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Abstract

Background Studies have demonstrated that longer-term

heat acclimation training (C8 heat exposures) improves

physical performance. The physiological adaptations

gained through short-term heat acclimation (STHA) train-

ing suggest that physical performance can be enhanced

within a brief timeframe.

Objective The aim of this systematic review was to

determine if STHA training (B7 heat exposures) can

improve physical performance in healthy adults.

Data Sources MEDLINE, PubMed, and SPORTDis-

cusTM databases were searched for available literature.

Study Selection Studies were included if they met the

following criteria: STHA intervention, performance mea-

sure outcome, apparently healthy participants, adult par-

ticipants (C18 years of age), primary data, and human

participants.

Study Appraisal A modified McMaster critical appraisal

tool determined the level of bias in each included study.

Results Eight papers met the inclusion criteria. Studies

varied from having a low to a high risk of bias. The review

identified aerobic-based tests of performance benefit from

STHA training. Peak anaerobic power efforts have not

been demonstrated to improve.

Limitations At the review level, this systematic review did

not include tolerance time exercise tests; however, certain

professions may be interested in this type of exercise (e.g.

fire-fighters). At the outcome level, the review was limited by

the moderate level of bias that exists in the field. Only two

randomized controlled trials were included. Furthermore, a

limited number of studies could be identified (eight), and only

one of these articles focused on women participants.

Conclusions The review identified that aerobic-based

tests of performance benefit from STHA training. This is

possibly through a number of cardiovascular, thermoregu-

latory, and metabolic adaptations improving the perception

of effort and fatigue through a reduction in anaerobic

energy release and elevation of the anaerobic threshold.

These results should be viewed with caution due to the

level of available evidence, and the limited number of

papers that met the inclusion criteria of the review. STHA

training can be applied in the team-sport environment

during a range of instances within the competitive season.

A mixed high-intensity protocol may only require five

sessions with a duration of 60 min to potentially improve

aerobic-based performance in trained athletes.

1 Introduction

Sporting events in hot and humid environmental condi-

tions pose a great environmental challenge to maintaining
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the optimal performance of an athlete [1]. Submaximal

exercise in hot ambient conditions challenges the car-

diovascular system to meet thermoregulatory demands

without compromising metabolic and circulatory

demands. Thermoregulation can be compromised during

prolonged submaximal exercise by competing circulatory

and metabolic requirements that result in a rise in core

temperature (Tc) and associated fatigue [2]. Many major

team-sport events in the near future are scheduled in

potentially hot and/or humid ambient conditions, such as

the 2014 Soccer World Cup and 2016 Olympics in Brazil,

2015 Cricket World Cup in Australia/New Zealand, and

the 2022 Soccer World Cup in Qatar. Hence, the effects

of acute and chronic heat exposure on physical perfor-

mance are significant factors in the management and

preparation of athletes.

1.1 Heat Acclimation/Acclimatization Training

Through repeated heat stress exposure, the heat acclimation

(response to a controlled environment setting) or acclima-

tization (response to naturally occurring environment)

(both abbreviated to HA in the current paper) process

facilitates adaptations that enhance cardiovascular, ther-

moregulatory, metabolic, and perceptual function during

exercise, improving the exercise capacity of an individual

[3, 4]. Garrett and colleagues [3] defined the process of HA

as taking place across three time periods, broadly catego-

rized as short-term heat acclimation (STHA) (B7 expo-

sures) [5–15], medium-term heat acclimation (MTHA)

(8–14 exposures) [15–20], and long-term heat acclimation

(LTHA) (C15 exposures) [21–23]. Traditionally, HA

training protocols have consisted of at least ten exposures,

which is often considered the point at which full HA is

usually obtained [24]. However, as little as four heat

training sessions have been reported to confer partial HA

[12].

In order to obtain partial or full HA, most athletes

use repeated bouts of exercise in hot conditions.

Recently, athletes have sought HA training as an ergo-

genic aid with the intent of enhancing physical perfor-

mance in both hot and temperate conditions [9, 12, 16].

HA training studies of longer duration (at least eight

heat exposures) have demonstrated improved physical

performance in hot conditions, such as enhanced peak

power output [19], time-to-exhaustion [25], and toler-

ance time [17]. Furthermore, improved maximal oxygen

consumption ( _VO2max) [16], time-trial performance [16],

power at lactate threshold [16], and 400-m swimming

time [26] have been observed in temperate conditions.

Thus, it seems apparent that physical performance can

be improved in hot and temperate conditions following

longer-term HA training.

1.2 Adaptations from Short-Term Heat Acclimation

(STHA)

In brief, previous research has identified numerous com-

mon physiological and molecular adaptations that are

developed within seven heat exposures. Cardiovascular

system adaptations include plasma volume expansion [7, 9,

14, 19, 21, 27, 28] and a reduced heart rate response to sub-

maximal exercise [7–10, 12–14, 29]. Thermoregulatory

adaptations include decreased Tc response to exercise [5, 7,

12–14, 17], increased skin blood flow for a given Tc [14,

30], decreased Tc threshold for cutaneous vasodilation [14,

30–32], and decreased Tc threshold for the onset of

sweating [29, 30, 32, 33]. The primary metabolic adapta-

tion is attenuated carbohydrate metabolism [10, 13].

Finally, perceptual adaptations include enhanced thermal

comfort [10, 12].

1.3 Team-Sport Players

Field team-sport (Australian football, soccer, and rugby are

used as examples throughout the review) players require

not only superior skills, but also pronounced endurance,

muscular strength and power, speed, acceleration, repeat-

sprint ability, and flexibility [34, 35]. Competitive matches

are characterized by players covering a large distance at a

submaximal running speed, interspersed with high-inten-

sity activity and unpredictable rest intervals [34–36]. For

example, Wisbey et al. [37] reported nomadic Australian

football players to undertake an average of 248 accelera-

tions (over 4 km/h in 1 s) and 89 running surges (above

18 km/h) during a competitive match. Gabbett and col-

leagues [38] provided an insight into the intermittent

demands of rugby league players. Players undertake repeat

high-intensity efforts (defined as three or more high-

intensity running efforts and/or tackle efforts with \21 s

between efforts) ranging from one every 4.8 min (hit-up

forwards) to one every 9.1 min (outside backs) [38].

HA training has traditionally been undertaken by ath-

letes from individual sports; however, coaches and sport

scientists are now increasingly examining the implemen-

tation of HA training for team-sport players. Training for

team-sport events requires an extensive multifactorial

approach, including endurance, skill, tactical, and resis-

tance training [35]. Many team-sport competitions are

played in hot environments, often requiring teams to

complete inter-continental travel. A brief STHA training

protocol may induce partial HA for players preparing for

hot competition, and potentially improve physical perfor-

mance. A STHA training protocol may also provide the

opportunity for team-sport players in temperate regions to

achieve physiological adaptations that are not usually

developed to the same magnitude in cooler climates.
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Moreover, skill and endurance training can concurrently be

targeted during a STHA protocol.

Narrative reviews have provided valuable updates on the

field of HA research [3, 4, 24, 26, 39, 40], primarily

examining the physiological and molecular changes.

However, no systematic reviews are available, nor has the

effect of STHA training upon physical performance seen

extensive review. The primary aim of the current system-

atic review was to investigate the effects of STHA training

upon physical performance in healthy adults. Further, the

review summarized the possible mechanisms of any

potential physical performance changes and the application

of STHA training for team-sport players.

2 Methods

2.1 Data Sources

MEDLINE, PubMed, and SPORTDiscusTM databases were

searched for available literature from their respective

inception through to September 2013. The search strategy

included the following keywords: ‘acclimation’, ‘acclima-

tization’, ‘short-term’, ‘short term’, ‘heat’, ‘performance’,

‘athletic performance’, ‘training’. The relevant subject

headings were used in isolation and in combination in each

database. The complete MEDLINE search strategy is

provided in the Electronic Supplementary Material (ESM)

S1. Searches were limited to ‘English language’ and

‘humans’ only. The references of all relevant articles were

pearled for further articles.

2.2 Study Selection

One reviewer scanned all of the titles for duplicates. Two

independent reviewers screened the titles and abstracts to

determine the relevance of each article. Results of this

process were compared between the two independent

reviewers. Following initial screening, the full text of rel-

evant studies were retrieved and reviewed independently

by the same two reviewers. Only published peer-reviewed

studies were included in the analysis. Studies were retained

if they met the following criteria: STHA intervention

(seven or fewer total heat exercise exposures before

physical performance testing), performance measure out-

come, apparently healthy participants, adult participants

(C18 years of age), primary data, and human participants.

The criteria for ‘seven or fewer total separate heat exercise

exposures before physical performance testing’ included

testing sessions in hot conditions that were either under-

taken \5 days prior to the first designated HA training

session, or prior to the post-HA physical performance

testing. If it was unclear whether a pre-testing session

occurred in hot conditions within 5 days before the

beginning of the HA protocol, the pre-test was not identi-

fied as a heat exposure. In the event that studies random-

ised the order of participant distribution into two different

post-testing sessions for the purpose of separate physical

performance (as defined by the current review) data ana-

lysis, these tests were classed as one heat exposure. Since

the review aimed to examine the performance change in an

athletic population, studies were excluded if participants

were required to exercise in occupational safety equipment

(e.g. protective suits) during testing or training sessions.

There were no selection criteria for the total heat exposure

time during an STHA intervention.

2.3 Outcome Measures

Any measure used to detect a change in physical perfor-

mance based upon pre- and post-intervention testing was

examined. The definition of a performance test was ‘any

physical test that elicits a maximum intensity effort within a

defined time, distance, repetition, or end-point’. A special

point of interest in relation to the HA research field is that the

chosen definition does not incorporate submaximal intensity

testing to fatigue/biological safety-point (i.e. a tolerance

time test). Results of these tests can inherently be prone to

variability [41], due to the subjective nature of finishing the

test. To determine the effectiveness of STHA training upon

physical performance, a combination of means comparison

(statistical significance p \ 0.05) and effect sizes (Cohen’s

d [C0.2 small, C0.5 moderate, C0.8 large]) were used [42].

Within-group effect sizes were calculated using Cohen’s d if

the data were not provided (the average of the standard

deviation [SD] for the pre-test and post-test scores were used

if the SD of the change score was not provided) [42].

2.4 Risk of Bias Assessment and Data Extraction

Two reviewers independently assessed the risk of bias of

included studies using a modified version of the McMaster

critical review form in quantitative studies [43]. The crit-

ical appraisal tool is outlined in the ESM S2. The critical

appraisal tool of the current study retains six categories

from the McMaster tool, whilst the additional category

explores the processes of controlling and randomization

within studies.

For all the eligible studies, data extraction was indepen-

dently completed by two reviewers using a customized data

extraction form. Data extraction included participant char-

acteristics such as sex, number of participants, sport partic-

ipation, the training protocol, the dosage of heat exposures,

the change in test score of a performance measure, the

environmental conditions during performance testing, a

statistical indicator of the change in performance (i.e.
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statistical significance, effect size). The interpretation of

effect sizes was based upon the methods used by included

papers. Any disagreements regarding risk of bias or data

extraction were resolved through discussion, or if necessary,

through consultation with a third independent reviewer.

3 Results

3.1 Study Description

An initial literature search yielded 545 records following

the removal of duplicate titles, of which 354 were excluded

during title scanning due to relevance. A total of 191

articles were screened, with 19 of these assessed for eli-

gibility. Eleven articles were excluded, with the primary

reasons being no inclusion of an STHA training protocol

(six), no examination of a performance outcome (four), and

no inclusion of adult participants (one). Finally, eight

studies were included for final data synthesis (Table 1).

The screening and review process is shown in the PRISMA

(Preferred Reporting Items for Systematic Reviews and

Meta-Analyses) flow diagram (Fig. 1).

3.2 Risk of Bias of Included Studies

The risk of bias of each included study was examined using

a modified McMaster critical appraisal tool. The results are

reported in Table 2. Studies most commonly lost points for

not being controlled [5, 7, 9, 13], which demonstrated a

consistent source of bias in this research field. It is

interesting to note that only two randomized controlled

trials were included [6, 10]. The other category in which

studies commonly lost points was for not reporting if the

performance outcome variables were valid and/or reliable

[5, 10, 11, 13]. Reporting these parameters would help to

further strengthen the confidence in outcome results.

3.3 Results of Individual Studies

Maximum tests using either progressive increments to

fatigue, or aerobic-based time trial tests may be enhanced

following STHA training [5, 7, 9, 12]. Despite these

improvements, _VO2max has yet to be shown to significantly

increase [6, 13]. Peak anaerobic power efforts do not

appear to be enhanced following STHA training [5, 11, 12].

In assessing the evidence, it is important to note the

methodological characteristics of the included studies that

may influence the results (outlined in Tables 1, 3). These

include testing conditions, humidity, sex of participants,

frequency of heat training sessions, and the training level

of participants. These factors are discussed in Sect. 4.1.

3.4 Level of Evidence Provided by Included Studies

The National Health and Medical Research Council

(NHMRC) guidelines were used to assess the level of

evidence provided by studies that were included in this

systematic review. For each category, a full explanation for

the score can be found in ESM S3. The overall grade of

recommendation reflects the strength of the evidence pro-

vided by the included studies. A score of ‘C’ was given to

Fig. 1 A PRISMA (Preferred

Reporting Items for Systematic

Reviews and Meta-Analyses)

flow chart outlining the

identification and inclusion

processes of the review
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the body of evidence, which implies ‘‘body of evidence

provides some support for recommendation(s) but care

should be taken in its application’’ (Table 4).

4 Discussion

The primary aim of this systematic review was to investigate

the effects of STHA training upon physical performance. The

review identified that aerobic-based tests of performance are

improved following STHA training [5–7, 9, 12]. This is pos-

sibly through a number of cardiovascular, thermoregulatory,

and metabolic adaptations improving the perception of effort

and fatigue through a reduction in anaerobic energy release and

elevation of the anaerobic threshold. A progressive maximum

exercise test might increase in duration [5–7, 9, 12], but
_VO2max has yet to be shown to significantly increase [6, 13].

Peak anaerobic power efforts do not appear to be enhanced [5,

11, 12]. There appears to be no plausible physiological or

biomechanical reason for a change in rate-limiting variables

affecting peak-power outcomes following STHA training. No

studies demonstrated significant detrimental effects of STHA

training upon physical performance. Collectively, these results

should be viewed with caution due to the level of available

evidence and the limited number of studies that met the

inclusion criteria of the review. Further, the review discusses

the underlying mechanisms associated with the changes in

physical performance and the application of STHA training for

team-sport players.

4.1 Change in Physical Performance Following STHA

4.1.1 STHA Training Improves Physical Performance

in Hot Playing Conditions

Intuitively, the greatest benefit of STHA training upon

physical performance should be evident in hot

conditions. Prolonged, predominantly aerobic-based,

activity can be significantly improved under hot testing

conditions [6, 7, 12]. Chen et al. [6] observed a signif-

icant increase in the time-to-exhaustion at maximal

intensity; however, _VO2max was not concurrently

improved. Speculatively, this may support the suggestion

that the lactate threshold is enhanced following STHA

training. Only a brief duration of STHA training may be

required to improve physical performance in hot condi-

tions, with three studies demonstrating an improvement

in aerobic-based performance following up to 200 min of

heat training [5, 6, 12]. Even though Brade et al. [5] did

not observe a significant enhancement in ‘total work’

(J�kg-1) during a repeat-sprint exercise test, the observed

change demonstrated a moderate effect size. This sug-

gests that the study may have been underpowered to

observe a statistically significant effect. It is interesting

to note that post-test sessions in the study by Chen et al.

[6] occurred within 24 h of the final HA exposure,

indicating that fatigue could have impacted the results.

Daanen and colleagues [17] did not observe a change in

resting Tc during 12 days of HA training; however,

resting Tc significantly decreased by 0.4 �C following a

72-h recovery period. The authors concluded that a

recovery period following HA protocols may be required

to allow athletes to recover from the strain of training

[17]. Further comparison of the duration of heat expo-

sure between studies is problematic because the out-

comes of studies may largely depend on the mode of

exercise (see Sect. 4.3.1). Equivocal data suggest that

physical performance can be improved in temperate

testing conditions following STHA training [6, 9–11].

The physiological adaptations from STHA appear rele-

vant to both hot and temperate playing conditions.

Nonetheless, the current results suggest that the perfor-

mance changes following STHA training are most evi-

dent in hot playing conditions.

Table 2 Risk of bias for included studies

References Study purpose

(1)

Study design

(2)a
Sample

(1)

Reliability and

validity (1)

Intervention

(1)

Statistical

analysis (1)

Conclusions

(1)

Total

(/8)

Brade et al. [5] Y N/N Y N Y Y N 4

Chen et al. [6] Y Y/Y Y N Y Y Y 7

Garrett et al. [7] Y N/N Y Y N Y Y 5

Buchheit et al. [9] Y N/N Y Y Y Y Y 6

Petersen et al. [10] Y Y/Y Y N Y Y Y 7

Brazaitis and Skurvydas [11] Y Y/N Y N Y Y Y 6

Sunderland et al. [12] Y Y/N Y Y Y Y Y 7

Febbraio et al. [13] Y N/N N N Y Y Y 4

Y yes, N no
a The ‘study design’ section covers a maximum score of two points. The first point indicates that the study was a controlled study. A second

point is awarded if the study was a randomized controlled trial

976 S. Chalmers et al.

123



T
a

b
le

3
T

h
e

re
su

lt
s

fr
o

m
st

u
d

ie
s

th
at

m
et

th
e

in
cl

u
si

o
n

cr
it

er
ia

R
ef

er
en

ce
s

P
er

fo
rm

an
ce

te
st

P
er

fo
rm

an
ce

m
ea

su
re

1
M

ea
n

p
er

fo
rm

an
ce

ch
an

g
e

±
S

D
a
/C

L
b

(e
ff

ec
t

si
ze

)

P
er

fo
rm

an
ce

m
ea

su
re

2
M

ea
n

p
er

fo
rm

an
ce

ch
an

g
e

±
S

D
a
/

C
L

b
(e

ff
e
c
t

si
z
e
)

B
ra

d
e

et
al

.
[5

]
R

ep
ea

t
sp

ri
n

t
cy

cl
e

te
st

W
o

rk
(J
�k

g
-

1
)

d
u

ri
n

g
1

st

h
al

f
o

f
te

st

:4
.8

±
1

.0
%

b
(N

S
)

(d
=

0
.5

6
)

P
ea

k
p

o
w

er
(W
�k

g
-

1
)

d
u

ri
n

g
1

st

h
al

f
o

f
te

st

:3
.0

±
0

.8
%

b
(N

S
)

(d
=

0
.3

1
)

W
o

rk
(J
�k

g
-

1
)

d
u

ri
n

g
2

n
d

h
al

f
o

f
te

st

:4
.4

±
1

.1
%

b
(N

S
)

(d
=

0
.7

3
)

P
ea

k
p

o
w

er
(W
�k

g
-

1
)

d
u

ri
n

g
2

n
d

h
al

f
o

f
te

st

:3
.8

±
0

.9
%

b
(N

S
)

(d
=

0
.4

6
)

C
h

en
et

al
.

[6
]

_ V
O

2
m

a
x

te
st

_ V
O

2
m

a
x

T
em

p
er

at
e:

;1
.5

%
(N

S
)

(d
=

0
.1

4
)

T
im

e
to

ex
h

au
st

io
n

(a
t

m
ax

im
al

in
te

n
si

ty
)

T
em

p
er

at
e:

:4
.6

%
(N

S
)

(d
=

0
.3

6
)

H
o

t:
:2

.1
%

(N
S

)

(d
=

0
.1

5
)

H
o

t:
:6

.6
%

*
(d

=
0

.4
7

)

G
ar

re
tt

et
al

.
[7

]
2

-k
m

ro
w

in
g

ti
m

e-
ri

al
T

o
ta

l
ti

m
e

(s
)

:1
.5

%
*

(d
=

0
.3

3
)

B
u

ch
h

ei
t

et
al

.
[9

]
Y

o
-y

o
in

te
rm

it
te

n
t

re
co

v
er

y
te

st

1

T
o

ta
l

d
is

ta
n

ce
(m

)
:7

±
9

%
a
*

(d
=

0
.4

5
)

P
et

er
se

n
et

al
.

[1
0
]

R
ep

ea
t

sp
ri

n
t

ru
n

te
st

(6
9

[3
9

1
7

.6
8

m
])

T
o

ta
l

ti
m

e
(s

)
:0

.4
%

(N
S

)
(d

=
0

.0
8

)

B
ra

za
it

is
an

d

S
k

u
rv

y
d

as
[1

1
]

M
V

C
te

st
o

f
k

n
ee

ex
te

n
so

rs
M

V
C

p
ea

k
to

rq
u

e
(N
�m

)
N

S
ch

an
g

e

S
u

n
d

er
la

n
d

et
al

.
[1

2
]

L
o

u
g

h
b

o
ro

u
g

h
in

te
rm

it
te

n
t

sh
u

tt
le

te
st

T
o

ta
l

d
is

ta
n

ce
(m

)
:3

3
%

*
to

ta
l

d
is

ta
n

ce

(d
=

0
.6

5
)

S
p

ri
n

t
ef

fo
rt

s
(s

)

1
st

se
t

sp
ri

n
t

;0
.4

%
(N

S
)

(d
=

0
.0

5
)

2
n

d
se

t
sp

ri
n

t
;0

.7
%

(N
S

)
(d

=
0

.1
0

)

3
rd

se
t

sp
ri

n
t

;1
.0

%
(N

S
)

(d
=

0
.2

2
)

F
eb

b
ra

io
et

al
.

[1
3
]

_ V
O

2
m

a
x

te
st

_ V
O

2
m

a
x

;2
.3

%
(N

S
)

(d
=

0
.0

9
)

*
st

at
is

ti
ca

ll
y

si
g

n
ifi

ca
n

t
(p

\
0

.0
5

),
N

S
n

o
t

si
g

n
ifi

ca
n

t
(p

[
0

.0
5

),
d

C
o

h
en

’s
d

ef
fe

ct
si

ze
,

a
S

D
st

an
d

ar
d

d
ev

ia
ti

o
n

,
b
C

L
9

0
%

co
n

fi
d

en
ce

li
m

it
s,

_ V
O

2
m

a
x

m
ax

im
al

o
x

y
g

en
co

n
su

m
p

ti
o

n
,

M
V

C

m
ax

im
al

v
o

lu
n

ta
ry

co
n

tr
ac

ti
o

n
,
:

p
o

si
ti

v
e

(i
m

p
ro

v
em

en
t)

ch
an

g
e,

;
n

eg
at

iv
e

(d
ec

re
as

e)
ch

an
g

e

Short-Term Heat Acclimation Improves Performance 977

123



4.1.2 STHA Training in Dry and Moderate Humidity

Conditions Can Improve Physical Performance

The level of humidity during heat training sessions has the

potential to influence the adaptive process for individuals [4].

For example, Taylor and Cotter [4] reported that a greater

adaptation in sweat rate occurs after training in hot-humid

conditions rather than hot-dry conditions. No studies have

examined the physical performance changes following

STHA training in high-humidity (70–100 % relative

humidity [RH]). Two of the three STHA training studies in

dry-heat (0–39 % RH) [9, 12], and three of the five studies in

moderate humidity (40–69 % RH) [5–7], observed a sig-

nificantly enhanced physical performance measure. The dry-

heat studies demonstrated improved physical performance in

both temperate [9] and hot [12] conditions. Studies under-

taken in moderate humidity have only demonstrated

enhanced performance in hot conditions [5–7]. However, for

the purpose of future studies, there seems to be no plausible

reason to suggest that physical performance changes fol-

lowing humid STHA training are less transferable to tem-

perate conditions than those gained from dry-heat STHA.

4.1.3 STHA Training Improves Physical Performance

Changes by Sex

Evidence suggests that STHA training can improve the

physical performance of men [5–7, 9]; however, only one

study has examined the effects of STHA training upon

physical performance in a cohort of women. Similar to

studies in men, Sunderland and colleagues [12] observed

improvements in an aerobic-based performance test, but not

anaerobic-based maximal efforts following STHA training.

This study recorded the lowest risk of bias (7/8) for all the

included studies according to the modified McMaster scale,

strengthening confidence in the findings of the study.

4.1.4 Both Consecutive Day and Intermittent Day STHA

Training Can Improve Physical Performance

Traditionally, HA training protocols have consisted of daily

heat exposures. This removes the uncertainty of whether

participants will optimally adapt to intermittent heat stress

training days, in which individuals are removed from the

stimulant for extended periods of time in between sessions.

Gill and Sleivert [20] observed that a consecutive-day MTHA

protocol was more effective for inducing HA than an inter-

mittent-day protocol. However, consecutive-day heat training

sessions are often impractical for team-sport participants.

Three of the five STHA training studies that used consecutive-

day protocols observed a significantly enhanced physical

performance measure [6, 7, 9]. These performance enhance-

ments were seen in both temperate [9] and hot [6, 7] condi-

tions. Two of the three studies that used intermittent-day

training noted improved physical performance, but were only

tested in hot conditions [5, 12]. This suggests that both con-

secutive-day and intermittent training day protocols (usually

no more than 72 h in between exposures) can be effectively

implemented to enhance physical performance, although the

effects of intermittent STHA training day protocols on per-

formance in temperate conditions remains unknown.

4.1.5 STHA Training Improves the Physical Performance

of Highly Trained Athletes

Since highly trained athletes are the population most often in

demand of HA training, it is worthwhile to examine the

change in physical performance outcomes among this group.

The participants in three STHA training studies were clas-

sified as ‘highly trained’ [7, 9, 13]. Two studies observed an

improvement in aerobic performance [7, 9], while the

remaining study [13] did not identify a significant change in
_VO2max. Even though highly trained athletes may have less

adaptive potential and display many partially developed HA

adaptations [3], evidence suggests that STHA training can be

an effective modality for improving aerobic performance in

this population. In two studies, Garrett et al. [7, 8] observed

similar changes in cardiac frequency, Tc, and plasma volume

expansion for moderately and highly trained athletes fol-

lowing 5 days of controlled hyperthermia HA training

4.2 The Mechanisms for an Enhancement of Physical

Performance

The current review suggests that STHA training might be an

effective modality for improving aerobic-based tests of per-

formance. The underlying mechanisms that could be con-

tributing towards a change in physical performance can

broadly be identified into four categories: cardiovascular

system, thermoregulation, altered metabolism, and percep-

tual changes. For the benefit of a broader discussion, STHA

papers cited in Sects. 4.2 and 4.3 fall under the definition

provided by Garrett et al. [3], rather than the STHA definition

used as one of the inclusion criteria for the former systematic

review.

Table 4 Summary of National

Health and Medical Research

Council level of evidence for

included studies

Assessing the

body of evidence

Score

Volume of evidence C

Consistency B

Clinical impact B

Generalizability B

Applicability B

Grade of

recommendation

C
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4.2.1 Cardiovascular System

4.2.1.1 Circulatory Adjustments Plasma volume expan-

sion is an early occurring adaptation to heat stress. It typi-

cally occurs within the first 3–6 days of repeated heat

exposures [3, 24, 44], but with considerable variability in

the magnitude of change (usually between ?4.5 and ?15 %

[7, 9, 14, 19, 21, 27, 28]). Buchheit et al. [9] identified that

the reduction in exercising heart rate was ‘moderately-to-

largely’ related to plasma volume expansion following

STHA. Patterson et al. [21] suggests that the expansion of

the extracellular fluid compartment primarily accounts for

the increase in plasma volume. The expansion of plasma

volume plays a multifaceted role in cardiovascular stability,

thermoregulation, and fluid regulatory adaptations follow-

ing STHA training, but is a transient process and can return

to baseline levels once the heat stimulus has been removed

for 1 week following STHA [8].

Based upon evidence from MTHA studies [16, 45], it is

reasonable to suggest that cardiac output may increase at a

given relative exercise intensity following STHA training

(Fig. 2b). Interestingly, muscle blood flow for a given

absolute exercise intensity may not change following

STHA training (Fig. 2a). This evidence is derived from HA

protocols of longer duration, which have failed to show

significant changes in leg blood flow at a comparable

absolute submaximal exercise intensity [45–47]. Intui-

tively, due to the associated reduction in the Tc response to

exercise [5, 7, 12–14, 17] and the greater physical perfor-

mance capacity following STHA [5–7, 9, 12], muscle

blood flow for a relative exercise intensity may be

increased (Fig. 2b).

4.2.1.2 Reduced Heart Rate Response to Exercise The

significant reduction of heart rate following STHA training

usually occurs within the first 3–6 days of heat training

[24]. STHA training research has demonstrated a lowering

of both resting heart rate [6, 11, 14, 29, 32] and exercising

heart rate at the same absolute intensity (commonly

6–10 %) [6–10, 12–14, 29]. Interestingly, Garrett and

colleagues [7] demonstrated an extensive (7.5 %) reduction

in the end-exercise heart rate of highly trained rowers

following a permissive dehydration (*2 %) STHA pro-

tocol. Since the adaptive potential of these athletes may

have been limited, this method warrants further

consideration.

The mechanism for a reduced heart rate response to

exercise is multifactorial in nature. In brief, first, an

increase in stroke volume (mediated by plasma volume

expansion and enhanced venous tone) allows the cardio-

vascular system to service metabolic, cardiovascular, and

thermoregulatory demands with fewer heart beats [9, 48–

51]. Convertino [49] demonstrated a 1 % increase in

plasma volume resulted in a 1 % reduction in exercising

heart rate of healthy males. However, Garrett et al. [8]

demonstrated that the plasma volume adaptation to STHA

training decayed at a faster rate than the heart rate adap-

tation. This indicates that plasma volume expansion fol-

lowing STHA may not be solely responsible for the

increased cardiovascular stability [8]. Second, research

from animal models suggests that central mechanisms

through improved mechanics (i.e. increased compliance,

better preservation of high-energy phosphorous com-

pounds) may facilitate a reduction in heart rate following

HA [52, 53]. Third, Hodge and colleagues [54] observed

plasma norepinephrine concentration during exercise to be

significantly reduced within three HA sessions. The authors

report a high correlation between the reduction in end-

exercise heart rate and plasma norepinephrine concentra-

tion, suggesting that reduced sympathetic nervous activity

may play a role in attenuating the heart rate response to

exercise following HA [54].

4.2.1.3 Fluid Regulatory Adaptations There remains

conflicting results regarding fluid regulatory adaptations

due to the variations in hydration protocols for participants

in previous STHA training research. Evidence suggests that

STHA training is a catalyst for the conservation of plasma

sodium [21], potassium [21], aldosterone [7], albumin [8,

21], and the associated water retention. This is supported

by reduced exercise sweat sodium [10, 27], potassium [10],

and chloride ion concentrations in sweat [10]. To further

stress fluid homeostasis and optimize fluid regulatory

Fig. 2 Possible changes in cardiac output (the height of each tube),

and blood distribution to the skin, muscle, and gut following short-

term heat acclimation training (a) at an absolute exercise intensity

(e.g. 15 km/h; pre-heat acclimation core temperature of 38.0 �C and

post-heat acclimation core temperature of 37.7 �C); (b) at a relative

exercise intensity (e.g. 60 % maximum oxygen consumption; core

temperature of 38.0 �C). STHA short-term heat acclimation
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adaptations, Garrett and colleagues [3] recommended per-

missive dehydration during HA training.

4.2.1.4 The Impact of Cardiovascular Adaptations upon

Performance by Team-Sport Players: Hydration Edwards

and colleagues [55] examined the effect of restricting fluid

intake during a 45-min soccer match upon the subsequent

performance in the yo-yo intermittent recovery test. The

performance of dehydrated players (1.5–2 %) in the run-

ning test was significantly impaired compared with players

who were permitted fluid intake. The authors could not

discern whether the decrement in performance was related

to cardiovascular limitations or the negative psychological

associations derived from a greater perception of effort in a

dehydrated state [55]. Edwards and Noakes [56] suggest

that fluid loss acts as a subconscious physiological stimulus

for the conscious feelings of fatigue and thirst in soccer

players. In this model, players pace themselves by modi-

fying their match behavior to avoid failure of any periph-

eral physiological systems [56]. McGregor et al. [57]

observed soccer skill performance to significantly decline

in players who were denied fluid ingestion during strenuous

exercise. At the peripheral level, plasma volume expansion

and fluid regulatory adaptations following STHA training

enables greater maintenance of fluid from the vascular

compartment [7, 58, 59]. Sunderland and colleagues [12]

demonstrated a trend for a reduced perceived thirst in well

trained hockey players following 4 days of heat training. It

is reasonable to suggest that the cardiovascular adaptations

following STHA training may reduce the relative exercise

intensity and promote greater maintenance of fluid, which

in turn positively influences the perception of effort and

fatigue [60, 61].

4.2.2 Enhanced Thermoregulation

Enhanced regulation of Tc is a rapidly occurring adapta-

tion, often developing within four to eight HA training

sessions [24]. STHA training can reduce Tc at rest by

approximately 0.2 �C [11, 14, 29, 31, 32] and at the same

absolute exercise intensity [5, 7, 12–14, 17]. Enhanced Tc

maintenance is achieved through adaptations in evapora-

tive and convective heat dissipation.

4.2.2.1 Evaporative Cooling: Sweat Rate Change Fol-

lowing STHA Sweating adaptations following HA

training enhance evaporative cooling [24]. Sweat rate

(usually measured as mg�cm-1�min-1) and total sweat

loss (kg) has commonly been reported to remain

unchanged at an absolute and relative exercise intensity in

a range of humidity conditions following STHA

(Table 5). Armstrong and Maresh [24] suggested that at

least eight heat exposures are required to produce a pla-

teau in the sweat rate adaptation. Sweat sensitivity (ml

per 1 �C rise in Tc) has generally been reported to remain

constant [29, 30, 32, 33, 62], or in some cases, increase

[5, 63]. The current evidence suggests that sweat rate may

increase towards the end of a seven day HA training

program, but most people may require more extensive

exposure.

4.2.2.2 Evaporative Cooling: STHA Reduces the Core

Temperature Threshold for the Onset of Sweating STHA

training enhances evaporative cooling by decreasing the Tc

and mean body temperature (usually calculated using Tc

[90.8] and mean skin temperature [90.2] [16]) threshold

for the onset of sweating by 0.15–0.29 �C [29, 30, 32, 33,

Table 5 Change in sweat rate/

total sweat loss following short-

term heat acclimation

RH relative humidity, : %

increase, $ unchanged
a reported in military protective

equipment
b reported in nuclear,

biological, and chemical (NBC)

suit

Study Training conditions Change in sweat

rate/total sweat loss

Brade et al. [5] 35 �C, 60 % RH $
Chen et al. [6] 38 �C, 52 % RH $
Racinais et al. [27] 38–43 �C, 12–30 % RH :

Brazaitis and Skurvydas [11] Passive water (44 �C) immersion :

Petersen et al. [10] 30 �C, 60 % RH $
Patterson et al. [33] 40 �C, 60 % RH :

Cotter et al. [29] 39 �C, 59 % RH $
Nielsen et al. [46] 35 �C, 87 % RH $
Aoyagi et al. [15] 40 �C, 30 % RH $a/:b

Aoyagi et al. [64] 40 �C, 30 % RH $a/:b

Hessemer et al. [32] 55 �C, 20 % RH $
Shvartz et al. [63] 40 �C, 20 % RH $

980 S. Chalmers et al.
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62]. This is supported by evidence from MTHA studies

[65–68] and has been demonstrated to occur in the absence

of enhanced sweat rate/total sweat loss [5, 29, 63]. This

adaptation is supported by evidence demonstrating that the

Tc threshold for cutaneous vasodilation decreases [14, 30–

32, 46], which closely mirrors the Tc sweat threshold [69].

Figure 3 summates the possible change in the sweat

response to exercise following STHA training.

4.2.2.3 Convective Cooling: STHA Enhances Cutaneous

Vasodilation for a Given Tc Skin blood flow is a critical

component of convective heat transfer. Skin blood flow for

a given Tc is increased following STHA training [14, 30]

(Fig. 2b), which is supported by evidence from MTHA

training studies [67, 70]. The STHA-induced hypervolemia

helps maintain central blood volume, reducing the vaso-

constrictor influence upon skin blood flow [45, 71, 72].

Skin blood flow is also positively influenced by a reduction

in mean arterial pressure following STHA training [14].

Due to the lower Tc response to exercise following STHA

training [5, 7, 12–14, 17], skin blood flow for a given

absolute exercise intensity is reduced, facilitating less

disruption to other vascular beds (Fig. 2a). Chen et al. [6]

demonstrated a 100 % reduction in skin blood flow to the

active leg during cycle exercise in hot conditions at 240 W

following STHA training. Some authors have reported the

sensitivity (slope) of the association between cutaneous

vasodilation and Tc to remain constant [30, 67], or increase

[14, 70] following STHA training.

4.2.2.4 Convective Cooling: STHA Reduces the Core

Temperature Threshold for Cutaneous Vasodila-

tion STHA training lowers the thermoregulatory thresh-

old for cutaneous vasodilation [14, 30–32]. Following

6 days of exercise HA training, Fujii et al. [14] demon-

strated a 0.4 �C (36.8–36.4 �C) reduction in the forearm

vascular conductance temperature–threshold relationship.

Likewise, Yamazaki and Hamasaki [30] also reported the

esophageal threshold temperature for forearm cutaneous

vascular conductance to be 0.15 �C lower

(37.02–36.87 �C) following 6 days of HA training.

Although the precise mechanism is debated, the expansion

of blood/plasma volume following exercise training may

initiate active vasodilation at a lower Tc [73]. Numerous

authors have speculated that the reduction in the Tc

threshold for cutaneous vasodilation is coupled with the

reduction in resting Tc [14, 30, 31, 46], suggesting that

while the threshold may be lowered, the gains remain the

same.

4.2.2.5 Convective Cooling: Unchanged Skin Tempera-

ture Following STHA training, exercising skin temper-

ature has been reported to increase [10], decrease [5, 63],

or remain unchanged [5, 6, 14, 27, 29]. HA protocols of

longer duration (at least eight exposures) have consis-

tently reported skin temperature to be lowered [16, 17, 33,

45, 46]. Tentatively, skin temperature does not consis-

tently decrease following STHA training due to the var-

iability of sweat rate adaptations following STHA

training. The inconsistency in skin temperature changes

following STHA training has meant that the core-to-skin

gradient has been reported to increase [63, 74] or decrease

[74, 75]. Following longer-term HA training, the core-to-

skin gradient has generally been reported to increase [16,

20, 50, 76], reducing skin blood flow requirements for a

given workload [16]. Skin temperature and core-to-skin

gradient changes may largely be dependent upon the

duration and frequency of the STHA training protocol.

4.2.2.6 Implications of Improved Thermoregulation upon

Team-Sport Performance: Pacing Strategies The ability

to repeatedly outrun and chase opponents, and ‘find space’

is fundamental to successful performance in field team-

sports. Austin et al. [77] observed 70 % of all repeated

Fig. 3 Representation of the sweat response and adaptation following

short-term heat acclimation. Each grey circle identifies the com-

mencement of sweating due to exercise. Point A (continuous line)

represents the sweat response (curve) to graded exercise of an athlete

not acclimated to the heat. Short-term heat acclimation training can

result in a parallel shift of the response (curve) to the left (point B1

[broken line]). This indicates a lower core temperature threshold for

the onset of sweating, but no adaptation in sweat rate has occurred. In

a few instances, this may be accompanied by an upward shift of the

individuals’ sweat response (curve) to exercise to point B2 (dotted

line), indicating the adaptation of an increased sweat rate to exercise

and a lower core temperature threshold for sweating. The precise

relocation of the sweat response (curve) from point A in response to

acclimation, will in general, traverse through the grey triangle to

either point B1 or point B2 (indicated by the grey-shaded triangle).

This may relate to a multitude of factors such as training status, heat

acclimation exercise protocol, and environmental conditions during

heat acclimation
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high-intensity bouts in rugby league to occur within 5 min

prior to a try being scored, illustrating the importance of

high-quality running. At the central level, hyperthermia

reduces motor drive [78]. Aughey et al. [79] and Duffield

et al. [80] suggest that anticipatory pacing strategies based

upon thermal load influence the running capacity of Aus-

tralian football players. Improving the perception of ther-

mal load may enhance subsequent running performance,

especially in the latter stages of each half when it is diffi-

cult to effectively cool players [79]. The lowering of

exercising Tc may be particularly relevant for the pacing

strategies of athletes who require extensive protective

equipment, which diminishes the potential for heat dissi-

pation. At the peripheral level, in comparison with normal

skin temperature and Tc, high body temperature during

maximal exercise is associated with accelerated declines in

cardiac output and mean arterial pressure [81]. As a whole,

improvement of intermittent running performance may

relate to enhanced thermoregulatory processes blunting the

Tc response to exercise following STHA training [5, 7, 12–

14, 17].

4.2.3 Altered Metabolism

4.2.3.1 Attenuated Carbohydrate Metabolism The

increased reliance upon carbohydrates as a fuel source

during exercise in the heat appears to partially attenuate

during the development of HA [13, 47, 82–84]. Limited

evidence is available on the changes in metabolism

during STHA. Reduced lactate accumulation, respira-

tory exchange ratio, blood glucose concentration, and

less depletion of glycogen from type I fibers at a given

absolute exercise intensity have been reported following

STHA [10–13]. Interestingly, Sunderland and col-

leagues [12] demonstrated a trend for an increased

blood lactate concentration at the end of a repeat-sprint

performance test following STHA. Since the finish time

for the test was based upon a maximal subjective

exhaustive effort by the participants, this could relate to

the higher exercise volume that the well trained hockey

players could achieve following the intervention [12].

4.2.3.2 Improved Metabolic Rate Fujii and colleagues

[14] reported the aerobic metabolic rate (indicated by

oxygen consumption) to be significantly reduced by

\5.2 % during a moderate-intensity cycling exercise

heat test following STHA training. Furthermore, two

other STHA training studies found a trend for reduced
_VO2 at a given absolute exercise intensity following

STHA [13, 63]. These findings are supported by HA

studies of longer duration [82, 85, 86]. A lower whole-

body metabolic rate would decrease metabolic heat

production, reducing Tc and hence, thermoregulatory

and cardiovascular demands [85, 87]. Houmard and

colleagues [85] suggest this is a contributing factor to

improved heat tolerance. The reduction in heart rate [7–

10, 12–14, 29] and ventilation [14] at an absolute

workload post-acclimation would support the apparent

decrease in oxygen demand.

4.2.3.3 Implications of Altered Metabolism upon Team-

Sport Performance: Attenuated Carbohydrate The lim-

ited available evidence suggests that carbohydrate

metabolism is decreased at a given absolute exercise

intensity following STHA [13, 14, 63]. Krustrup et al. [88]

suggests that a reduced glycogen level in muscle fibers is

associated with fatigue at the end of a soccer match.

Furthermore, the shooting ability of soccer players may be

compromised with low glycogen stores [89]. Therefore,

less depletion of glycogen from type I fibers following

STHA training may lessen fatigue and positively influence

performance [13]. Decreasing lactate accumulation inhib-

its metabolic acidosis, preserving contractile machinery

(i.e. Ca2? kinetics fatigue, affecting the excitation-con-

traction coupling) and adenosine triphosphate production

from glycolysis (phosphofructokinase and phosphorylase

inhibition) [90]. At the central level, decreasing lactate

accumulation positively influences the perception of fati-

gue and effort [60, 61].

4.2.4 Perceptual Changes during Exercise

4.2.4.1 Changes in the Rating of Perceived Exer-

tion Evidence is conflicting in regards to the changes in

perceived exercise exertion following STHA training.

Armstrong and Maresh [24] suggested the rating of per-

ceived exertion (RPE) to be decreased following three to

six repeated heat exposures, mirroring the reduction in a

number of related physiological stress markers (heart rate,

Tc, and thermal comfort [91]). Pandolf et al. [92] monitored

the day-to-day changes in RPE over the course of nine HA

training sessions and reported the adaptation to begin to

plateau on the seventh day in fit soldiers. Castle and col-

leagues [19] reported RPE to significantly decrease in hot

conditions by the third day for moderately trained males.

Despite reductions in markers of physiological stress,

numerous authors have failed to observe a significant

change in RPE following STHA training [5, 14, 29].

However, this could relate to the tests in which RPE was

collected. Some studies required participants to intermit-

tently exercise at a maximal effort during testing, rather

than a constant absolute intensity [5, 14]. This subjective

and relative nature of a maximal effort could limit a change

in RPE. Some longer-term HA studies have also failed to

demonstrate a lowered RPE [16, 93].
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4.2.4.2 Enhanced Thermal Comfort and Sensation Sig-

nificant improvements in thermal comfort [10, 12, 17] and

sensation [10, 19] have been reported following STHA

training. This is supported by evidence from longer-term

heat exposure training [17, 19]. Thermal comfort and

sensation may link with a multitude of factors, but pri-

marily driven by deep body (core) and peripheral (skin)

temperature. Enhancing thermal comfort (associated with a

lower Tc following STHA training [5, 7, 12–14, 17]) may

improve the perception of effort and fatigue [12, 60],

especially in hot conditions. As discussed in Sect. 4.2.2.6,

an improvement in perceived thermal load could improve

match running performance [79].

4.3 Applying STHA Training to Team-Sport Players

4.3.1 Duration and Type of STHA Sessions

Garrett and colleagues [3] provided a framework by which

to define short- (seven or fewer exposures) and medium-

term (8–14 days) HA interventions, although the total heat

exposure time within these frameworks needs to be con-

sidered. Since a range of team-sport athletes require an

individualized training approach, it is difficult to define a

total heat exposure time by which to broadly define STHA

training. Table 6 demonstrates the methodology of a

sample of compensable STHA and MTHA studies, which

the duration and environmental conditions were standard-

ized among all participants. The STHA studies identified in

Table 6 had a mean of 5.8 ± 1.2 heat exposures and

duration of 72.7 min per session. The total duration of a

STHA protocol should be based upon the type of training.

High-intensity HA protocols that mimic typical competi-

tion demands may require shorter duration sessions.

Alternatively, moderate-intensity HA sessions that might

complement regular training may require longer-duration

sessions.

Taylor and Cotter [4] recommend that HA session

exposures for sports that have relatively short events (\2 h)

be of at least equal duration to competition. Training for

team-sport requires a time-consuming multifactorial

approach [35], meaning that it is often not possible for

teams that are based in temperate regions to devote an

equal time to heat training. The critical factor during HA

training is raising the Tc of the athlete (usually not higher

than 39.5 �C for safety reasons) [100]. It must be consid-

ered that each training session requires a ‘warming period’,

in which the initial heat exposure raises the Tc to an ele-

vated level [100]. A minimum of 25–30 min per HA ses-

sion has been reported in the STHA literature [6, 10, 12].

Using previous studies as a guide (Table 6), and the results

from the current review, we propose that a mixed high-

intensity protocol for trained athletes may require five

sessions with a duration of 60 min to potentially improve

aerobic-based performance in hot and temperate environ-

mental conditions. On average, a moderate-intensity pro-

tocol for trained athletes may require six sessions with a

duration of 90 min to potentially improve aerobic-based

performance in hot and temperate conditions. However,

shorter protocols may also succeed in conferring partial

HA and improving physical performance [5, 6, 12].

Passive HA (e.g. water immersion, rest) is an alternative

method to exercise-heat training (e.g. running, cycling,

rowing) for inducing acclimation. For example, Brazaitis

and Skurvydas [11] required participants to undertake

immersion in water set at 44 �C for 45 min. Participants in

the study by Shido and colleagues [65] were instructed to

rest and were exposed to ambient temperature of 46 �C and

RH of 20 % for 4 h each day over 9–10 consecutive days.

Rectal temperature was significantly lowered following

both HA protocols [11, 65]. However, exercise heat train-

ing is more relevant to team-sport players than passive HA

because it is specific to the demands of competition and

stimulates acclimation to a greater extent [101].

4.3.2 Timing of STHA Training

STHA training could be used throughout the course of a

competitive year to either prepare, improve, or maintain

physical performance. First, STHA training could be used

as a pre-season preparation tool for winter team-sports

players who complete heavy training during summer by

helping transition players into the rigors of regular training

in hot conditions. Second, STHA could be used as a pre-

paratory tool for players prior to competition in hot envi-

ronments. This could be achieved within the 2 weeks prior

to competition and may help limit the deleterious effects of

hot conditions upon aerobic-based performance in com-

parison with cool conditions [16]. Third, STHA may act as

a physical performance ‘booster’ during the in-season

phase of competition. Since STHA requires a limited

commitment, this could be relevant during periods in which

teams have extended breaks between matches. Finally,

STHA training could be used during the in-season phase as

a taper tool when training volume decreases immediately

prior to a tournament. Mujika [102] suggests that low

training volume and high-intensity activity during a taper

phase could improve the physical performance of team-

sport players during competition. In this instance, a brief

high-intensity STHA training protocol (e.g. four sessions of

45 min) may provide an effective method for performance

maintenance before a major tournament (e.g. Soccer World

Cup) or at the transition between pre-season training and

in-season competition [103, 104]. Despite the intuitive

application of high-intensity HA training as a taper tool, a

potential caveat is still the uncertainty of how this will
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affect performance during competition [103, 104]. It is

important to consider the rate of decay in adaptations from

HA training when implementing a protocol. Garrett and

colleagues [3] provided a review of the rate of decay in

physiological adaptations gained from HA training. The

authors indicate there is no clear consensus concerning the

decay of adaptations [3].

An important timing consideration for HA training is the

time of day. Shido and colleagues [65] identified that the

adaptations related to HA were more prominent during the

same time of day in which the heat exposures occurred.

This suggests that the timing of HA sessions should be

planned in accordance with anticipated competition or

training times. Furthermore, the frequency of heat training

must also be considered. Traditionally, HA training pro-

tocols have used a consecutive-day approach, although the

phase of season will be the main determinant for training

frequency. A heat-training stimulus on consecutive days

may be effective in obtaining quicker HA than intermittent-

training days [20], though fatigue and hydration levels

Table 6 The methodology of a sample of compensable short-term (n = 13) and medium-term (n = 12) heat acclimation studies since 1980

Number of

exposures

Total duration of

heat exposure (min)

Ambient

temperature (�C)

Relative

humidity (%)

Short-term heat acclimation studies

High intensity

Brade et al. [5] 5 200 35 60

Chen et al. [6] 5 175 38.4 52

Buchheit et al. [9] 7 510 40.4a 23.8a

Petersen et al. [10] 4 150 30.1 61

Sunderland et al. [12] 4 150 30 24

Best et al. [94] 6 360 35 40

Dawson et al. [95] 7 560 34.3 65

Low and moderate intensity

Garrett et al. [7] 5 450 39.5 60

Fujii et al. [14] 6 660 37 50

Brazaitis and Skurvydas [11] 7 315 NA NA

Garrett et al. [8] 5 450 39.5 60

Buono et al. [31] 7 840 35 75

Febbraio et al. [13] 7 630 40 20

Mean 5.8 (±1.2) 419.2 (±219.2) 36.2 (±3.6) 49.2 (±18.2)

Medium-term heat acclimation studies

High intensity

Gill and Sleivert [20] 10 300 38 70

Low and moderate intensity

Hodge et al. [54] 8 720 35.3 40.2

Lorenzo et al. [16] 10 1,000 40 30

Chinevere et al. [96] 10 1,000 45 20

Weller et al. [18] 10 1,100 46.1 17.9

Buono et al. [97] 10 900 39.3a 46.7a

Regan et al. [76] 10 600 38.2 39.7

Pandolf et al. [93] 10 1,100 49 20

Kirwan et al. [47] 8 720 39.6 29.2

Young et al. [82] 9 1,080 49 20

Horstman and Christensen [98] 11 1,320 45 13.5b

Shapiro et al. [99] 10 1,200 40 30

Mean 9.7 (±0.9) 920.0 (±287.4) 42.0 (±4.6) 31.4 (±15.9)

NA not applicable
a Where day-specific data regarding ambient temperature and relative humidity were supplied, these values were averaged to provide an overall

study mean
b Calculated from dry-bulb temperature and wet-bulb temperature
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must be closely monitored. As demonstrated in Sect. 4.1.4

of the current review, STHA training on intermittent days

can also potentially improve physical performance. Train-

ing sessions are usually separated by no more than 72 h

during an intermittent-day protocol.

4.3.3 Environmental Conditions during the STHA Protocol

The environmental conditions during an STHA protocol

should either mimic the anticipated climate during com-

petition, or provide a challenging training stimulus without

endangering athlete health. The sample of compensable

STHA studies in Table 6 demonstrate that STHA training

typically occurs between 35–40 �C and 20–60 % RH,

which still allows athletes to complete quality mixed high-

intensity training [5, 6, 9]. Athletes may be required to

consume fluid ad libitum in highly stressful training con-

ditions (high ambient temperature and humidity) to main-

tain biological safety and performance. Although

permissive dehydration (*2 %) might independently

facilitate further HA through increased fluid-electrolyte

retention, plasma volume expansion, and cardiovascular

response to heat stress [4, 8]. Garrett et al. [3] provided a

review of permissive dehydration during HA.

4.3.4 Considerations Following Short-Term Heat

Acclimation

As discussed in Sect. 4.1 of the current manuscript, prac-

titioners should be aware that STHA training has not been

demonstrated to improve maximal anaerobic efforts [5, 11,

12]. Equally, evidence suggests that STHA is not signifi-

cantly detrimental for maximal anaerobic efforts [5, 11,

12]. An improved sweat response to exercise usually

develops after seven heat exposures, although some ath-

letes may develop the adaptation following STHA proto-

cols (Sect. 4.2.2.1) [24]. An increased sweat rate is

advantageous for heat dissipation in dry environmental

conditions; however, an increased fluid loss may increase

the risk of dehydration in humid environmental conditions

where heat dissipation through sweating is diminished

[105]. This is still an important consideration, even in the

face of a higher plasma volume content following STHA

training [7, 9, 14, 19, 21, 27, 28]. Therefore, HA athletes

require adequate hydration strategies.

4.4 Limitations

At the review level, this systematic review did not include

tolerance time exercise tests, involving participants exer-

cising at a sub-maximal intensity until voluntary exhaus-

tion. As previously stated, these types of tests can be

inherently prone to a high level of variability since factors

such as boredom and motivation contribute to the final

outcome [41]. However, certain professions may be inter-

ested in this type of exercise (e.g. fire-fighters). Perfor-

mance in tolerance time tests has previously been shown to

improve following STHA training [6, 63, 106]. The review

also excluded papers that contained valid performance tests

and included seven or fewer designated HA training ses-

sions if participants experienced a total of more than seven

exercise heat training exposures before post-testing [14, 15,

64, 85, 95]. This was usually due to studies implementing

one or more heat stress tests before final physical perfor-

mance testing. With the exception of one study [14], these

papers did not demonstrate a significant change in _VO2max/
_VO2peak [15, 64, 85, 95]. A recommendation for defining

STHA studies is provided in Sect. 4.5. At the outcome

level, the review was limited by the moderate level of bias

that exists in the field, since only two randomized con-

trolled trials were included. Furthermore, a limited number

of studies could be identified (eight), and only one of these

articles focused on women participants.

4.5 Recommendations for Future Research

Previous findings have indicated promising results that

STHA training can improve physical performance in both

hot and temperate climatic conditions. To advance the field

of knowledge, there are specific aspects that should be

addressed. We propose that the definition for STHA remain

consistent with the description provided by Garrett et al.

[3]; however, testing or familiarization sessions in hot

conditions should be classified as a heat exposure if they

occur within 5 days of the designated HA training protocol.

Barnett and Maughan [107] demonstrated that adaptations

from HA training did not develop when heat exposure

sessions are separated by 1 week (B7 days). An interesting

proposition that requires further attention is the potential

for sporting teams who predominantly play competitive

matches in temperate conditions to use STHA as a means

for enhancing physical performance in cool conditions.

Only the research of Sunderland and colleagues [12] has

examined the effects of STHA training upon physical

performance in a cohort of women. The response to heat

stress is similar to that in men; however, some adaptations

may vary due to the natural variations in particular physi-

ological and anatomical measures [108]. For example,

women tend to have a larger surface area/mass ratio than

men, influencing external heat dissipation strategies [108].

Further research into the effects of STHA in women is

encouraged to explore these sex differences. A paucity of

literature has examined the concept of combining heat and

altitude training. Recent evidence suggests that the benefits

of heat training may decay at a slower rate during a ‘live-

high train-low in the heat’ protocol [109]. Takeno and
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co-workers [70] examined the slope of forearm vascular

conductance/esophageal temperature relationship follow-

ing training in a warm high-altitude (30 �C; 2,000 m),

warm low-altitude (30 �C; 610 m), cool high-altitude

(20 �C; 2,000 m), or cool low-altitude (20 �C; 610 m)

environment. The greatest thermoregulatory adaptation

was evident in the warm high-altitude group [70]. This

promising area of research warrants further attention.

5 Conclusion

This systematic review has highlighted the potential for

improvement in aerobic-based tests of performance fol-

lowing STHA training. This is possibly through a number

of cardiovascular, thermoregulatory, and metabolic adap-

tations improving the perception of effort and fatigue

through a reduction in anaerobic energy release and ele-

vation of the anaerobic threshold. However, peak anaerobic

power efforts do not appear to be enhanced. These results

should be viewed with caution due to the level of available

evidence, and the limited number of studies that met the

inclusion criteria of the review. STHA training can be

applied in the team-sport environment during a range of

instances within the competitive season. A mixed high-

intensity protocol for trained athletes may require five

sessions with a duration of 60 min to potentially improve

aerobic-based performance in hot and temperate environ-

mental conditions.
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