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Abstract
Background Heat acclimation and acclimatisation (HA) is typically used to enhance tolerance to the heat, thereby improv-
ing performance. HA might also confer a positive adaptation to maximal oxygen consumption ( VO

2max
 ), although this has 

been historically debated and requires clarification via meta-analysis.
Objectives (1) To meta-analyse all studies (with and without control groups) that have investigated the effect of HA on 
VO

2max
 adaptation in thermoneutral or hot environments; (2) Conduct meta-regressions to establish the moderating effect 

of selected variables on VO
2max

 adaptation following HA.
Methods A search was performed using various databases in May 2020. The studies were screened using search criteria for 
eligibility. Twenty-eight peer-reviewed articles were identified for inclusion across four separate meta-analyses: (1) Thermon-
eutral VO

2max
 within-participants (pre-to-post HA); (2) Hot VO

2max
 within-participants (pre-to-post HA); (3) Thermoneutral 

VO
2max

 measurement; HA vs. control groups; (4) Hot VO
2max

 measurement, HA vs. control groups. Meta-regressions were 
performed for each meta-analysis based on: isothermal vs. iso-intensity programmes, days of heat exposure, HA ambient 
temperature (°C), heat index, HA session duration (min), ambient thermal load (HA session x ambient temperature), mean 
mechanical intensity (W) and the post-HA testing period (days).
Results The meta-analysis of pre–post differences in thermoneutral VO

2max
 demonstrated small-to-moderate improvements 

in VO
2max

 (Hedges’ g = 0.42, 95% CI 0.24–0.59, P < 0.001), whereas moderate improvements were found for the equivalent 
analysis of hot VO

2max
 changes (Hedges’ g = 0.63, 95% CI 0.26–1.00, P < 0.001), which were positively moderated by the 

number of days post-testing (P = 0.033, β = 0.172). Meta-analysis of control vs. HA thermoneutral VO
2max

 demonstrated a 
small improvement in VO

2max
 in HA compared to control (Hedges’ g = 0.30, 95% CI 0.06–0.54, P = 0.014) and this effect 

was larger for the equivalent hot VO
2max

 analysis where a higher (moderate-to-large) improvement in VO
2max

 was found 
(Hedges’ g = 0.75, 95% CI 0.22–1.27, P = 0.005), with the number of HA days (P = 0.018; β = 0.291) and the ambient tem-
perature during HA (P = 0.003; β = 0.650) positively moderating this effect.
Conclusion HA can enhance VO

2max
 adaptation in thermoneutral or hot environments, with or without control group consid-

eration, by at least a small and up to a moderate–large amount, with the larger improvements occurring in the heat. Ambient 
heat, number of induction days and post-testing days can explain some of the changes in hot VO

2max
 adaptation.
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Key Points 

Four meta-analyses were conducted to evaluate the 
effects of heat acclimation or acclimatisation (HA) on 
maximal oxygen consumption ( V̇O

2max
 ) and factors that 

moderate these effects.

The collective conclusions of the meta-analyses were 
that HA can enhance V̇O

2max
 adaptation in thermoneutral 

(cool) or hot environments by at least a small and up to 
a moderate–large amount, with the descriptively largest 
improvements occurring in the heat.

The positive effects of HA on V̇O
2max

 are apparent with 
or without the inclusion of a control group, suggesting 
its capacity to augment the effect of endurance training. 
Factors such as the level of ambient heat, the number 
of induction days and the post-testing days can partially 
moderate the change in hot V̇O

2max
 adaptation.

1 Introduction

Maximal aerobic capacity ( V̇O
2max

 ) is a well-established 
marker of cardio-respiratory fitness and related to long-
term health outcomes [1–3], predicting longevity in a 
dose–response-dependent manner, alongside numerous other 
phenotypic changes [4]. In addition to the ‘protective’ health 
effects ascribed to cardiorespiratory fitness [5], V̇O

2max
 is 

also a primary determinant of endurance performance, 
explaining ~ 20–60% of the variation in performances of dif-
ferent mode and distance, which can be realised by athletes 
when combined with other sub-maximal endurance perfor-
mance determinants [6–8]. Despite the suggested limited 
trainability of V̇O

2max
 [9], a number of different training 

approaches have been adopted to support its adaptation, such 
as repeated high-intensity or continuous endurance exercise, 
which typically confers moderate effects [10]. To augment 
these responses, or prepare individuals for maximal endur-
ance exercise in hot conditions, there has been substantial 
interest in manipulation of environmental stressors, on the 
basis that exposure to a combination of exercise and hot 
environmental temperatures will exaggerate the effector 
response and subsequent stimulus for endurance adaptation 
[11].

Heat acclimation or acclimatisation (HA) describes pro-
cesses of serial exposure to artificial or outdoor heated envi-
ronments, respectively, often conducted in combination with 
exercise [12]. Engaging in HA enhances the capacity to ther-
moregulate in the heat, thus improving heat tolerance via the 

enhancement of various thermoregulatory mechanisms [13, 
14]. Whilst it is largely agreed that HA improves exercise 
capacity and V̇O

2max
 in the heat, its transfer to thermoneutral 

environments has been debated [15]. Some studies demon-
strate 4–13% changes [16–21] and others report no change 
or a reduction following a range of HA protocols [22–28]. It 
was reasoned recently that insufficient post-HA adaptation 
periods could explain these discrepancies [21], alongside 
other factors, such as inter-individual differences in adap-
tation capacity [29]. It is possible that the HA dose (i.e. 
thermal load or training load) also explains the magnitude 
of the observed V̇O

2max
 adaptation [30]. Indeed, heat accli-

mation is most commonly conducted in combination with 
exercise in an ‘isothermic’ (fixed period of time at a fixed 
pre-determined core temperature) or ‘iso-intensity’ mode 
(fixed exercise intensity), which can vary in duration but 
typically ranges between 4 and 14 days [12]. Iso-intensity 
modes are preferred for acclimatisation, owing to the less 
controllable environment, and their time scale is often longer 
to account for natural variation in the environment; however, 
this is thought to result in adaptations that are more specific 
to competition, if planned correctly [12, 14]. The selected 
type of heat exposure will drastically alter the subsequent 
stimuli for adaptation [12, 14]; however, it is not known 
how the selected HA modality and loading characteristics 
affect the adaptation of V̇O

2max
 in hot or thermoneutral 

environments. Lastly, many HA studies have been appropri-
ately questioned [31] for the absence of control groups (i.e. 
participants receiving no heat exposure) in their research 
design. This increases the risk of biased outcome estimates 
ascribed to HA and V̇O

2max
 adaptation and requires further 

investigation.
To date, there have been meta-analyses conducted to eval-

uate the efficacy of HA on acclimation status and a number 
of physiological and performance outcomes [30, 32, 33]; 
however, while these articles provide detailed insights into 
broader questions regarding HA, their analytical focus has 
not been V̇O

2max
 adaptation. This means that a substantial 

number of papers have been overlooked, and the potential 
for disparate conclusions on this important measure of cardi-
orespiratory fitness is possible. Thus, there has been no com-
prehensive meta-analysis of all HA studies to have measured 
V̇O

2max
 as an outcome variable. Furthermore, no study has 

investigated the collective moderating effect of the above-
mentioned factors, such as HA mode, thermal or training 
load and post-testing periods on V̇O

2max
 adaptation. Owing 

to the historical debate of this topic and ongoing consistency 
of evidence, we sought to meta-analyse all studies (with and 
without control groups) that have investigated the effect of 
HA on V̇O

2max
 adaptation in thermoneutral or hot environ-

ments. We also performed a number of meta-regressions to 
establish the moderating effect of selected variables on the 
variability in V̇O

2max
 adaptation.
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2  Methods

2.1  Search Strategy

All literatures that investigated the effect of HA on V̇O
2max

 
were searched and obtained using the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines [34], with a pre-determined search 
strategy. Thus, a literature search was conducted using the 
key search terms “heat acclimation, V̇O

2max
 and thermoneu-

tral”. First-order search terms used were: “heat acclimation”, 
“acclimatisation”, “heat acclimatization” and “acclimatiza-
tion”. Second-order search terms used were: “ V̇O

2max
 ”, 

“exercise performance”, “aerobic capacity”, “maximal 
oxygen uptake”, “maximal aerobic power” and “temperate 

exercise performance”. Searches were performed across four 
databases: PubMed, SPORTDiscus, SciDirect and Google 
Scholar. Other sources include social media and the ref-
erence lists of selected studies. Searches were conducted 
between the 6 and 8 May 2020. Following initial screening 
of databases, references of included studies were screened 
against inclusion and exclusion criteria by two authors (RF 
and MW) to obtain any additional studies missed from the 
database searches.

2.2  Selection Criteria

The full text of each paper was assessed separately, by two 
authors (RF and MW), against the below criteria to deter-
mine suitability for inclusion in the systematic review. Fig-
ure 1 illustrates the stages of selection criteria, according to 

Records iden�fied through database 
searching
(n = 3321)

Sc
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en

in
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ed
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ty
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n Addi�onal records iden�fied through 
other sources

(n = 28)

Records a�er duplicates removed
(n = 1967)

Records screened
(n = 1967)

Records excluded
(n = 1935)

Full-text ar�cles assessed 
for eligibility 

(n = 32)

Full-text ar�cles excluded 
for passive HA (n = 2) or 

non-repor�ng of VO2max (n 
= 2) 

Studies included in 
quan�ta�ve synthesis 

(meta-analysis)
(n = 28)

Thermoneutral VO2max

within par�cipants
(n = 27)

Hot VO2max within 
par�cipants

(n = 6)

Thermoneutral VO2max

with control
(n = 15)

Hot VO2max with control
(n = 4)

Fig. 1  Overview of the systematic review and selection process. Some articles contributed to more than one meta-analysis owing to their 
designs. VO2max maximal oxygen consumption, HA heat acclimation or acclimatisation
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the PRISMA guidelines for meta-analysis and systematic 
review [35]. Papers were only selected for quantitative syn-
thesis if they satisfied the following inclusion criteria: (a) the 
full text was written in the English language and published 
in a peer-reviewed scientific journal; (b) human participants 
of any training background, health or gender; (c) active heat 
acclimation or acclimatisation of any form was utilised; (d) 
outcome measurements ( V̇O

2max
 ) were performed pre- and 

post-HA. Abstracts and conference proceedings, PhD dis-
sertations, letters, and reviews were excluded.

2.3  Classification of Studies

Following the exclusion of four studies, after assessment of 
full-text articles for eligibility, 28 peer-reviewed studies met 
the inclusion criteria and were categorised by the researchers 
into four groups, based on study design (Fig. 1), with four 
subsequent meta-analyses conducted, some of which neces-
sarily included different aspects of the same study twice. The 
grouping of studies was as follows:

1. Thermoneutral V̇O
2max

 within-participants (pre-to-post 
HA intervention).

2. Hot V̇O
2max

 within-participants (pre-to-post HA inter-
vention).

3. Thermoneutral V̇O
2max

 measurement, with comparison 
between intervention and control groups.

4. Hot V̇O
2max

 measurement, with comparison between 
intervention and control groups.

2.4  Quality Assessment

Quality assessment of all 28 included articles was completed 
independently by two authors (RF and MW) to assess for 
risk of bias. These were cross-checked for agreement. Seven 
assessment criteria were used to assess for risk of bias under 

the Cochrane Review criteria [36]: (1) sequence generation, 
(2) allocation concealment, (3) blinding of participants, (4) 
blinding of outcome data, (5) incomplete outcome data, (6) 
selective outcome reporting, and (7) other sources of bias. 
Each assessment criterion was judged by the review authors 
under three classifications, “Yes” to indicate low risk of bias, 
“No” to indicate high risk of bias and finally, “Unclear” to 
indicate level of bias is unclear or not known (Fig. 2).

2.5  Data Extraction

Data were extracted independently by two authors (RF 
and MW) and entered into a custom Excel spreadsheet for 
cross-checking. Collected data included: (1) characteristics 
of the sample (sex, health status, training status); (2) study 
design [isothermal or iso-intensity]; (3) HA length [days]; 
(4) HA session duration [min]; (5) physiological intensity; 
(6) mechanical intensity [W, as stated or derived] (7) HA 
temperature [ambient °C]; (8) HA index; (9) core tempera-
ture [°C]; (10) ambient thermal load [ambient temperature 
× session duration]; (11) post-testing period [days] and (12) 
V̇O

2max
 (mL/kg/min) (Tables 1 and 2). Further descriptions 

of selected or derived variables are included in later sections. 
For the two within-group (no control group) meta-anal-

yses, the pre- and post-HA mean ± SD V̇O
2max

 values were 
extracted and standardized mean differences (SMD) based 
thereon. For the two between-group (experimental vs. con-
trol group) meta-analyses, the post-HA or control training 
mean ± SD V̇O

2max
 values were extracted and SMD based 

thereon. The analysis of post-test scores was preferred over 
‘change scores’ owing to the inconsistency of reporting 
across selected studies and the resulting over-reliance on 
SD imputing. However, baseline differences in V̇O

2max
 were 

not reported across the selected studies in the control group 
meta-analyses conducted herein. Furthermore, adopting 
meta-analysis of change scores has also been questioned for 

Fig. 2  Risk of bias assessment
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reasons relating to outcome sensitivity and exaggeration of 
between-subject variances [53, 54]. Publicly available soft-
ware (WebPlotDigitizer, Version 3.12) was used to extrapo-
late any unreported values from figures to raw mean and SD 
data. Both crossover and independent groups designed were 
considered for the control group meta-analyses. In three 
instances, where the experimental group was separated into 
independent groups within the same study, all comparisons 
were used in the meta-analysis [17, 38, 50].

For consistency across all of our analyses, where V̇O
2max

 
was reported in absolute terms (i.e. mL/min or L/min), the 
closest reported mean body mass (kg) to the V̇O

2max
 meas-

urement was used to determine the relative V̇O
2max

 (mL/kg/
min) and the SD was proportionally inferred. Across all stud-
ies included, direct assessments of V̇O

2max
 were performed 

using open-circuit spirometry in a laboratory. In one instance 
where insufficient SD data of pre- and post-test V̇O

2max
 were 

reported [51], the baseline (pre) SD was carried over. This 
was deemed to be more accurate than imputing data based 
on dispersions from the other studies in the meta-analysis 
[36] and avoided the exaggeration of the SD, which would 
influence the SMD result in the meta-analysis. Instances 
where papers had more than two experimental groups, due 
to additional interventions, they were matched accordingly 
to control or within-participant analysis. Where groups used 
permissive dehydration, only the data from the euhydrated 
participants were used in the within-participants analysis.

2.6  Statistical Analysis

The meta-analysis was performed in RStudio (version 4.0.0, 
2020, RStudio, Inc. software, Boston, MA), using the ‘meta-
for’ package. Fixed-effects models were preferred for all 
analyses, owing to the homogenous nature of the samples 
across selected studies [55]. Descriptive data are reported 
as mean ± standard deviation (SD) throughout. All effects 
are reported using Hedges’ g standardized mean differences 
(SMD ± 95% confidence intervals; CIs) across the four dif-
ferent meta-analyses. Heterogeneity was assessed using the 
I2 statistic.

Moderator analyses (meta-regressions) were conducted 
to explain additional variability in the SMD of V̇O

2max. We 
used weighted, random-effect meta-regressions, with maxi-
mum likelihood estimation [56]. The candidate modera-
tors were selected based on their theorised contribution to 
the acclimated or endurance-adapted phenotype [11, 12]. 
In some cases, not all moderators could be used, owing to 
insufficient (< 50% data) or inconsistent data reporting. Sta-
tistical interactions between moderators were not considered 
for the analyses. The moderators considered for inclusion in 
the meta-analyses were: acclimation/acclimatisation model 
(isothermal vs. iso-intensity), HA days (total days of heat 
exposure), HA ambient temperature (°C), heat index [57], 

HA session duration (time [min] of each HA session per 
visit), mean core body temperature (°C), ambient thermal 
load (HA session x ambient temperature), mean mechani-
cal intensity of HA exercise (W) and the post-HA testing 
period (days). For isothermal protocols, the session duration 
was calculated based on the entire session, rather than when 
the target core temperature was reached. Post-testing days 
refer to the number of days after the HA intervention that 
V̇O

2max
 testing took place and were recorded as reported 

in the manuscript as either the exact number or the maxi-
mum number of days reported. While efforts were made 
to describe every study consistently, some approximations 
were necessary for mechanical intensity. After data extrac-
tion, mean core body temperature was removed owing to 
consistently insufficient data. We considered it necessary to 
have some common indication of exercise intensity, given 
its potential importance for endurance adaptation [58]. For 
example, where mechanical power output was unreported 
during HA, it was linearly extrapolated from the reported 
fraction of V̇O

2max
 maintained during HA and correspond-

ing peak power output values from the a priori graded exer-
cise test [20, 25, 40, 41]. In the uncommon cases where the 
mechanical power output was not available during the HA 
or in the graded exercise test, the reported metabolic power 
was used to derive mechanical power using common gross 
efficiency values [16, 37–39, 49] for that exercise mode 
(inclined walking ~ 30% [59]; cycling ~ 20%; [60]). Finally, 
where mixed exercise designs were adopted in studies, a 
weighted mean value of mechanical power output was cal-
culated, based on the time spent in different exercise modes 
[26, 27, 42].

Publication bias plots (i.e. funnel plots) were produced in 
RStudio (version 3.5.2, 2020, RStudio, Inc. software, Bos-
ton, MA), where the relationship between the effect size and 
the standard error of each data-set was visually inspected. 
Thereafter, Egger’s test was conducted on all meta-analytic 
data-sets, with significant (P < 0.05) results leading to Duval 
and Tweedie’s trim and fill correction [61]. The adjusted 
meta-analysis and funnel plot were then used for the current 
analysis. Across all analyses, the magnitudes of the effects 
were assessed based on the thresholds of: 0.2, 0.5 and 0.8 
for small, moderate and large, respectively [62]. The effect 
of moderator variables was assessed based on the magnitude 
of the slope (β). In all statistical analyses, a value of P < 0.05 
was considered as a significant difference.
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3  Results

3.1  Within‑Subject Pre–post Differences 
in Thermoneutral V̇O

2max

The results for the meta-analysis of pre–post differences in 
thermoneutral V̇O

2max
 are reported in Fig. 3. There was a 

small-to-moderate improvement in V̇O
2max

 from pre-to-post 
HA (Hedges’ g = 0.42, 95% CI 0.24–0.59, P < 0.001). The 
I2 statistic demonstrated 51.9% heterogeneity. There was no 
effect (P > 0.05) of any moderator variables on this meta-
analysis (Table 3).

3.2  Within‑Subject Pre–post Differences in Hot 
V̇O

2max

The results for the meta-analysis of pre–post differences 
in hot V̇O

2max
 are reported in Fig. 4. There was a moder-

ate improvement in V̇O
2max

 from pre-to-post HA (Hedges’ 
g = 0.63, 95% CI 0.26–1.00, P < 0.001). The I2 statistic was 
47.8%. The number of days post-testing was a significant 
moderator of the SMD in V̇O

2max
 (P = 0.033, β = 0.172), 

indicating that for every day after HA, a ~ 0.17 standardised 
increase in V̇O

2max
 is estimated (range 1–7 days). There was 

no effect (P > 0.05) of any other moderator variables on this 
meta-analysis (Table 3).

Fig. 3  The pre-to-post, within-subject changes in thermoneutral max-
imal oxygen consumption ( V̇O

2max
 ) following heat acclimation (HA). 

SMD standardised mean differences, total = sample size (see through-

out). Numbers following the referenced article denote a separate com-
parison within the same study
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3.3  Control vs. HA Differences in Thermoneutral 
V̇O

2max

The results for the meta-analysis of control vs. HA thermo-
neutral V̇O

2max
 are reported in Fig. 5. There was a higher 

(small) improvement in V̇O
2max

 in HA compared to control 
(Hedges’ g = 0.30, 95% CI 0.06–0.54, P = 0.014). The I2 
statistic was 51.2%. There was no effect (P > 0.05) of any 
moderator variables on this meta-analysis (Table 3).

3.4  Control vs. HA Differences in Hot V̇O
2max

In the control vs. HA meta-analysis of hot V̇O
2max

 (Fig. 6), 
there was a higher (moderate-to-large) improvement in 
V̇O

2max
 in HA compared to control (Hedges’ g = 0.75, 95% 

CI 0.22–1.27, P = 0.005). The I2 statistic was 69.3%. Both 
the number of HA days (P = 0.018; β = 0.291) and the ambi-
ent temperature during HA (P = 0.003; β = 0.650) were mod-
erators of this effect (Table 3), indicating a greater change in 
V̇O

2max
 in hotter ambient temperatures and longer acclima-

tion periods.

3.5  Risk of Bias

The studies included had a generally low risk of bias, with 
outcome data reported thoroughly and completely for the 
purposes of the current meta-analyses. Given the nature of 
HA, there were necessary risks of blinding and in selected 
studies, only experimental groups were chosen, thus voiding 
random sequencing (Fig. 2). Figure 7 shows that publication 
bias analysis (standard mean differences and standard error 
relationship) was generally symmetrical, with minimal out-
liers [see sect. 2.6 for trim and fill procedures, which were 
applied to panels a and c (Fig. 7)].

4  Discussion

We conducted four meta-analyses to evaluate the efficacy 
of HA on V̇O

2max
 adaptation in thermoneutral or hot envi-

ronments, as well as establishing the moderating effect of 
selected variables on the magnitude of adaptation reported 
across studies. This has particular relevance for those intend-
ing to utilise HA to increase aerobic capacity in cool or hot 
environments, such as athletes or military personnel. Across 
all meta-analyses, there was an improvement in V̇O

2max
 

following HA, ranging from 0.30 (small) to 0.76 (moder-
ate-large) standardised mean changes. These significant 
improvements were found, irrespective of the hot or ther-
moneutral environment used during testing, although there 
were stronger effects in the hot V̇O

2max
 test results. This is 

consistent with the general recommendation that hot training 
confers adaptations to performance tests in environments Ta
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Fig. 4  The pre-to-post, within-subject changes in hot maximal oxygen consumption ( V̇O
2max

 ) following heat acclimation (HA)

Fig. 5  Control vs. heat acclimation (HA) post-intervention comparison of thermoneutral maximal oxygen consumption ( V̇O
2max

 ). Numbers fol-
lowing the referenced article denote a separate comparison within the same study

Fig. 6  Control vs. heat acclimation (HA) post-intervention comparison of hot maximal oxygen consumption ( V̇O
2max

)
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that mimic that of training [63] and were anticipated based 
on the principle of environmental training specificity [64, 
65]. Indeed, cardiovascular adaptations to HA (see [66]) 
should more thoroughly prepare participants for the severe 
blood flow conflicts experienced during hot exercise, as 
compared to thermoneutral [67], and could explain the 
descriptively larger trend in hot V̇O

2max
 changes in the heat 

across the meta-analyses conducted here. This is consistent 

with the understanding that V̇O
2max

 is primarily limited by 
central factors (i.e. cardiac output and skeletal muscle blood 
flow [68])—reductions of which also impair performance in 
the heat [67]. However, the finding of greatest importance 
revealed herein is that cross-adaptation does occur, with 
training in the heat augmenting the effect of exercise when 
targeting thermoneutral V̇O

2max
 changes. This finding has 

Fig. 7  Risk of bias plots for 
measures of maximal oxygen 
consumption. a Heat accli-
mation (HA) vs. control in 
thermoneutral environments, b 
HA vs. control in hot environ-
ments, c pre-to-post changes 
in thermoneutral environments 
and d pre-to-post changes in hot 
environments. Hedges’ g = the 
standardised mean difference. 
Exp.  experimental, Con control
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implications for cardiorespiratory health in the general popu-
lation [4] and contributes methods with which to enhance 
the classically described model of endurance performance 
determinants [69].

The consistent, positive effect of HA on V̇O
2max

 across 
the within- and between-participant meta-analyses implies 
that the absence of a control group (those not receiving 
HA) does not appear to substantially affect the outcome. 
Comparison of between- (controlled) and within-participant 
meta-analyses analyses demonstrated that both the thermo-
neutral (Hedges’ g = 0.42 and 0.30, respectively) and hot 
(Hedges’ g = 0.63 and 0.75, respectively) resulted in simi-
lar changes in V̇O

2max
 . These results should not encourage 

the use of within-participant time-series designs but should 
arrest the debate [15] that HA is equivalent to thermoneutral 
training in eliciting V̇O

2max
 adaptations, when all studies are 

considered.
On the basis that the mode of HA could elicit different 

physiological responses, we conducted sub-analyses to deter-
mine the potential moderating effect of isothermal or iso-
intensity programmes, which are most commonly adopted in 
the available literature. However, there was no effect of the 
adopted HA mode on V̇O

2max
 adaptation (Table 3). This was 

not anticipated, but was also supported by the finding that 
neither mechanical intensity nor indices of ambient thermal 
load during the HA programmes had a moderating effect on 
V̇O

2max
 changes (Table 3). Unfortunately, the internal core 

temperature responses could not be statistically assessed 
owing to the inconsistent or incomplete reporting of these 
data but descriptive observation demonstrated no trend in 
the relationship between V̇O

2max
 adaptation and core tem-

perature during HA, in any environment (Table 3). Together, 
these results indicate that the associated increase in mechan-
ical work rates elicited by iso-intensity models (i.e. more 
intense exercise) or characteristics of the isothermal models, 
did not influence the level of adaptation observed. These 
findings are at odds with the theorised necessity of higher-
intensity exercise for V̇O

2max
 adaptation during HA [21]. 

Indeed, the lack of difference in V̇O
2max

 adaptation between 
iso-intensity and iso-thermal designs was not anticipated, as 
iso-intensity models have been repeatedly shown to augment 
endurance performance [21, 43, 70], which is not always 
the case in isothermal studies [27, 41]. It was equally sur-
prising that the lack of moderating effect was consistent for 
hot V̇O

2max
 adaptations, since isothermal heat induction is 

thought to elicit the greatest thermoregulatory effects [14, 
71], for the reason that core temperature can be controlled 
by the investigator during HA [14]. Thus, it is thought that 
isothermal HA is more likely to enhance the magnitude of 
daily thermo-effector responses and, in turn, enhances these 
thermoregulatory defences to a subsequent heat stimulus—
as is necessary for the heat acclimated phenotype [12]. Irre-
spective of this, the current collection of results contradict 

the seemingly logical inference that isothermal approaches 
would confer some additional benefit for maximal testing in 
hot conditions. This could be related to the more recently 
reported neutral relationship between internal thermal load 
(time spent > 38.5 °C) and changes in hallmark acclimation 
responses, such as core temperature or heart rate [29]. Col-
lectively, it is likely that gross, multi-organ systemic out-
come measures, such as V̇O

2max
 , require a mixture of ther-

mal and exercise stimuli, which varies between individuals. 
The recommendation, based on the current evidence, is that 
the choice of isothermal or iso-intensity will not affect the 
V̇O

2max
 outcome in hot or thermoneutral environments.

HA varies in the number of days over which it can be 
conducted, with short-term heat acclimation (< 7 days) 
facilitating partial adaptation [72–74], and long-term heat 
acclimation (often ≥ 7 days) completing this process [75, 
76]. This notion was partially supported in the control group 
meta-analysis of hot V̇O

2max
 adaption, where the number of 

HA days significantly moderated the overall effect, such that 
for every additional day of HA, a 0.29 (small) standardised 
mean increase in V̇O

2max
 was observed. However, this was 

not the case in any of the other meta-analyses conducted 
herein and this particular meta-analysis was based on a total 
of four articles, which somewhat limits our confidence in 
the result. Similarly, the ambient temperature of the HA 
programme also explained significant variance (Table 1) in 
the outcome of hot V̇O

2max
 increases in the control group 

analysis, with hotter temperatures eliciting greater V̇O
2max

 
changes, up to a ceiling value of 40 °C. Thus, notwithstand-
ing the smaller sample of studies, longer and hotter HA pro-
grammes appear to confer the greatest effects on hot V̇O

2max
 

when compared to control groups. This could also relate to 
the specificity of the stimulus and the total heat exposure 
[64, 65] and agree with the notion that longer adaptation 
periods might be necessary for full hot adaptation [75, 76]. 
Interestingly, a recent meta-analysis reported no moderating 
effect of induction length (HA days) or any other parameter 
of HA programmes on V̇O

2max
 adaptation [32] but the num-

ber of studies considered for analysis was markedly less and 
not sub-analysed in the same manner as the current analysis. 
For example, V̇O

2max
 assessments in hot and thermoneutral 

environments were amalgamated for analysis, which will 
produce mixed results in comparison to the current analysis, 
since these tasks offer distinctly different challenges.

In the meta-analysis of within-group hot V̇O
2max

 adapta-
tion, we found that the post-acclimation testing period was 
significantly related to the outcome. Across the six studies 
in this analysis, we report that for every additional post-test-
ing day immediately after the final HA intervention, a 0.17 
(small) standardised change in V̇O

2max
 can be expected, up 

to a seven-day limit. In other words, testing or planned per-
formance too close to the final day of HA is not advisable if 
complete hot V̇O

2max
 adaptation is to be realised. Extending 
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this up to 7 days appears to be optimal. It should be acknowl-
edged, however, that reporting of this was inconsistent, with 
many identifying the exact number of days and others stating 
a time period (i.e. within 7 days). Therefore, there is likely to 
be some variability in this moderator. Nevertheless, this is an 
important finding for those utilising heat acclimation to pre-
pare for endurance exercise in hot environments and means 
that the suggested urgency (see [65]) to acclimate/acclima-
tise near to competition might be unwarranted if V̇O

2max
 is 

considered to be of greatest importance. This is inconsistent 
with the immediate decays reported in other physiological 
measures, such as core temperature and heart rate, follow-
ing HA [12, 73, 77] and is likely to be related to the delayed 
adaptive responses (absence of immediate decay) to heat 
acclimation that have been demonstrated in some studies 
[21, 78, 79]. This phenomenon can be likened to classical 
dose–response theories of Seyle [80] and explained directly 
by the severity of the imposed internal thermal load and 
necessary recovery that subsequently ensues to permit phe-
notypic adaptation [81]. Given that this was observed in the 
within-participant hot V̇O

2max
 analysis, rather than the ther-

moneutral equivalents, it is possible that the specificity of 
the hot environment during post-testing underpins this the-
ory. However, experimental work has recently demonstrated 
a similar pattern of adaptation following heat acclimation 
when testing in thermoneutral environments [21]. Therefore, 
further work is needed to understand this phenomenon and 
its physiological determinants.

As we anticipated, there were numerous inconsistencies 
between studies, which limit some of the conclusions of the 
current meta-analyses and should be considered when using 
these results to inform HA programme design. For example, 
core body temperature in response to HA sessions was often 
reported as either a mean or a final temperature reached. 
Whilst there is typically a relationship between these varia-
bles, it would be helpful for readers if more complete report-
ing of the mean, standard deviation and final core body tem-
peratures is provided. In addition, the measurement of core 
body temperature (rectal, oesophageal, tympanic, ingestible 
pill) often varies between studies and could alter the magni-
tude of the response. Whilst we used SMD to control for dif-
ferences in measurement type in the current meta-analyses, 
readers should be aware of this when evaluating the raw 
data we presented herein from previous studies. Finally, the 
number of days between HA completion and post-testing of 
V̇O

2max
 should be reported more consistently among studies, 

perhaps through submission of raw data to support summary 
findings, since this appears to affect the V̇O

2max
 measure-

ment. More exact reporting of this would help to understand 
the consistency of this conclusion and improve the design 
of HA programmes, if V̇O

2max
 improvement is assumed to 

be a desirable outcome.

5  Conclusion

The collective conclusions drawn from the current meta-
analyses are that HA can enhance V̇O

2max
 adaptation in 

thermoneutral or hot environments by at least a small and 
up to a moderate-large amount, with the descriptively larger 
improvements occurring in the heat. The positive effects of 
HA on V̇O

2max
 were maintained with or without the inclu-

sion of a control group, suggesting its capacity to augment 
the effect of endurance training. The type of programme 
adopted (isothermal or iso-intensity) did not appear to affect 
the training adaptation but the ambient heat and number of 
induction days do explain the change in hot V̇O

2max
 adapta-

tion, which could support the necessity of higher thermal 
volumes (exposures) and similarity of the training to the 
testing environment to maximise adaptation. The number of 
post-testing days also appears to play a role in hot V̇O

2max
 

adaptation and further work is required to explain the under-
lying physiology of this delayed response.
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