA), or post-exercise hot water

447  immersion (HWTI) on resting rectal core temperature (7r.) (A) and end-exercise Ty following a 40-min treadmill run at 65% VOapeax in the heat (33°C, 40%

448  RH) (B). Bars represent the baseline-adjusted mean change from baseline; circles represent individual participant responses.
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449  Supplementary material
450

451  Supplement A The daily thermal stimulus for adaptation and physical activity during days 1-3 and days 6—8 of thermoneutral exercise (TNE), exercise heat

452  acclimation (EHA) and post-exercise hot water immersion (HWI).

1-3 4-6
TNE EHA HWI TNE EHA HWI
Duration Ty > 38.5°C (min) # 9+15 36129 35+£5% 7+11 37+£10% 3079
AUC (°C'min") # 2+5 18+£9% 16 4% 2+4 16+7% 18+3 %
End intervention Ty (°C) # 382+0.5 39.2+£03% 39.2+£02% 382+0.5 39.2+£02% 39.3+£0.1%
Physical activity > 3 METS (min) 121 £ 80 138 £81 138 £55 120 £ 46 125 £43 135 £ 66

Tye; rectal core temperature, AUC, area under the curve for Tr. > 38.5°C. Data are displayed as mean + SD of days 1-3 and days 6-8. #p<0.01 denotes
main effect of group; **p<0.01 denotes group different from TNE overall.

453
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454

455

456

Supplement B Influence of three (POST3) and six days (POST6) of thermoneutral exercise (TNE), exercise heat acclimation (EHA) or post-exercise hot water

immersion (HWI) on heat acclimation adaptations at rest and during a 40-min treadmill run at 65% VOapeax in the heat (33°C, 40% RH).

TNE EHA HWI

PRE POST3 POST6 PRE POST3 POST6 PRE POST3 POST6
Resting Ty (°C) # 37.05+0.25 36.97+0.19 36.94+0.22 37.08 +£0.29 36.96 +0.19 36.90+0.22 37.10+0.24 36.72+0.19%%  36.68 £0.22%%
End-exercise T, (°C)* 38.68 +£0.49 38.62+0.26 38.52+0.21 38.98 +0.31 38.58 +£0.26 38.53+0.21 38.80+0.27 38.44+0.26"%  38.25+020"%
T, at sweating onset (°C) # 36.99 +0.25 36.92+0.18 36.89£0.20 37.03+0.32 36.93+0.18 36.83+0.20 37.08 +£0.27 36.70 5:: 0.18" 36.58 5:: 020"
A T, during exercise (°C) * 1.63 +0.49 1.66 +0.26 1.58 +£0.28 1.91+0.19 1.62+0.26 1.64+0.29 1.69 £ 0.31 1.72+£0.25 1.57+0.28
Whole-body sweat rate (L-h™") 0.84+0.12 0.85+0.08 0.83 +£0.06 0.91+0.16 0.94 £ 0.08% 0.93 £0.06% 0.92+0.20 0.95 + 0.08% 0.97 £0.06%
End-exercise Ty (°C) 35.63+0.62 35.15+0.49 35.06 +£0.45 35.78 £0.79 352240.50 34.97+0.46 35.19+0.62 34.91+0.51 34.86 +£0.47
End-exercise heart rate (beats-min ") 182+ 16 1776 173+£6 189+ 11 175+ 6 170+ 6 183+11 173+£6 167+6
End-exercise physiological strain 7.6+£12 74+0.6 7.1+0.5 8.5+0.9 72+0.6 7.0+0.5 8.0+04 7.1+0.5 6.6 +0.5
Plasma volume (ml) 3031 +365 3139 +£269 3197 £228 3203 +248 3287 +270 3314 +228 3108 + 659 3169 +268 3249 £227
Blood volume (ml) 5647 + 604 5711 +343 5771 +£328 5625 + 755 5864 + 347 5930 +331 5688 + 853 5819 +344 5925 +329
Total haemoglobin mass (g) 861 +£90 847 +49 851 +46 847 £ 103 878 + 50 869 + 46 851+ 125 899 +49 843 + 46
Mean VO, (L-min™") 2.72+0.26 2.65+0.13 2.65+0.15 3.01+£0.35 2.98+0.13 2.96+0.15 2.90 +0.50 2.86+0.13 2.86+0.14
Mean RER 0.92 +0.03 0.91+0.04 0.91+0.03 0.92 £0.08 0.93 £0.05 0.92 £0.03 0.93 +£0.04 0.92 +0.05 0.93 +0.03
End-exercise RPE (6-20 scale) 16+2 15+1 15+0 15+3 14+1 14+0 15+2 14+1 14+0
ﬁnj';’;‘zr:lf)“hermal sensation 1141 1140 1140 141 1040 1040 1041 10£0 10£0
Time to exhaustion (s) 1300 + 349 1327 + 497 1395 + 664 1156 +423 1342 £ 515 1512 + 687 1821 + 936 2031 + 532 2466 + 710

Tre, rectal core temperature; Tsk, mean skin temperature; RER, respiratory exchange ratio; RPE, rating of perceived exertion. Data are mean + SD at PRE and baseline-
adjusted mean = SD at POST3 and POST6. *p<0.05 denotes main effect of time; *p<0.05, #p<0.01; denotes main effect of group; 'p<0.05 denotes HWI different from EHA
overall; $p<0.05, p<0.01 denotes group different from TNE overall.
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457

458  Supplement C Influence of three (POST3) and six days (POST6) of thermoneutral exercise (TNE, n = 5), exercise heat acclimation (EHA, n = 8) or post-
459  exercise hot water immersion (HWI, 7 = 7) on treadmill (65% VOzpeax) time to exhaustion (TTE) in the heat (33°C, 40% RH). Bars represent the baseline-

460  adjusted mean change (A) and percentage change (B) from baseline; circles represent individual participant responses.
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