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Abstract

The fundamental aim of this meta-analysis  was to evaluate the effectiveness of post-exercise
hot-water immersion as a method of eliciting heat-acclimation responses. The secondary aim
was to identify if an intervention period of 5 to 9 days of post-exercise hot-water immersion had
any effect on time-trial finishing times in hot environmental conditions. Four databases were
used along with two academic search engines to search for studies that satisfied the inclusion
criteria. In order to fulfil the inclusion criteria, studies had to be either randomised-control
trials or mixed-method design in nature, focusing on hot-water immersion or heat acclimation,
with the full text publicly available. Three repeated-measures design studies, two randomised-
control trials and one randomised cross-over design study were included. Statistical analysis
took place by calculating effect sizes comparing pre- and post-intervention testing for all of the
main outcome measures. The main outcome measures were time to complete a predetermined
treadmill-based time trial, during-exercise heart rate and post-exercise heart rate, rectal
temperature, physiological strain index and thermal sensation.

Once the effect sizes had been calculated, they were graphically represented using forest plots
heterogeneity tests in Meta-Essentials Excel software package.

The results of the meta-analysis indicate that a 5- to 9-day protocol of post-exercise hot-water
immersion reduces: time taken to complete a treadmill-based time trial, heart rate (-9 BPM ±
1.3), rectal temperature (-0.38 ± 0.03 °C). Additionally, sweat rate increased by 0.09 litres.
Changes in ratings of perceived exertion, physiological heat strain index and thermal sensation
were considered statistically significant. There was no difference between endurance-trained
and recreationally trained individuals in relation to changes in ratings of perceived exertion as a
result of heat training. However, the time delay between when exercise was conducted and
when hot-water immersion occurred significantly impacted measures of thermal sensation.
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Introduction

Acute exercise in hot environmental conditions increases physiological strain; inducing an
increase in whole-body temperature leading to thermal discomfort, increased cardiovascular
strain, perception of exertion and impairment of aerobic capabilities (Casa et al., 2015; Racinais
et al., 2015; Young et al., 1985;). However, long-term exposure to heat stress intensifies
thermoregulatory responses, enhances submaximal exercise performance, improves maximal
oxygen uptake (VO2max ) (Guy et al., 2016; Tyler et al., 2016), improves skin blood flow

response, and increases sweat rate and plasma expansion (Racinais et al., 2015; Chong and Zhu,
2017) while mitigating the effect of thermal discomfort.

To counteract the impacts of thermal strain and the cardiovascular limitations associated with
acute exposure to exercising in hot conditions (Chong and Zhu, 2017), athletes and individuals
often partake in heat-acclimation protocols aimed to improve exercise performance in hot
environmental conditions (Guy et al., 2016). Newly emerging research suggests that the
ergogenic benefits of exercise-focused heat acclimation may extend further than just improving
exercise performance in hot conditions. By undergoing a heat-acclimation protocol an
individual’s exercise performance in cool conditions can also be improved (Zurawlew et al.,
2016; Pryor et al., 2019), However, further research is required.

Extensive research has been conducted evaluating the different methods to overcome the
physiological limitations encountered while exercising in hot conditions. (Altareki et al., 2009;
Cheuvront et al., 2010; Jentjens et al., 2002; Schulze et al., 2015; Tatterson et al., 2000) Heat
acclimatisation is the process by which physiological adaptations  occur in response to naturally
occurring heat stress – for example, seasonal heat adaptation. However, heat acclimation is
defined as the process where a series of complex changes and adaptations occur in response to
heat stress where the source of thermal stress is derived from an artificial source – for example,
hot-water immersion and environmental chambers (Nielsen, 1998). While pre-exercise cooling
strategies can often provide a much more economically viable solution when compared to more
expensive heat-acclimation strategies, the overall successfulness of pre-exercise cooling is
often sub-par (Quod et al., 2008; Ross et al., 2011).

While heat-acclimation protocols may be the norm for professional athletes, they are arguably
not the ideal method for amateur athletes with limited time away from work and family
commitments. There are a variety of limitations that come with acclimatisation protocols for
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amateur athletes. There are many limitations of warm-weather training camps; one primary
limitation is the psychological effect experienced from being away from friends and family for a
potentially unnecessary amount of time, which may lead to a decrease in physiological
wellbeing (Thornton et al., 2018). Thus, it is evident that a heat-acclimation protocol may not
be the best thermal-stress mitigation strategy for armature athletes. Consequently, it can be
argued that amateur athletes will benefit more from completing a heat-acclimation protocol
with an artificially controlled heat stress source such as hot-water immersion. Hence, this study
will perform a quantitate evaluation on the effectiveness of post-exercise hot-water immersion
regarding its ability to produce the physiological effects normally associated with heat training.

One newly emerging method of heat-acclimation training is post-exercise hot-water immersion,
which previous research has claimed to result in similar responses to other heat-training
methods. Fox et al. (1963) were one of the first to publish research in this area, focusing on
passive heat acclimation using a form of controlled hyperthermia via a vapour barrier suit.
However, these methods were somewhat limited in regard to their practicality and reported no
change to thermoregulatory responses during exercise heat stress. Newer research provides
support for the theory of post -exercise hot-water immersion, suggesting that in non-heat-
acclimated individuals, a 10- to 14-day period of hot-water immersion decreased core
temperature at rest before and during hot-water immersion (Brazaitis and Skurvydas, 2010).
With limited research on this topic, and differing protocols used, it is unclear what the exact
effects of post-exercise hot-water immersion are and what the best protocol is for the desired
physiological response. Hence, this study will perform a quantitative evaluation on the
effectiveness of post-exercise hot-water immersion regarding its ability to produce the
physiological effects that are normally associated with heat training.

Methods

Search strategy

A systematic literature search on articles published up to 6 April 2020 was carried out in the
databases PubMed (MEDLINE), Scopus, SPORTDisscus and Web of Science. Additionally,
academic search engines Google Scholar and ResearchGate were used. A search strategy was
developed based on the Pico model (da Costa Santos et al. 2007; Eriksen and Frandsen, 2018).

The Pico model is an evidence-based process used for framing a question, adopting the
following system: identifying a problem, creating an intervention, comparing pre- and post-
intervention, and measuring the outcome of interest. The Boolean operators ‘AND’ and ‘OR’
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were used to search the following terms: ‘postexercise’, ‘heat acclimation’, ‘hot water
immersion’, ‘hot environmental conditions’ and ‘endurance exercise’.

Diagram
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Figure 1: Prisma �ow diagram

Criteria Yes No Other
(CD,NR,NA)

Criteria Yes No Other
(CD,NR,NA)

Is the review based on a focused question that is adequately
formulated and described?

Were eligibility criteria for included and excluded studies
prede�ned and speci�ed?

Did the literature search strategy use a comprehensive,
systematic approach?

Were titles, abstracts and full-text articles dually and
independently reviewed for inclusion and exclusion to minimise
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independently reviewed for inclusion and exclusion to minimise
bias?

Was the quality of each included study rated independently by
two or more reviewers using a standard method to appraise its
internal validity?

Were the included studies listed along with important
characteristics and results of each study?

Was publication bias assessed?

Was heterogeneity assessed? (This question applies only to meta-
analyses.)

Table 1: NIH Quality Assessment Tool for Systematic Reviews and Meta-Analyses (National Heart,
Lung and Blood Institute, n.d.)
Note: The green boxes represent yes when answering the proposed question and the red boxes
represent the no option.

The NIH Quality Assessment Tool for Systematic Reviews and Meta-Analyses (National Heart,
Lung and Blood Institute, n.d.) was used during the planning and preparation of this review to
ensure that the scientific rigour of this systematic review and meta-analysis was as high as
possible. This involved forming a strict primary hypothesis and data-collection protocol as well
as using the most up-to-date data analysis methods and assessing for heterogeneity.

Selection criteria

The previously specified search strategy yielded a net result of 345 articles. After removing
duplicate studies, this came to a total of 98 titles. Titles and abstracts were reviewed to
determine whether studies fulfilled the selection criteria. Studies were eligible for inclusion if
they met the following criteria: (1) articles must be written in English and must have been
published between 2010 and 2020; (2) wet-heat acclimation must be included as a primary
intervention during the study; (3) studies needed to be of a pre–post design with a significant
time duration (> 6 days) of the selected intervention method; (4) studies had to include an
experience-based measurement to quantify the effects of the heat-acclimation protocol, for
example time-trial performance or similar aerobic fitness testing protocol; (5) a full-text
version of the study had to be publicly available with public access to all data used within the
study.

Subsequently, the studies selected were based on the Prisma checklist constructed by Moher et
al., 2009. Studies were excluded if the participants were already stated to be heat acclimatised
or had undergone any form of thermal training in the previous three months. Articles were only
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included in the full-text review if it was deemed that their title and abstract met the
fundamental demands of the inclusion criteria. After the final selection, the total possible
articles came to 54. All eligible papers were then screened via analysing the full text. At this
stage, several articles were removed due to data not being in the public domain, despite efforts
attempting to contact the authors.

Quality assessment

After analysing all 54 identified articles and narrowing down the selection at each stage of
reviewing the articles, a total of 6 were included due to being randomised and controlled in
their design (as reported in Figure 1). Using a modified version of the 11-step Pedro scale
(Eriksen and Frandsen, 2018; Moher et al., 2009; Brazaitis and Skurvydas, 2010), the studies
were assessed for any possible risk of biases and overall quality.

Study quality

Study quality and reporting were assessed using the validated TESTEX scale (Smart et al., 2015)
(Figure 2). This scale consists of a validated 15-point scale, which evaluates the randomised-
control trial elements of the study (total 5 points available for this section), and the quality of
data and information reporting within the study (total 10 points available for this section). A
study with a TESTEX quality score of less than 10 was deemed to be low quality.

Data extraction and statistical analysis

For all the articles that met the initial inclusion criteria, basic information and data were
extracted into a standardised Excel spreadsheet, which included: sample size, study design,
study location, intervention vs control sample size, intervention vs control methods, and
control vs experimental heat-testing conditions. Additionally, an enhanced data-extraction
process occurred with the aim of conducting a meta-analysis. The data fields for this included:
all usable data regarding the study’s hot-water immersion protocol (immersion duration,
temperature, frequency and time implemented post-exercise as well as the number of
participants able to complete the immersion at each stage of the intervention), cool and hot
environmental testing conditions, (ambient temperature and humidity) and pre-intervention
testing protocol (exercise(s) test used, familiarisation protocols). The raw data from pre-
intervention testing and post-intervention testing were included. To ensure a high level of
quality control during the data-extraction phase, data was extracted in duplicates. In the event
that the statistical findings were unclear, a second data reviewer would be appointed to reach a
consensus regarding the outcome of the data-extraction and statistical-analysis phase.
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The meta-analysis was conducted by exporting all accessible raw data for all outcome measures
into a customised spreadsheet and then importing the data into the Meta-Essentials Excel
software packages version 1 (Suurmond, van Rhee and Hak, 2017). Subsequently, all data was
analysed using one of three analysis tools of the software package, either: (1) Meta-Essentials
Effect Size data, (3) Meta-Essentials Difference between independent groups – continuous data
(for randomised-control trials study designs) or (4) Meta-Essentials Difference between
dependent groups – continuous data (for other study designs). Data analysis was also split
between raw data (e.g. pre- and post-intervention) and effect size compared to baseline data
(baseline data was not published in the studies with this data type). The meta-analysis was
presented using forest plots and publication bias, and a 5 per cent level of significance was
applied to illustrate the significance of the results. Standardised mean difference was calculated
using the standardised mean-difference effect size (d) calculator designed by Curlette (1987).

Heterogeneity

To evaluate the heterogeneity among the studies, the I2 statistic (Borenstein et al., 2017) was
employed with values >50 per cent demonstrating substantial heterogeneity (Higgins et al.,
2003). Equally, the risk of publication bias was analysed by using the Egger plot (Egger et al.,
1997). Most analysis of heterogeneity depends on the number of trials included in a meta-
analysis, which is usually small, and this limits the statistical power of the test. Therefore, the
95 per cent confidence interval was chosen (Huedo-Medina et al., 2006; Thompson and Sharp,
1999).

Brazaitis
and
Skurvydas
2010

Zurawlew
et al.
2016

Zurawlew
et al.
2018a

Zurawlew
et al.
2018b

Heathcote
et al. 2019

Zurawlew
et al.
2019

Brazaitis
and
Skurvydas
2010

Zurawlew
et al.
2016

Zurawlew
et al.
2018a

Zurawlew
et al.
2018b

Heathcote
et al. 2019

Zurawlew
et al.
2019

Eligibility
criteria
speci�ed

1 1 1 1 1 1

Randomisation
details
speci�ed

1 1 1 1 1 1

Allocation
concealed

1 1 0 0 1 0

Groups similar
at baseline

1 1 1 1 1 1

Assessors 1 0 1 0 1 1
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blinded

Outcome
measures
assessed >85
per cent
participants

3 3 2 3 2 2

Intention to
treat analysis

1 1 1 1 1 1

Reporting
between-
group
statistical
comparison

1 1 1 0 1 0

Point
measures &
measures of
variability

1 1 1 1 1 1

Activity
monitoring in
control group

1 1 0 0 1 0

Relative
exercise
intensity
constant

1 1 1 1 1 1

Exercise
volume &
energy
expenditure

1 1 1 1 1 1

Overall
TESTEX score
(/15)

14/15 13/15 11/15 10/15 13/15 10/15

Table 2: TESTEX study quality table

The inclusion criteria produced five repeated-measures design studies and one mixed-methods
study that were considered for meta-analysis. All chosen studies were published in the period
from 2010 to 2019. The sample size varied between 1 to 13, with all participants being
completely informed of what was involved in their respective study. There was large variability
in both the level of weekly physical activity and self-determined physical ability.
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Results

The inclusion criteria produced five repeated measure design studies and one mixed-methods
study that were considered for meta-analysis. The studies included in the meta-analysis were
Brazaitis and Skurvydas, 2010, Zurawlew et al. 2016, Zurawlew et al. 2018a, Zurawlew et al.
2018b, Heathcote et al. 2019 and Zurawlew et al. 2019. All included studies were published
between 2010 and 2019. Sample sizes varied between 1 to 13, which resulted in a total of 66
participants (60 males and 6 females) with the mean age of all participants 25.8 ± 4.7.
Participants’ sporting habits varied between classified as healthy recreational individuals to
healthy well-trained individuals competing in endurance sports such as triathlon and
marathons.

The primary outcome measures of the meta-analysis were: difference in time-trial finishing
time (in seconds) where time-trial completion time was measured using a treadmill-based time
trial; changes in heart rate (BPM), including during-exercise heart rate (HRe); heart rate
following hot-water immersion (HRhwi); changes to body temperature when measured using
either core temperature (T°C), mean skin temperature (Ts°C) or rectal temperature (Tre°C). The
psychological perception of heat stress was measured using the following scales: physiological
strain index (PSI) (Moran et al., 1996); thermal sensation was determined according to the 5-
point scale (Kraessig, 1978) or an eight-point scale. (Moran et al., 1996), and the rating of
perceived exertion (RPE) is included in studies where RPE was measured using the Borg and
Kaijser (2006) scale.

Changes in heart rate following heat-acclimation training

Six studies (eight sub-groups) were evaluated to see the change in heart rate following heat
acclimation (Figure 2) with five sub-groups reporting that heat acclimation has a significant
effect on heart rate. By undergoing a prolonged period (6–9 days) of hot-water immersion-
based heat-acclimation training, during-exercise heart rate was reduced by ~-7 BPM.
Additionally, end-of-exercise heart rate was reduced by ~-10 BPM.
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Figure 2: Changes in heart rate after a prolonged heat-acclimation training protocol

The difference in size between the circles indicates the level of effect of post-exercise hot-water
immersion when taking into account the sample size of the study. The larger circles with a
negative effect size number represent a study with a larger sample size where the intervention
method has had the desired response.

The effect of repeated post-exercise hot-water immersion on rectal temperature

Repeated post-exercise hot-water immersion exposure resulted in a small but statistically
significant decrease in rectal temperature (Figure 3). The results from the Forrest plot indicate
that all sub-groups reported a decrease in this outcome measure. However, the results show
rectal temperature is reduced significantly more post-exercise than during exercise following
heat-acclimation training.

End-of-exercise rectal temperature decreased by -0.8 Tre°C, compared to during-exercise rectal
temperature, which changed by only -0.3 Tre°C. This suggests that post-exercise hot-water
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immersion-based heat training has a significant effect on both during and end-of-exercise
rectal temperature, but that end-of-exercise Tre is reduced to a greater extent.

Figure 3: Changes in rectal temperature following wet-heat acclimation training.

Change in Tre compared to baseline testing.

Zurawlew et al. (2018b; 2019) reported Tre°C at sweating onset point; however, Zurawlew et al.
(2018a; 2018b; 2019) reported mean Tre during and after the whole testing protocol. A total of
five studies displayed Tre data with 14 sub-groups included in this analysis. Eight sub-groups
reported a significant difference for Tre after heat-acclimation, (SMD, -0.3814 Tre°C).

Changes in sweat rate following a series of hot-water immersion-based heat-training protocols

The heat-training protocol resulted in an increase in sweat rate which was reported in Zurawlew
et al., 2016, Zurawlew et al., 2018a and Zurawlew et al., 2018b afternoon (PM) data. However,
the Zurawlew et al., 2019 morning (AM) data sub-group reported a decrease in sweat rate
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following heat training. This suggests that sweat rate is likely to increase following heat-
acclimation training protocols as expressed in previous literature.

Figure 4: Changes in sweat rate following heat-acclimation training

Change in sweat rate following heat acclimation is displayed in Figure 4. The effect of heat
acclimation on sweat rate was reported in three studies; nonetheless, owing to sub-groups in
the studies, a total of four sub-groups reported data for changes in sweat rate. Figure 4
displayed the SMD changes in sweat rate (litres per hour) with one sub-group reporting a
significant difference after completing heat acclimation, (SMD, 0.085).

The effect of repeated post-exercise hot-water immersion protocols on rating of perceived exertion

(RPE) during submaximal exercise

A series of hot-water immersion-based heat-training sessions resulted in a statistically
significant decrease in RPE during submaximal exercise performance when compared to the
baseline data. Three sub-groups out of a total of nine reported results that were of a statically
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significant level; however, two sub-groups did report that RPE did not change as a result of the
heat-training protocols.

Figure 5: Changes in RPE following heat-acclimation training

Changes in RPE are displayed in Figure 5 The effect of wet-heat training was reported in four
studies, with a total of nine sub-groups reporting data. The standardised mean difference for all
included sub-groups was -1.8 (SMD -1.8).

Changes in physiological heat strain index (PSI) after following a six-day wet-heat training protocol

Figure 6 displays the results from a meta-analysis regarding the effects of post-exercise hot-
water immersion on PSI. Measures of thermal strain were conducted in one study with a total of
four sub-groups reporting data. Two studies reported results that were statistically significant,
demonstrating that a six-day period of wet-heat acclimation is able to significantly reduce the
sensation of physiological heat strain.

Figure 6: Changes in physiological heat strain index following heat-acclimation training

Four sub-groups, all from one study, reported findings regarding the effect of post-exercise hot-
water immersion on changes in PSI. Two of the sub-groups reported results that were
considered statistically significant. The SMD for this measure was calculated to be -0.6.

Changes in thermal sensation after a series of wet-heat acclimation training sessions are
displayed in Figure 7. The analysis of the included Heathcote et al., (2019) sub-groups suggests
that the greatest change in thermal sensation occurs when hot-water immersion is conducted
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within 1 hour of exercise. Both the 10-minute time gap and the 1-hour time gap between
exercise and hot-water immersion resulted in similar decreases in thermal sensation (10-
minute time gap -1.8; 1-hour time gap -1.9).

Figure 7: Changes in thermal sensation following heat-acclimation training

Three studies reported findings relating to thermal sensation, but owing to sub-groups, a total
of eight databases were analysed. Only the study of Zurawlew et al. (2019) reported statically
significant results in the sub-groups morning vs afternoon thermal sensation (AM and PM)
data. The standardised mean difference for all included sub-groups was reported as -3.15.

Discussion

This systematic review and meta-analysis aimed to update the available literature by using only
recently published studies (2010–2020) on the outcome measures associated with
thermoregulatory adaptations attributed to post-exercise hot-water immersion during athletic
performance. (Tebeck et al., 2019).

The results from this meta-analysis suggest that wet-heat acclimation (in this case post-
exercise hot-water immersion) resulted in similar physiological adaptations to dry-heat
acclimation (Horstman and Christensen, 1982et al.,; Moran et al., 1996; Tebeck et al., 2019).
Prior research has shown that a prolonged period of heat training (>14 days) decreases heart
rate during exercise in hot conditions of up to 37°C (Casa et al., 2015; Guy et al., 2016; Racinais
et al., 2015). This meta-analysis supports these claims with post-exercise hot-water immersion
training reducing exercise heart rate by -9 BPM (SMD). Previous literature has equally shown
that following a >14–day period of heat training, a decrease in rectal temperature is
experienced during and post-exercise as a result of increased heat tolerance (Cheung and
McLellan, 1998; Pandolf, 1979). This theory is equally supported by the statistical findings of
this meta-analysis, which concluded that following a 1- to 2-week period of heat training, rectal
temperature decreased by (SMD) -0.3814 Tre (°C).
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Prior research has demonstrated that for dry-heat acclimation, a prolonged period of >14 days is
optimal for achieving the greatest rate of heat acclimation. However, the results from this
meta-analysis show that with wet-heat acclimation, the greatest rate of adaptation is achieved
after six days. Therefore, it can be advised that the rate of heat adaptation is quicker for hot-
water immersion when compared to dry heat-acclimation methods.

Time-trial �nishing time

An analysis of 5-km treadmill time-trial performance in hot environmental conditions
following a 14-day period of heat-acclimation training

The analysis of time-trial performance reports that a 14-day period of post-exercise hot-water
immersion training significantly improves performance in both thermoneutral (18°C) and hot
(33°C) experimental conditions (Figure 8). The performance improvement was significantly
greater in hot (33°C) conditions with participants reporting a 5 per cent timesaving compared to
their control time with no heat-training time. During hot environmental conditions (33°C)
time-trial performance testing the pre-intervention time was 1321 ± 219s with the post-
intervention time being 1299 ± 207s. The mean difference between pre-intervention and post-
intervention time-trial finishing time was 22s. This suggests that post-exercise hot-water
immersion has a significant effect on reducing the time taken to complete a 5-km treadmill
time trial in both thermoneutral (18°C) and hot (33°C) environmental conditions.
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Figure 8: In�uence of a six-day post-exercise hot-water immersion protocol on 5-km treadmill time-
trial performance (Zurawlew et al., 2016) (A); Treadmill time-trial �nishing time in 18°C (40 per cent
humidity) and 33°C (40 per cent humidity) (B) per cent change in 5-km treadmill time-trial �nishing
time. Graph (A) shows mean and SD. Graph (B) shows mean and 90 per cent CI of the differences. * p
< 0.05 and ** p < 0.01. Reprinted with permission from Zurawlew et al. (2016) and the publisher
John Wiley and Sons.

The results indicate that a prolonged period of post-exercise hot-water immersion had a
significant effect on time-trial finishing times. The statistical findings generated by Zurawlew
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et al. (2016) supports previous theories. Tyler et al. (2016) reported a 4 per cent improvement in
both submaximal cycling performance and race-walking performance. In the review conducted
by Tyler et al., it was stated that longer intervention periods were more successful than shorter
intervention periods (7 days). The findings of Zurawlew et al. (2016), which relate to 5-km
running performance, report that even shorter periods of wet-heat acclimation training (6 days)
are equally effective at reducing the time taken to complete a predefined distance. This
provides supporting evidence that shorter heat-acclimation protocols can be equally effective at
improving endurance performance in hot conditions when compared to longer heat-training
protocols.

Heart rate

The changes in mean heart rate during submaximal exercise, hot-water immersion,
performance testing and end of exercise decreased significantly for all heat-acclimation groups
compared to the values shown during pre-intervention testing. The mean decrease for all heart
rate outcome measures was reported as -9 BPM (as displayed in Figure 2). The control groups
experienced no decrease in these outcome measures during post-intervention testing (Lorenzo
et al., 2010). While previous studies have reported mixed results regarding the changes in
resting or during-exercise heart rate after short-term heat acclimation (Willmott et al., 2016),
this meta-analysis does not support those theories and instead reported that following a short-
duration heat-acclimation protocol (5–9 days), heart rate measures decrease by approximately
22 per cent similar to the findings of Périard et al. (2015) and Périard et al. (2016) (Figure 9).
The mean effect size for all heart rate data collected was -9 (BPM). It can be argued that the
passive heat stimulus during hot-water immersion generated a significant reduction in
cardiovascular strain in recreationally active individuals (Brazaitis and Skurvydas, 2010;
Convertino, 1991) and thus, recreationally active individuals may experience a larger
improvement in key outcome measures as a result of hot-water immersion heat-acclimation
protocol compared to highly trained individuals.

These results were expected based on the previous literature supporting the theory that
recreationally active participants would experience a greater reduction in heart rate compared
to the endurance-trained group. This suggests that individuals who have a lower training
history (e.g. recreationally trained) are likely to receive a more significant effect from heat
training compared to individuals with a greater training history.

Rectal temperature (Tre°C)
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The reduction in rectal temperature is critical to athlete performance because having an
increased body temperature can inhibit aerobic performance (Lim et al., 2008). Therefore, if
heat-acclimation training decreases core body temperature when exercising in hot conditions,
there is a potential to improve exercise performance in the heat.

These statistical findings support the data and theories proposed in previous studies concerning
the physiological effects of heat-acclimation training. The results of this meta-analysis (Figure
3) support the theories of prior research indicating that heat acclimation has a statistically
significant effect on Tre (Tyler et al., 2016). The authors demonstrated a moderate-to-large
reduction in during- and post-exercise Tre after completing a heat-acclimation protocol (Tyler
et al., 2016). These findings support the results of this meta-analysis. Zurawlew et al. (2018a)
stipulated that as a consequence of their habitual exercise training, endurance-trained
individuals are considered to be further along the heat adaptation consortium than
recreationally active individuals; thus reducing their total adaptation potential (Tyler et al.,
2016). This explains why the recreationally active group experienced a greater decrease in heart
rate following heat acclimation, SMD, -4 (BPM) (endurance-trained sub-group) compared to -15
(BPM) (recreationally active sub-group) (Data can be seen in Figure 3).

Rating of perceived exertion (RPE), physiological heat strain index (PSI) and thermal sensation

The change in RPE, PSI and thermal sensation following heat acclimation were all considered to
be statistically significant. Prior research has resulted in mixed results regarding the effect of
heat-acclimation training on thermal sensation metrics while exercising in hot conditions
(Chong and Zhu, 2017; Périard et al., 2015; Racinais et al., 2015).

The changes in RPE were the greatest when compared to the other methods of measuring the
psychological and physiological effects of thermal discomfort. There was no difference between
the endurance-trained sub-group and the recreationally active sub-group regarding the change
in the PSI, with both sub-groups reporting a change of -1.1 for the PSI. However, there was a
statistically significant change between the two sub-groups for the RPE, with the endurance-
trained sub-group reporting a change of -1 and the recreationally active sub-group reporting -2.
Tyler et al. (2016) reported heat acclimation had a moderate impact on RPE and a small impact
on thermal sensation. The outcome measure thermal sensation is a crucial stimulus that drives
voluntary behaviour such as self-selected exercise performance and capability. Thus, future
research may focus on ways to improve thermal sensation measures through hot-water
immersion heat-acclimation protocols.

Sweat rate
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The change in sweat rate was not considered statistically significant due to the analysis
resulting in mixed results with Zurawlew et al. (2019) AM data reporting a small decrease in
sweat rate (-0.07 litres per hour). However, only one of the other sub-groups reported results
that were statistically significant (Zurawlew (2016) reported an increase of 0.25 litres per hour)
The other two sub-groups reported small increases in sweat rate that were too small to be
considered statistically significant (Zurawlew (2019) 0.12 litres per hour and Zurawlew (2019)
PM data 0.04 litres per hour). Therefore, it has to be claimed that the results seen in this meta-
analysis regarding the changes in sweat rate do not support claims made in previous studies
which have suggested that heat training can increase sweat rate (Roberts et al., 1977 and
Magalhães et al., 2010).

The results indicate that post-exercise hot-water immersion promotes similar physiological
responses to those normally associated with conventional heat training (Périard et al., 2016).
Figure 9 (adapted with permission from Périard et al., 2015), shows a graphical representation
of the physiological adaptations experienced as a result of heat-acclimation training over a 14-
day time frame. As can be seen from the graph, the rate of adaptation is different depending on
the nature of the physiological adaptation. Thus, some adaptations may be experienced after
only three or four days of heat acclimation, whereas other changes may take up to six or seven
days to be fully experienced. The data also suggests that some physiological adaptations reach a
limit of progression after a set number of days irrespective of the number of future heat training
experienced. One example of this can be viewed in heart rate. The changes in heart rate start
rapidly, but after day six, no future changes are experienced. This suggests that the level of
change for some physiological adaptations is not in direct proportion to the total number of
days of heat-acclimation training.
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Figure 9: A 14-day time course of human adaptations and responses to heat stress (Reprinted with
permission from Périard et al. 2015 and the publisher John Wiley and Sons)

Conclusions and extensions

These findings support the original findings of James et al. (2018); Périard et al. (2016); Racinais
et al. (2015) and Reeve et al., (2019).

The data suggests that for individuals at all competition levels, there is a significant
performance benefit that comes as a result of performing a post-exercise hot-water immersion
protocol that has a heat-acclimation focus (Chong and Zhu, 2017; Guy et al., 2016; Périard et
al., 2016). However, amateur athletes and individuals with a shorter training history are likely to
experience a greater performance improvement compared to high-level athletes.

In addition, the findings presented in this study can and should be used in conjunction with
other strategies to overcome performance limitations that occur via exercising in hot
conditions. One example of this is to use the protocol outlined in this study with other pre-
existing pre-exercise cooling methods such as ice vests (Jones et al., 2012; Quod et al., 2008),
and the oral ingestion of cold liquids (Périard et al., 2016; Ross et al., 2011). The findings
presented in this study are of particular relevance to endurance athletes and sports scientists
looking to develop strategies to mitigate the extreme environmental conditions that are likely
to occur during the Tokyo 2021 Olympic and Paralympic games.

Limitations
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One minor limitation of the study is that only one of the included studies had female
participants (Brazaitis and Skurvydas, 2010). However, it should be argued that the results seen
in this meta-analysis can still be applied to females. This is because recent studies (Kaciuba-
Uscilko and Grucza, 2001; Iyoho et al., 2017) have shown that there is no difference in heat
adaptation and thermoregulation between male and females. Instead the rate of heat
adaptation is linked to body surface area and surface mass ratio and, thus, the rate of heat
adaptation is not dependant on gender (Notley et al., 2017).

Secondly, only two studies were randomised-control trials in nature, and due to the design
characteristics for the study, the sample sizes are small (n=9 to n=17). This argues that more
randomised-control trials and repeated-measures studies with larger samples sizes are needed
to provide more definitive results. Finally, regarding the process of data collection, the mean
differences between pre- and post-intervention were calculated. However, in the cases where
accurate p values within or between groups or 95 per cent CI were unavailable, default p values
were employed, and this could have impacted the reported results. Egger plots suggest a
minimal chance of publication bias, indicating there may not be negative, publicly available
datasets in existence. Despite this, the limited number of studies may negatively affect the
relevance of Egger plots in this analysis.

Conclusion

Hot-water immersion protocols focused on heat acclimation decrease time-trial finishing time,
heart rate during exercise, HRM, HRe, HRhwi, Tre during exercise and decrease measures of
heat stress including rating of perceived exertion, physiological heat strain index and thermal
sensation.

For the purpose of practical recommendations, it should be advised that hot-water immersion
protocols should last between 6 and 10 days (Shin et al., 2013; Zurawlew et al., 2016), hot-water
immersion should take place directly after approximately 40 minutes of submaximal exercise
(Heathcote et al., 2019; Zurawlew et al., 2016) and hot-water immersion should consist of 40
minutes immersed up to neck at 40°C, for best results.

Recommendations for future research

This meta-analysis has shown that hot-water immersion heat acclimation has a positive impact
on exercise performance in both hot (28°C+) and thermoneutral environmental conditions (12–
18°C). However, there are several elements still unclear regarding hot-water immersion heat-
acclimation protocols. One recommendation for future research is to identify a way of
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measuring the total psychological strain experienced by an individual during hot-water
immersion heat-acclimation protocols. It has been widely stated that hot-water immersion
heat-acclimation protocols have a training effect on the human body; however, there has not
yet been a validated method of accounting for the psychological stress induced by such heat-
acclimation protocols. A system similar to that of training stress score/heart rate training stress
score would be extremely useful to athletes and coaches attempting to implement hot-water
immersion heat-acclimation protocols into training schedules.
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Glossary

Adaptation: A positive change in the biological system in response to external loading and
adequate subsequent recovery
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Heat acclimation: The physiological adaptations associated with prolonged exposure to high
environmental temperatures

Meta-analysis: A type of scientific study that statistically analyses pooled data from a number
of previous scientific studies that address the same question.

VO2max: Maximal oxygen uptake, defined as the maximum amount of oxygen in millilitres that

a person can use in one minute measured per kg of body weight
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