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Abstract
Exposure to environmental stressors such as hypoxia or heat has emerged as an effective strategy to stimulate physiological 
adaptations, enhance sport/physical performance and promote health. Both environmental stressors activate shared molecular 
pathways, notably through the stabilisation of hypoxia-inducible factor-1 alpha and the induction of heat shock proteins, 
which mediate cellular protection and systemic molecular adaptation. However, hypoxia and heat differ in several aspects, 
including induction modalities, monitoring methods, metrics used to assess physiological strain and substantial intra- and 
inter-individual variability. Together, these differences challenge direct comparison and/or combination. Therefore, this cur-
rent opinion highlights research gaps by critically presenting the common and distinct physiological responses and adapta-
tions to hypoxia and heat exposure. It also emphasises the importance of monitoring internal physiological strain rather than 
external environmental stress to better account for individual variability. Finally, we propose future research perspectives to 
address current methodological challenges.

Key Points 

Despite their shared applications in performance and 
clinical contexts, hypoxia and heat employ markedly 
different induction methods, monitoring approaches and 
systemic physiological responses.

Influenced by numerous intra- and inter-individual 
confounding factors, future research should prioritise 
quantifying the internal physiological strains rather than 
the external environmental stress.

Developing a unified environmental stressor dose index 
is essential for accurately comparing and/or combining 
hypoxia and heat.

1  Introduction

Exposure to hypoxia or heat have become key strategies in 
both sports’ performance [1–3] and health contexts [4, 5]. 
Each environmental stressor transiently disturbs homeosta-
sis, eliciting cardiovascular, metabolic and cellular strain 
that ultimately promotes physiological adaptations [6]. At 
the molecular level, they converge on shared signalling path-
ways, notably through the stabilisation of hypoxia-inducible 
factor-1 alpha (HIF-1α) and the activation of heat shock pro-
teins (HSPs) [7, 8], supporting the concept of cross-toler-
ance and cross-adaptation [8, 9].

On the basis of these similarities, recent research has 
explored combined hypoxia and heat exposures applied 
(i) simultaneously, where both environmental stressors are 
imposed at the same time (e.g. repeated-sprint training in 
a hypoxic and hot environment) [10, 11]; (ii) concurrently, 
where hypoxia and heat are applied within the same day or 
training block but in distinct sessions (e.g. overnight hypoxic 
exposure followed by daytime heat training) [12, 13]; and 
(iii) sequentially, where acclima(tisa)tion to either hypoxia 
or heat precedes exposure to the other one over several days 
[14, 15]. A detailed conceptual distinction between these 
modalities is provided by Girard et al. [16]. Other studies 
have attempted to directly compare the effectiveness of 
hypoxia versus heat in eliciting physiological adaptations, 
for example, in the context of endurance performance [2, 17, 
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18]. Nevertheless, while these comparisons are often based 
on literature-recommended protocols for each environmental 
stressor, the rationale for equating a hypoxic protocol with 
a heat protocol is generally lacking. Therefore, the quanti-
fication of environmental stressor magnitude (i.e. hypoxic 
versus thermic dose) is essential, yet many issues remain 
unresolved (e.g. which real-time indices best capture envi-
ronmental stressor intensity). As Brocherie et al. [7] have 
highlighted, direct comparisons are highly challenging.

The aim of this current opinion is to examine hypoxic 
and heat stressors, emphasising both their converging and 
diverging characteristics, and the key factors that influence 
their physiological responses, adaptations and interpretation. 
By synthesising current knowledge on these environmen-
tal stressor characteristics, application, dose and individual 
variability, a conceptual framework is provided to guide 
researchers and practitioners in considering how hypoxia 
and heat might be compared, combined or personalised to 
accelerate and optimise physiological responses and con-
secutive adaptation. This framework also clarifies concep-
tual limitations and underexplored areas within the current 
literature.

2 � Defining, Inducing, and Quantifying 
Physiological Strain: Insights 
from Hypoxia and Heat Stressors

To understand the physiological effect of hypoxia and heat, 
it is first essential to define the nature of each environmen-
tal stressor, outline how they can be applied and describe 
how their intensity can be quantified. In this context, it is 
important to distinguish load, stress, strain and dose. Load 
is defined as the external challenge imposed, stress as the 
resulting physiological perturbation, strain as the individual 
response and dose as the cumulative exposure over time.

Table 1 summarises the key features of hypoxic and heat 
stressors, including their definitions, systemic and local 
induction methods, approaches for real-time monitoring and 
strategies for dose quantification. It provides a structured 
overview to support comparison of these environmental 
stressors and interpretation of their physiological effects.

3 � Physiological Responses and Adaptation 
to Hypoxia and Heat

Table  2 summarises the physiological responses and 
adaptation to hypoxia and heat, distinguishing between 
whole-body and localised exposures. It illustrates how the 

environmental-induced physiological strains evolve over 
time, ranging from minutes to hours (acute), to several 
days or weeks (repeated or chronic). During this period, 
ventilatory, cardiovascular, thermoregulatory and cellular 
adaptations specific to each environmental stressor occur, 
corresponding to the principle of acclima(tisa)tion. Table 2 
also underscores the benefits of combining these environ-
mental exposures with training, as well as their potential 
side effects. Overall, Table 2 highlights both the common 
and distinct mechanisms through which these environmental 
stressors elicit physiological responses and adaptation.

Furthermore, it should be noted that the effects listed in 
Table 2 are not consistently observed across all studies (e.g. 
increase in Hbmass) and some outcomes may vary depending 
on experimental conditions and participant characteristics 
[2]. Therefore, these findings should be interpreted with 
caution.

4 � Hypoxia and Heat Exposure: Comparative 
Applications and Modulating Factors

While Table  2 and Fig.  1 describe the physiological 
responses and adaptations elicited by hypoxic and heat expo-
sures, they are not uniform across individuals or contexts. 
Indeed, the same environmental stressor may elicit mark-
edly different levels of physiological strain depending on 
how, when and in whom it is applied. Consequently, Table 3 
embraces a complementary perspective by summarising the 
main performance and clinical applications of hypoxia and 
heat exposure, and by identifying major intra- and inter-
individual factors that modulate the degree of physiological 
strain and adaptive outcomes. This could help to interpret 
the heterogeneity of findings reported in the literature and 
clarifies why comparable interventions can lead to divergent 
responses.

5 � Combined and Cross‑Adaptive Responses 
to Hypoxia–Heat Exposure

Table 4 presents the physiological and performance out-
comes of combined and cross-adaptive hypoxia–heat 
exposures. It indicates which approaches enhance physi-
ological adaptation, which effects remain uncertain and 
where simultaneous exposure may be ineffective or even 
counterproductive.
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6 � Observations, Recommendations 
and Perspectives

To guide future practice, we highlight key observations that 
emerge from the current literature before outlining their 
practical applications.

Observation no. 1: Table 1 highlights large differences in 
dose quantification. In hypoxia, dose is often estimated using 
a limited set of oxygenation-related variables (e.g. pulsed 
oxygen saturation [SpO₂]), thus enabling relatively direct 
links to be established between external stress and internal 
strain. In contrast, the heat dose relies on composite indi-
ces combining multiple physiological markers (e.g. heart 

rate (HR), core temperature [Tcore]), developed primarily to 
ensure safety (e.g. physiological strain index [PSI], cumula-
tive heat strain index [CHSI]). Conversely, hypoxia metrics 
(e.g. kilometres–hours, saturation–hours) were designed 
to characterise exposure for performance optimisation. 
Hypoxia research also appears more advanced in formalising 
dose via internal-to-external ratios, which have no equivalent 
in the heat-related literature.

Observation no. 2: Table 2 reports the differences in 
physiological responses to hypoxia and heat. Temporal dif-
ferences are also evident, ranging from the kinetics of acute 
responses (faster in hypoxia than in heat) to the duration of 
acclima(tisa)tion, which is generally shorter for heat than 

Fig. 1   Integrated physiological responses, adaptations and interac-
tions between hypoxia and heat. The top central box shows responses 
common to both hypoxia and heat, while the bottom box represents 
combined responses. The blue box (on the left) indicates physi-
ological responses to hypoxia. The red box (on the right) indicates 
responses to heat. Dotted coloured arrows show the transfer of adap-
tations between hypoxia and heat, reflecting cross-adaptive or sequen-
tial effects in each direction (red box in the hypoxia panel and vice 
versa). In the boxes: arrows indicate direction of change (↑ = increase, 
↓ = decrease), X = not effective, ✓ = effective. AMS acute moun-
tain sickness, CBF cerebral blood flow, CMRO2 cerebral metabolic 
rate of oxygen, CO cardiac output, CV cardiovascular, HACE high-

altitude cerebral oedema, HAPE high-altitude pulmonary oedema, 
Hbmass haemoglobin mass, HIF-1a hypoxia-inducible factor 1-alpha, 
HR heart rate, HSP heat shock proteins, HVR hypoxic ventilatory 
response, NO nitric oxide, O2 oxygen, PaCO2 partial pressure of car-
bon dioxide, PaO2 partial pressure of oxygen, PV plasma volume, 
RER respiratory exchange ratio, ROS reactive oxygen species, SaO2 
arterial oxygen saturation, SNS sympathetic nervous system, SpO2 
pulsed oxygen saturation, T° temperature, Tcore core temperature, 
Tmuscle muscle temperature, TT time trial, TTE time to exhaustion, 
VEGF vascular endothelial growth factor, V̇O2max maximal oxygen 
consumption, Wpeak peak power. Figure created with BioRender (free 
trial version)



Physiological Responses to Hypoxia and Heat

Ta
bl

e 
3  

A
pp

lic
at

io
ns

 o
f h

yp
ox

ia
 a

nd
 h

ea
t e

xp
os

ur
es

 a
nd

 k
ey

 m
od

ul
at

or
s o

f p
hy

si
ol

og
ic

al
 re

sp
on

se
s a

nd
 a

da
pt

at
io

ns

H
yp

ox
ia

Re
f

H
ea

t
Re

f

A
pp

lic
at

io
ns

1.
 P

er
fo

rm
an

ce
- ↑

 A
da

pt
at

io
ns

 to
 e

nd
ur

an
ce

, s
tre

ng
th

, a
nd

 H
II

T,
 m

ai
nt

ai
n 

pe
rfo

rm
an

ce
 

at
 a

lti
tu

de
, a

nd
 ↑

 m
us

cl
e 

re
co

ve
ry

 (s
ee

 T
ab

le
 2

)

1.
 P

er
fo

rm
an

ce
- ↑

 A
da

pt
at

io
ns

 to
 e

nd
ur

an
ce

, s
tre

ng
th

 a
nd

 p
ot

en
tia

lly
 H

II
T,

 m
ai

nt
ai

n 
pe

rfo
rm

an
ce

 in
 w

ar
m

 c
on

di
tio

ns
, a

nd
 ↑

m
us

cl
e 

re
co

ve
ry

 (s
ee

 T
ab

le
 2

)
- M

ai
n 

ex
po

su
re

 m
et

ho
ds

: L
H

TH
, L

H
TL

, L
H

TL
i, 

LH
TL

H
, L

H
TL

H
i, 

LL
TH

 (I
H

E,
 IH

T,
 IH

IT
, R

SH
yp

, R
TH

)
[3

]
- M

ai
n 

ex
po

su
re

 m
et

ho
ds

: p
as

si
ve

 e
xp

os
ur

e,
 a

pp
lie

d 
ei

th
er

 b
ef

or
e 

or
 

af
te

r e
xe

rc
is

e 
(e

ith
er

 w
ho

le
-b

od
y 

or
 lo

ca
lis

ed
), 

an
d 

ac
tiv

e 
ex

po
su

re
, 

ap
pl

ie
d 

du
rin

g 
tra

in
in

g 
(s

ee
 T

ab
le

 2
)*

*
2.

 C
lin

ic
al

- M
et

ab
ol

ic
 h

ea
lth

: ↓
 o

be
si

ty
, ↓

 d
ia

be
te

s, 
↑ 

m
et

ab
ol

ic
 ra

te
, ↑

 fa
tty

 a
ci

d 
ut

ili
sa

tio
n

[1
59

, 1
60

]
2.

 C
lin

ic
al

- M
et

ab
ol

ic
 h

ea
lth

: ↓
 o

be
si

ty
, ↓

 d
ia

be
te

s (
tra

ns
ie

nt
), 
↑ 

m
et

ab
ol

is
m

[1
61

–1
63

]

- M
us

cu
lo

sk
el

et
al

 h
ea

lth
: ↓

 a
tro

ph
y,

 ↑
 re

ha
bi

lit
at

io
n,

 ↑
 m

us
cl

e 
re

co
ve

ry
 

an
d 

re
ge

ne
ra

tio
n,

 ↑
 b

on
e 

he
al

in
g

[9
3,

 9
4,

 
14

3,
 

14
4]

- M
us

cu
lo

sk
el

et
al

 h
ea

lth
: ↓

 a
tro

ph
y,

 ↑
 re

ha
bi

lit
at

io
n,

 ↑
 m

us
cl

e 
re

co
ve

ry
 

an
d 

re
ge

ne
ra

tio
n,

 ↑
 b

on
e 

he
al

in
g

[4
1,

 1
18

,  
11

9,
 

16
6]

- C
ar

di
ov

as
cu

la
r: 
↓ 

hy
pe

rte
ns

io
n,

 ↓
 st

ro
ke

 ri
sk

, ↑
en

do
th

el
ia

l a
nd

 v
as

cu
-

la
r f

un
ct

io
n,

[1
67

–1
70

]
- C

ar
di

ov
as

cu
la

r: 
↓ 

hy
pe

rte
ns

io
n,

 ↓
 st

ro
ke

 ri
sk

, ↑
 c

ar
di

ov
as

cu
la

r h
ea

lth
[1

71
–1

73
]

- R
es

pi
ra

to
ry

: ↑
 re

sp
ira

to
ry

 fu
nc

tio
n,

 ↓
 C

O
PD

 sy
m

pt
om

s
[1

74
]

- R
es

pi
ra

to
ry

: ↓
 C

O
PD

, a
st

hm
a,

 c
hr

on
ic

 b
ro

nc
hi

tis
 sy

m
pt

om
s

[1
75

, 1
76

]
- N

eu
ro

lo
gi

ca
l a

nd
 m

en
ta

l h
ea

lth
: ↓

 c
og

ni
tiv

e 
de

cl
in

e,
 ↓

 d
em

en
tia

 a
nd

 
A

lz
he

im
er

’s
 ri

sk
, ↓

 a
nx

ie
ty

 a
nd

 d
ep

re
ss

io
n

[1
77

–1
80

]
- N

eu
ro

lo
gi

ca
l a

nd
 m

en
ta

l h
ea

lth
: ↓

 c
og

ni
tiv

e 
de

cl
in

e,
 ↓

 d
em

en
tia

 a
nd

 
A

lz
he

im
er

’s
 ri

sk
, ↓

 m
ild

 d
ep

re
ss

io
n

[1
81

, 1
82

]

- O
nc

ol
og

y:
 ↓

 c
an

ce
r (

e.
g.

 c
ol

or
ec

ta
l, 

br
ea

st)
[1

83
]

- O
nc

ol
og

y:
 a

dj
un

ct
 in

 c
an

ce
r t

he
ra

py
[1

84
]

- P
ai

n:
 N

A
- P

ai
n:

 ↓
 c

hr
on

ic
 p

ai
n

[1
85

, 1
86

]
C

on
fo

un
di

ng
 fa

ct
or

s
1.

 In
tr

a-
in

di
vi

du
al

- A
cc

lim
a(

tis
a)

tio
n 

st
at

us
 a

nd
 e

xe
rc

is
e/

tra
in

in
g 

in
te

ns
ity

: ↑
or
↓ 

ph
ys

i-
ol

og
ic

al
 st

ra
in

* 
(s

ee
 T

ab
le

 2
)

1.
 In

tr
a-

in
di

vi
du

al
- A

cc
lim

a(
tis

a)
tio

n 
st

at
us

 a
nd

 e
xe

rc
is

e/
tra

in
in

g 
in

te
ns

ity
: ↑

or
↓ 

ph
ys

i-
ol

og
ic

al
 st

ra
in

 (s
ee

 T
ab

le
 2

)
- N

ut
rit

io
n:

 ir
on

 st
at

us
, c

ar
bo

hy
dr

at
e 

in
ta

ke
, h

yd
ra

tio
n 

an
tio

xi
da

nt
s

[1
87

]
- N

ut
rit

io
n:

 h
yd

ra
tio

n
[9

5]
- C

irc
ad

ia
n 

rh
yt

hm
: ↑

 H
V

R
 a

nd
 ↓

 v
LT

F 
in

 m
or

ni
ng

 c
om

pa
re

d 
w

ith
 

ev
en

in
g

[1
88

]
- C

irc
ad

ia
n 

rh
yt

hm
: s

w
ea

tin
g 

th
re

sh
ol

d 
an

d 
va

so
di

la
tio

n:
 ↑

 1
6:

00
–

20
:0

0,
 ↓

 0
0:

00
–0

4:
00

[1
89

]

- S
le

ep
 d

ep
riv

at
io

n/
fa

tig
ue

: ↓
 re

sp
ira

to
ry

 re
sp

on
se

, ↑
 H

R
 a

nd
 B

P,
  

↑ 
in

fla
m

m
at

io
n,

 ↓
 c

og
ni

tiv
e 

fu
nc

tio
n

[1
90

]
- S

le
ep

 d
ep

riv
at

io
n/

fa
tig

ue
: ↓

 sk
in

 b
lo

od
 fl

ow
 a

nd
 sw

ea
tin

g,
 ↑

 se
ns

iti
vi

ty
 

to
 h

ea
t i

lln
es

s
[5

3,
 1

91
, 

19
2]

- M
en

str
ua

l c
yc

le
: n

o 
eff

ec
t

[1
93

]
- M

en
str

ua
l c

yc
le

: l
ut

ea
l p

ha
se

 ↑
 T

co
re

, d
el

ay
ed

 sw
ea

tin
g,

 ↑
 H

R
, ↑

 m
in

. 
ve

nt
ila

tio
n,

 ↑
 R

PE
, ↓

 e
xe

rc
is

e 
to

le
ra

nc
e

[1
94

, 1
95

]

2.
 In

te
r-

in
di

vi
du

al
- D

em
og

ra
ph

ic
s:

 a
ge

 (a
ge

in
g =

 ↑ 
ve

nt
ila

to
ry

, ↓
 c

ar
di

ac
 a

nd
 h

or
m

on
al

 
re

sp
on

se
s)

; s
ex

 (f
em

al
e/

m
al

e:
 ↑

 re
sp

ira
to

ry
, ↑

ca
rd

io
va

sc
ul

ar
,  

↓ 
or

 =
 ha

em
at

ol
og

ic
al

, ↑
↓ 

m
us

cu
la

r, 
↑a

ut
on

om
ic

 re
sp

on
se

s)

[1
96

–1
98

]
2.

 In
te

r-
in

di
vi

du
al

- D
em

og
ra

ph
ic

s:
 a

ge
 (a

ge
in

g =
 ↓ 

sk
in

 b
lo

od
 fl

ow
, ↓

 sw
ea

tin
g,

 ↓
 p

ro
te

c-
tiv

e 
eff

ec
t o

f h
ea

t t
he

ra
py

); 
se

x 
(fe

m
al

e/
m

al
e:

 ↓
 sw

ea
tin

g,
 ↓

 c
ar

di
ac

 
ou

tp
ut

 a
nd

 c
ut

an
eo

us
 b

lo
od

 fl
ow

, ↓
 h

ea
t p

ro
du

ct
io

n)

[1
99

–2
02

]

- T
ra

in
in

g:
 h

ig
h-

le
ve

l/e
nd

ur
an

ce
-tr

ai
ne

d =
 lo

w
er

 H
V

R
, s

tro
ng

er
 c

ar
di

-
or

es
pi

ra
to

ry
 c

ou
pl

in
g

[2
03

]
- T

ra
in

in
g:

 h
ig

h-
le

ve
l/e

nd
ur

an
ce

-tr
ai

ne
d =

 be
tte

r h
ea

t-l
os

s, 
fa

ste
r/l

on
ge

r 
he

at
 a

cc
lim

a(
tis

a)
tio

n
[2

04
, 2

05
]

- B
irt

hp
la

ce
: h

ig
hl

an
de

rs
 v

er
su

s l
ow

la
nd

er
s (
↑ 

lu
ng

 v
ol

um
es

 a
nd

 d
iff

u-
si

on
, ↓

 p
ul

m
on

ar
y 

va
so

co
ns

tri
ct

io
n,

 h
ae

m
og

lo
bi

n:
 ↑

 in
 A

nd
ea

ns
,  

↑ 
ve

nt
ila

tio
n 

[H
V

R
])

[2
06

]
- B

irt
hp

la
ce

: n
at

iv
es

 o
f h

ot
 c

lim
at

es
 v

er
su

s t
em

pe
ra

te
 (↑

 su
rfa

ce
-to

-m
as

s 
ra

tio
, ↓

 sw
ea

tin
g 

ra
te

, ↓
 sk

in
 b

lo
od

 fl
ow

 ↑
 m

et
ab

ol
ic

 e
ffi

ci
en

cy
 (↑

 fa
t 

ut
ili

sa
tio

n,
 m

ov
em

en
t e

ffi
ci

en
cy

)

[2
06

]

- G
en

et
ic

s:
 h

ig
h 

in
te

rin
di

vi
du

al
 v

ar
ia

bi
lit

y 
in

 H
V

R
, S

pO
₂ a

nd
 c

he
m

o-
se

ns
iti

vi
ty

 w
ith

in
 a

 h
ea

lth
y 

an
d 

ho
m

og
en

eo
us

 g
ro

up
; ↑

 v
ar

ia
bi

lit
y 

in
 

cl
in

ic
al

 p
op

ul
at

io
ns

[2
07

–2
09

]
- G

en
et

ic
s:

 h
ig

h 
va

ria
bi

lit
y 

in
 th

er
m

or
eg

ul
at

io
n,

 c
ar

di
ov

as
cu

la
r, 

sw
ea

t-
in

g 
re

sp
on

se
s w

ith
in

 a
 h

ea
lth

y 
an

d 
ho

m
og

en
eo

us
 g

ro
up

; ↑
 v

ar
ia

bi
lit

y 
in

 c
lin

ic
al

 p
op

ul
at

io
ns

[4
4,

 2
04

]



	 Y. Rousse et al.

for hypoxia. These differences suggest that hypoxia and heat 
cannot be compared in terms of adaptive ‘efficacy’ but rather 
be considered as distinct environmental stressors.

Observation no. 3: Table 3 illustrates a wide range of 
intra- and inter-individual confounders (e.g. acclima(tisa)
tion, nutrition, sleep, menstrual cycle, age, sex, morphology 
and muscle fibre type) that may exert a significant influence 
on physiological responses and adaptations. These factors 
emphasise the importance of individualising exposures.

Observation no. 4: Finally, the findings presented in 
Table 4 indicate that sequential protocols confer physiolog-
ical and performance benefits, whereas simultaneous and 
concurrent approaches appear to yield limited or no addi-
tional benefit. Nevertheless, the conclusions of these stud-
ies focus mainly on endurance performance, leaving their 
impact on strength and power training to be explored.

Recommendations: Rather than prescribing a fixed exter-
nal environmental stressor, the focus should be on target-
ing the internal physiological responses by defining target 
zones using reliable physiological markers for both hypoxia 
(i.e. SpO2) and heat (i.e. Tcore), monitoring in real time and 
adjusting environmental exposure as needed. These zones 
should be adapted to training status, acclima(tisa)tion his-
tory and specific objectives such as performance optimi-
sation or health promotion. Nevertheless, practical imple-
mentation faces several challenges, including technical and 
human resource requirements, time constraints and equip-
ment limitations. Therefore, a realistic first step is not to 
aim for a precise ‘targeting’ of physiological responses, but 
to systematically monitor and quantify them. This approach 
underscores the need for caution when directly comparing 
the benefits of hypoxia versus heat solely on the basis of 
physiological outcomes.

Perspectives: Hypoxia and heat cannot be matched in 
magnitude, making direct comparisons solely on the basis 
of physiological outcomes challenging [7]. Consequently, 
there is an urgent need to record and monitor psychologi-
cal and perceptual responses. Therefore, the development 
of shared psychophysiological or perceptivo-physiological 
indices could provide a unified measure of systemic strain. 
To date, no consensus exists regarding specific indices 
related to environmental stressors. Importantly, these indi-
ces should be easy to measure, accessible and preferably 
non-invasive, ensuring that their use is not restricted by cost, 
time, available resources or technical expertise. At this stage, 
these are purely preliminary concepts, highlighting the need 
to develop a concrete method for directly comparing these 
environmental stressors. To this end, we propose the term 
‘PEARL’ for physio-environmental adaptive response load, 
for considering a panel of physiological and perceptual 
markers.

It should be noted that the term PEARL is intended to repre-
sent an exploratory framework to reconcile the fundamentally BF
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different characteristics of hypoxic and heat stressors with 
their often convergent physiological and adaptive outcomes. 
PEARL describes the integrated physiological strain elicited 
by an environmental stressor’s exposure, arising from the 
combined activation of multiple systems rather than from the 
external stress per se. In this view, environmental dose is inter-
preted through the magnitude of internal adaptive load, allow-
ing hypoxia and heat to be compared, combined and applied 
within a shared dose–response framework despite distinct 
underlying mechanisms. At this stage, PEARL is advanced as 
a heuristic construct rather than a quantified index, with future 
research needed to define its components, relative contribu-
tions and potential operationalisation.

Developing such integrative approaches would enhance our 
understanding of environmental stressors and improve their 
application, either individually or in combination (e.g. simulta-
neous, concurrent, sequential), across various areas of interest.

7 � Conclusions

Hypoxia and heat share many overlapping physiological 
pathways that regulate cellular homeostasis, promote cyto-
protection and drive adaptive remodelling, all converging to 
improve sport/physical performance and health. However, 
differences in induction modalities, monitoring techniques 
and biological variability currently make any direct compari-
son premature and unfeasible. Future research should seek 
to establish a common environmental stressor dose index 
that would enable rigorous comparisons between hypoxia 
and heat, while also optimising their application, either indi-
vidually or in combination, and the resulting physiological 
adaptations.
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Table 4   Physiological and performance outcomes of combined (simultaneous, concurrent, sequential) and cross-adaptive hypoxia–heat protocols

Hbmass haemoglobin mass, HIF-1α hypoxia-inducible factor-1 alpha, HR heart rate, HSP heat shock proteins, O2 oxygen, PV plasma volume, 
RSHyp repeated sprint in hypoxia, RSHot repeated sprint in heat, SpO2 pulsed oxygen saturation, Tcore core temperature, V̇O2max maximal oxygen 
uptake, V̇O2peak peak oxygen uptake, Wpeak peak power, ✕ unclear, ✓ effective
* Simultaneous: both environmental stressors are imposed at the same time
** Concurrent: hypoxia and heat are applied within the same day or training block but in distinct sessions
***  Sequential: acclima(tisa)tion to either hypoxia or heat precedes exposure to the other one over several days

Hypoxia and heat Ref

Simultaneous* approach Hypoxia + heat: ✕ neutral/antagonistic
- ↑ Acute physiological strain but no additive ergogenic effect
- Competing responses: thermoregulatory vasodilation versus hypoxic vasoconstriction
- ↑ SpO₂ during RSHyp + hot → undesirable outcome for RSHyp interventions aimed at max-

imising exercise-induced hypoxaemia
- Effect depends on stress severity (“dominant stressor” principle)

[10, 11, 
216–
218]

Concurrent** approach Overnight hypoxia + heat training: ✕ neutral/unclear
- No additional aerobic or performance adaptations
- Hypoxia may blunt expected thermoregulatory adaptations

[12, 16, 
197, 
198]

Sequential*** approach Hypoxia → heat: ✓ effective
- Maintains ↑ Hbmass, ↑ PV, ↑ blood volume post-altitude
- Prevents Hbmass loss

[14]

Heat → hypoxia: ✓ Effective
- ↓ HR, ↓ Tcore, ↑ SpO₂, ↑ ventilatory efficiency
- HIF-1α stabilisation and enhanced O₂ delivery

[15, 199,  
200]

Cross-adaptation (for performance) Shared cellular mechanisms:
- ↑ HSP70/90 and ↑ HIF-1α activation

[8]

Heat acclima(tisa)tion → hypoxic environment: ✓ mostly positive
- Physiological benefits: ↓ submaximal HR, ↓ Tcore, ↑ PV, ↑ SpO₂, (at rest and slightly under 

exercise), ↓ cardiovascular drift
- Performance effects: ↑ time-trial, ↑ time-to-exhaustion, glycogen sparing, ↓ lactate, ↑ endothe-

lial integrity and tolerance to hypoxia
- Limitations: V̇O2peak and Wpeak minimally affected, conflicting adaptation with hypovolemia 

in hypoxia

[221–223]

Hypoxia acclima(tisa)tion → hot environment: ✕ unclear, recent research field
- Physiological benefits: ↓ PV, ↑ Hbmass does not appear to ↓ efficiency of thermoregulation
- Performance effects: ↑ V̇O₂max, but unchanged Wpeak
- Perspective: optimal windows ~ 1-week post-hypoxic acclima(tisa)tion restore PV and could 
↑ aerobic performance

[223, 224]
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