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Abstract

Short duration heat acclimation (HA) (�5 daily heat exposures) elicits incomplete adaptation compared with longer interven-
tions, possibly due to the lower accumulated thermal “dose.” It is unknown if matching thermal “dose” over a shorter time-
scale elicits comparable adaptation to a longer intervention. Using a parallel-groups design, we compared: 1) “condensed” HA
(CHA; n ¼ 17 males) consisting of 4� 75 min·day�1 heat exposures [target rectal temperature (Trec) ¼ 38.5 �C] for two consecu-
tive days, with 2) “traditional” HA (THA; n ¼ 15 males) consisting of 1� 75 min·day�1 heat exposure (target Trec¼38.5�C) for
eight consecutive days. Physiological responses to exercise heat stress, hypoxia, and normoxic exercise performance were
evaluated pre- and postintervention. Thermal (Trec over final 45 min: CHA ¼ 38.45 ± 0.17�C, THA ¼ 38.53 ± 0.13�C, P ¼ 0.126)
and cardiovascular strain were not different during interventions, indicating similar thermal “dose,” although CHA had lower
sweating rate, higher starting Trec, and greater inflammation, gastrointestinal permeability, and renal stress (P < 0.05).
However, CHA elicited an array of thermophysiological adaptations that did not differ from THA [reduced indices of peak ther-
mal (e.g., D peak Trec CHA ¼ �0.28 ± 0.26�C, THA ¼ �0.36 ± 0.17�C, P ¼ 0.303) and cardiovascular strain, inflammation, and
renal stress; blood and plasma volume expansion; improved perceptual indices], although improvements in resting thermal
strain (e.g., D resting Trec CHA ¼ �0.14 ± 0.21�C, THA ¼ �0.35 ± 0.29�C, P ¼ 0.027) and sweating rate were less with CHA.
Both interventions improved aspects of hypoxic tolerance, but effects on temperate normoxic exercise indices were limited.
The diminished thermal strain was well-maintained over a 22-day decay period. In conclusion, CHA could represent a viable
acclimation option for time-restricted young healthy males preparing for a hot, and possibly high-altitude, environment.

NEW & NOTEWORTHY This study has shown, for the first time, that a novel condensed heat acclimation program can elicit an
array of thermophysiological adaptations, many of which do not differ from traditional heat acclimation. These findings suggest
that accumulated thermal “dose” is an important factor contributing to the adaptive responses to heat stress and that condensed
heat acclimation may represent a viable option for time-restricted individuals (e.g., military personnel, firefighters, and athletes)
preparing to enter a hot environment.

acclimatization; cross-tolerance; environmental physiology

INTRODUCTION

Occupational groups (e.g., military personnel and fire-
fighters) and sports people are often exposed to environ-
ments where high ambient temperatures and humidity, the
physical demands of the role, and clothing and uniform
requirements interact to create conditions of high heat stress
(1, 2). Compared with cool conditions, exercise under high
heat stress augments skin (Tsk) and deep-body (core) temper-
ature (Tc), increases cardiovascular strain and perceived

exertion, and reduces thermal comfort (3). Together, these
responses diminish aerobic exercise performance (4) and
can increase the risk of exertional heat illness (5).

Heat acclimation (HA) refers to repeated frequent expo-
sure to artificially created (i.e., laboratory) heat stress suffi-
cient to elicit within-life phenotypic changes that improve
homeostatic ability during subsequent heat exposure (6).
The heat-adapted phenotype is characterized by expanded
plasma volume (7), elevated cutaneous blood flow (8), aug-
mented secretion of sweat with a reduced electrolyte content
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(9), and decreased heart rate (10), Tsk and Tc (11) during exer-
cise in the heat. These adaptations improve thermal comfort,
reduce perceived exertion, attenuate heat-related reductions
in work capacity, and reduce exertional heat illnesses during
heat exposure (12, 13).

It is generally accepted that the adaptive process is near-
complete within 7 to 10 days (14–16). HA guidance for athletes
advocates heat exposures over at least seven consecutive days
(13), and the current UK Joint Service Publication 375 guid-
ance [Chapter 41, Annex E (17)] recommends exercise to raise
and maintain an elevated body temperature for at least 1 h
each day for 10–14 days before deployment, followed by a
7-day heat acclimatization program (50–100 min·day�1) upon
deployment. However, these approaches may not be possible
in contexts where individuals need to be deployed to a hot
environment at short notice, or for athletes before competi-
tion, and HA rates remain low among groups likely to benefit
from their implementation (18).

These challenges have prompted research examining
shorter (�5 days) HA durations (e.g., see Refs. 19–23), but
this typically results in a partial (e.g., no change in some HA
indices) or diminished (e.g., reduced magnitude) adaptation
(15, 19, 20, 23–31). For example, Petersen et al. (20) reported a
reduced heart rate and sweat electrolyte concentration during
exercise in the heat, but trivial effects on Tc, Tsk, and sweat
rate after four consecutive daily heat exposures, whereas
Sunderland et al. (19) evidenced a modest reduction in exer-
cise Tc and an increased amount of work performed in the
heat, but no change in resting Tc, plasma volume, or sweating
rate over the same number of days of HA. Similarly, Neal et
al. (25) reported that the reduction in Tc, mean Tsk (�T sk), and
mean body temperature (�Tb) during exercise in the heat was
greater after 10 days of HA compared with 5 days of HA, with
recent data showing most individuals derive further benefit
whenHA is extended from 5 to 8 days (31).

At present, it is unclear whether short HA interventions
are less effective than longer HA interventions by virtue of
the reduced number of days, or the lower thermal “dose”
(e.g., total minutes of heat exposure) accumulated over the
shorter timescale. Indeed, it has recently been suggested
that the thermal dose (i.e., total accumulated time with
elevated Tc, and �T sk) is more important than HA structure
(i.e., frequency or number of days) (32). This raises the possi-
bility that accumulating a larger thermal dose over a shorter
duration could elicit similar adaptations to those occurring
when the same thermal dose is delivered over a longer time
scale. However, excessive stress may cause maladaptation
(33) and accumulating a large thermal dose within a brief
time period could increase gastrointestinal permeability and
inflammation (34, 35), augment renal stress and injury (36),
and impair subsequent thermoregulation (37, 38).

An emerging body of evidence suggests that thermally
mediated adaptations that enhance convective oxygen deliv-
ery and utilization (e.g., plasma volume expansion, improved
myocardial mechanics, and increasedmetabolic efficiency), as
well as common intracellular pathways [e.g., hypoxia induci-
ble factor-1a; heat shock proteins (HSPs)], might also attenuate
physiological strain in a hypoxic environment (39–41) and
confer ergogenic benefit under temperate conditions (42–45).
However, these adaptationsmay be partly underpinned by the
exercise component common in most HA interventions [i.e., a

‘training’ effect rather than a ‘heat’ effect (43, 46)]. Therefore,
investigating potential cross-adaptation to hypoxia and effects
on temperate exercise performance is important within a com-
prehensive evaluation of any novel HA intervention, and such
an intervention should minimize the potential confounding
influence of exercise training.

Finally, understanding the rate of deacclimation following
HA is important for optimizing the timing of such interven-
tions (e.g., before deployment or competition). Early studies
suggested that thermophysiological adaptations decay quickly,
with �1 day of HA lost for every 2 days of deacclimation
(47, 48), and that the adaptations that are inducedmost rapidly
(e.g., plasma volume and cardiovascular stability) decay most
rapidly (16, 47, 49). More recent research using meta-analysis
and stepwise multiple regression indicates that when at least
5 days of HA are undertaken, heart rate and Tc decay at a rate
of �2.5% per day, but an increased daily heat exposure dura-
tion reduces the rate of decay in Tc, whereas the decay in
sweating rate is affected by the number of HA days, with a lon-
ger HA intervention leading to a slower decay (50). Together
this suggests that the rate of decay differs for different thermo-
physiological variables and that the length of daily exposure
and intervention may influence this process, but data from
shorter durationHA interventions are limited.

In summary, traditional HA approaches consisting of daily
heat exposures for �7 days are often impractical. Although
some adaptation can be elicited within �5 days, the adapta-
tion profile is typically incomplete. However, the lower total
thermal dose accumulated over the shorter HA timescale has
not previously been considered, and it is unknown whether
increasing the daily thermal dose will elicit similar adapta-
tions to those occurring when the same thermal dose is deliv-
ered over a longer a timescale. Accordingly, we investigated:
1) whether thermophysiological adaptations elicited by a
“condensed” HA intervention consisting of four heat expo-
sures per day over two consecutive days (CHA) differed from
those induced by a “traditional” once-daily heat exposure HA
intervention delivering a similar total thermal dose over eight
consecutive days (THA); 2) the extent to which either HA
intervention conferred cross-acclimation to a hypoxic envi-
ronment or enhanced endurance performance parameters in
a temperate environment; and 3) the decay of any adaptations
induced by CHA or THA following a deacclimation period. It
was hypothesized that CHA and THA would not differ in the
magnitude and profile of: 1) thermophysiological adaptations
evident during exercise heat stress; 2) cross-acclimation to a
hypoxic environment and alterations to endurance perform-
ance parameters; and 3) the decay in thermophysiological
adaptations following a deacclimation period.

METHODS

Experimental Design

A parallel-groups research design was used with participants
allocated to either: 1) CHA, consisting of 4� 75 min·day�1 heat
exposure for two consecutive days; or 2) THA, consisting of
1� 75 min·day�1 heat exposure for eight consecutive days.
Group allocation was determined by order of study enrolment
but adjusted where necessary due to logistical and scheduling
constraints. Each HA intervention was preceded and followed
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by: 1) a heat stress test (HST) for assessing thermophysiological
responses to exercise heat stress; 2) a hypoxic tolerance test
(HTT) for assessing cross-adaptation to a hypoxic environment;
and 3) a graded exercise test (GXT) for assessing endurance per-
formance parameters [V_ O2max, grossmechanical efficiency, lac-
tate threshold indices, and peak power output (PPO)] in a
temperate normoxic environment. A subset of participants
undertook a further HST 22±1 days after the final HA session
to provide an index of deacclimation. The experimental design
and timeline are summarized in Fig. 1.

Participants

Thirty-two healthy males participated, with group charac-
teristics (CHA, n ¼ 17; THA, n ¼ 15) summarized in Table 1.
Our primary outcome measure was the pre to postinterven-
tion change (i.e., D) in peak Trec recorded during the HST. An
a priori sample-size estimate (G	power 3.1.9.7) using the pre-
viously reported reduction in peak Trec during exercise heat
stress with a once daily HA for 2 days [�0.20�C (15, 51)] com-
pared with once daily HA for �7 days [�0.55�C (15, 25)], and
previously reported standard deviation [SD (52)] indicated
that a minimum of 7 participants/group would enable detec-
tion of a between-groups difference in this parameter with
sufficient power (b � 0.80) at a (two-tailed) a-level of 0.05.
Over-recruitment beyond this minimum sample size was to
account for potential participant dropout and to support
secondary outcome measures. Groups did not differ for key
parameters known to affect thermoregulation, with the
exception of a small difference in estimated percent body
fat (calculated from sum of 4 skinfolds) (53). However, the
difference was well within recommend limits for between-
groups designs (54), and this parameter has minimal influ-
ence on thermoregulation compared with metabolic heat
production per unit of body mass, and a smaller influence
on thermoregulation during exercise than the other anthro-
pometric factors (e.g., mass specific area) (55), which were
similar between groups.

Potential participants completed a health history ques-
tionnaire with medical opinion sought for any questionable
response. Individuals were excluded if they had engaged in
any formal HA regime or used saunas or prolonged hot
baths, in the 2 mo before participation. For most individuals,

data collection commenced outside of the UK summer
months, with the exception of one participant in each group,
where data collection commenced in June due to delays aris-
ing from COVID-19 lockdown restrictions, but any acclimati-
zation effects would likely be minimal (56). Serum sodium
was assessed within 48 h before commencing either HA pro-
gram; individuals with a serum sodium concentration below
135 mmol·L�1 were deemed to be at an elevated risk of hypo-
natremia and were excluded from participation. The study
was approved by the Ministry of Defense Research Ethics
Committee (1017/MoDREC/19) and conducted in accordance
with the Declaration of Helsinki (2013). Participants pro-
vided their written informed consent before participation,
and database registration was completed before data analy-
sis (identifier NCT05600452).

Experimental Procedures

Participants were instructed to abstain from alcohol
throughout the experimental period and from caffeine for
8 h before laboratory visits, to consume a similar (high carbo-
hydrate) diet before each test and to ensure that they arrived
for each session well-hydrated, having consume at least
0.5 L of water before arriving for any experimentation in
the heat. Euhydration was verified by mid-stream urine

Figure 1. Protocol schematic for a parallel groups study comparing a “traditional” once-daily heat exposure heat acclimation intervention over 8 days
and a novel “condensed” four-daily heat exposures over 2 days heat acclimation intervention. GXT, graded exercise test; HA¼ 75-min isothermal strain
heat acclimation session; HST, heat stress test (undertaken on either of the specified days); HTT, hypoxic tolerance test; Off¼ no laboratory visit.

Table 1. Group characteristics (mean ± SD) for individuals
undertaking either a condensed (n ¼ 17) or traditional
(n ¼ 15) heat acclimation intervention

Condensed HA Traditional HA P Value

Age, yr 25 ± 6 23 ±5 0.282
Height, m 1.76 ±0.07 1.79 ±0.07 0.360
Mass, kg 73.7 ± 6.9 71.4 ± 8.3 0.406
Body mass index, kg·m�2 23.9 ± 3.0 22.4 ± 1.9 0.122
Estimated body fat, % 16 ± 4 12 ± 2 <0.001
Body surface area, m2 1.90 ±0.09 1.89 ±0.13 0.884
Mass specific surface area,

cm2·kg�1
258 ± 16 266 ± 14 0.189

V_ O2max, mL·min�1·kg�1 48.3 ± 6.0 46.7 ± 7.4 0.486
Peak power output, W 318 ± 24 303 ±56 0.362

V_ O2max, maximal rate of oxygen uptake. HA, heat acclimation.
P value ¼ significance value from statistical analysis. Bold typeface
denotes statistically significant between-groups difference at stated
P value.
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osmolality upon arrival at the laboratory for any exercise ses-
sion in the heat (Osmo 1, Advanced Instruments Inc.,
Norwood); the same equipment was also used for the assess-
ment of plasma osmolality. On the rare occasion that partici-
pants reported with a urine osmolality >800 mOsm·kg�1,
they were provided with additional water (minimum of 300
mL) to consume at least 30min before commencing any sub-
sequent test. Participants also avoided strenuous exercise in
the 24 h before HSTs, HTTs, and GXTs but were instructed to
try and maintain their normal exercise around the HA ses-
sions within the THA program.

Heat acclimation.
The HA sessions were identical for both groups, with the
exception of frequency of administration. Each session
lasted 75-min and was undertaken in a hot-dry environment
(Tair 45�C; 20% r.h.) utilizing a pseudo-passive controlled
hyperthermia approach to elicit and maintain a target Trec of
38.50±0.25�C. To facilitate an initial increase in Trec toward
the target Trec, each session commenced with 10-min of light
stepping exercise (25 cm step � 18 steps·min�1) in vapor-
impermeable clothing [PVC-lined hooded long-sleeved top
and trousers (AQF Sports, Worsley, UK), neoprene gloves
and socks (Olaian, Decathlon, Villeneuve-d’Ascq, France)],
with shorts, t-shirt, and underwear worn underneath, fol-
lowed by 5min of seated rest and a further 5min of stepping.
This process was typically sufficient to elicit a rising Trec, but
where this was not the case an additional 5-min block of rest
and light-stepping was undertaken. Once a rising Trec had
been achieved, participants sat on a chair in the vapor
impermeable clothing assembly until reaching a Trec of
�38.20�C, at which point clothing was removed [in the fol-
lowing order: hood, gloves and socks, suit top, and trousers
(if required)] to attenuate the rise in Trec. Thereafter, clothing
was manipulated as required (added or removed) to alter
evaporative heat loss to the hot-dry environment and main-
tain the target Trec for the remainder of the session. Where
required, participants were permitted to use a fan on the
face and upper torso (airspeed �2–3 m·s�1) to provide per-
ceptual relief. Our pseudo-passive approach was informed
by pilot work and was designed to standardize the thermal
stimulus above the adaptation threshold (25, 57), while mini-
mizing the exercise component and facilitating completion.
During each HA session, participants were provided with an
electrolyte drink (Go Hydro, Science in Sport, UK) that had
been placed in the environmental chamber at least 2 h before
each session and were instructed “drink to thirst.”

For the THA program, the once-daily HA sessions were
scheduled to take place, as far as possible, at �0800 h (i.e.,
separated by �24 h), with fluids and food consumed “to
thirst and hunger” around their daily HA sessions; this was
repeated on eight consecutive days. For the CHA program,
the first HA session of each day commenced at�0800 h, and
the subsequent sessions were separated by 60 min resting in
shorts and t-shirt in a cool room outside of the environmen-
tal chamber (e.g., second daily HA session started at�1015 h;
third daily HA session started at �1230 h; and fourth daily
HA session stated at �1445 h). After the first and third HA
session of the day, participants consumed a snack consisting
of a Powerbar [Energize C2, PowerBar, CA (201 kcal)] and
pretzels [KP snacks, Slough, UK (118 kcal)]; a standard meal

was consumed after the second HA session [chicken and ba-
con pasta bowl; Co-op, Manchester, UK (415 kcal); McCoy’s
salt and vinegar crisps, KP snacks, Slough, UK (251 kcal)] and
were able to consume additional fluids “to thirst” between
the sessions. Once the participants left the laboratory after
their fourth session of the day, they were free to consume
additional fluids and food “to thirst and hunger.” This pro-
cess was repeated on two consecutive days.

Heat stress test.
The HSTs were performed on a cycle ergometer (Corival, Lode
BV, The Netherlands) in a hot environment (Tair¼40.2±0.2�C;
r.h.¼50±1%) using an established test (25, 58) that provides
sufficient thermal stimulus to evidence thermophysiological
adaptation, while limiting the time that Trec is elevated above
38.50�C (which could act as an additional adaptation stimulus).
HSTs were conducted at the same time of day (�0800 h).
Following a 5-min seated rest period, participants cycled at
35% of the power output for the final completed stage of the
initial GXT (105±15 W; described subsequently), for a total of
60 min. They were provided with 500 mL of electrolyte drink
at 0 and 30 min of the exercise period, which they were
instructed to consume over the subsequent 30 min. The same
clothing was worn for each session (shorts, underwear, socks,
and trainers), and convective cooling (2.7 m·s�1; Meterman,
Wavetek, New York) was provided by a fan directed on the face
and upper torso.

Graded exercise test.
GXTs took place in a temperate environment (Tair 21�C; 50%
r.h.) using cycle ergometry. Participants cycled at a power
output of 75 W for 3 min, at which point a fingertip capillary
blood sample was obtained and assayed for blood lactate
concentration (Biosen lactate analyzer, EFK Diagnostics,
Leipzig, Germany), and power output was increased by 25
W. This process was repeated until a blood lactate concentra-
tion [Lac] �4 mmol·L�1, at which point work rate was
increased 25 W·min�1 until volitional exhaustion. The first
lactate threshold (LT) was defined as the power output elicit-
ing a [Lac] of 2 mmol·L�1 with the second lactate threshold
defined as the power output eliciting a [Lac] of 4 mmol·L�1.
Gross mechanical efficiency (GME) was calculated at 125 W
(highest work rate below the initial increase in [Lac] achieved
by most participants; for 2 participants 100 W was used) from
the ratio of external work to energy expenditure, with the lat-
ter calculated according to Cramer and Jay (59). V_ O2max was
defined as the highest 15 s average V_ O2 during the GXT.

Hypoxic tolerance test.
The HTTs were undertaken in normobaric hypoxia (FIO2 ¼
0.1504±0.0017; Sporting Edge, Basingstoke, UK) and in tem-
perate conditions (Tair 21�C; 50% r.h.) using a protocol
adapted from Lunt et al. (60). During the HTT participants
breathed through a facemask and falconia tubing. After
10 min seated rest on the cycle ergometer breathing nor-
moxic air, the air supply was switched to the hypoxic air for
a further 10-min rest period. Thereafter, participants com-
menced cycle ergometer exercise at an external work rate of
100 W for 10 min while breathing the hypoxic air. Data for
each rest or exercise stage were calculated as the average
over the last 5 min of the stage.
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General Procedures

During GXTs andHTTsminute ventilation, oxygen uptake
and carbon dioxide production, as well as heart rate (HRM-
Dual, Garmin; Kansas) and peripheral capillary oxygen satu-
ration (SaO2) at the ear lobe (during HTTs only; NoninMedial
Inc, Plymouth), were recorded on a metabolic cart (Quark
B2, COSMED, Rome, Italy) calibrated before use with gases
of known concentration (15% O2, 5% CO2 for GXTs; 10% O2,
5% CO2 for HTTs) and a calibrated 3 L syringe. During HSTs,
�T sk was determined according to Ramanathan (61), Trec was
measured according to Miller et al. (62), and �Tb was calcu-
lated from the weighted mean of Trec (0.9) and �T sk (0.1) (63).
If a participant terminated the pre- or postintervention HST
before the 60-min period, the iso-time data were used for
prepost intervention comparison. This occurred for four par-
ticipants in THA during the preintervention HST (test dura-
tion ¼ 48±7 min); the iso-time data were also used for the
subset of these participants (two) who also completed a third
HST to assess deacclimation. In addition, one participant (in
CHA) terminated the deacclimation HST before the 60-min
period (test duration ¼ 55 min) having previously completed
the pre- and postintervention HSTs; the iso-time data for
this individual were used for the postintervention versus
deacclimation HST comparison only. Heart rate was meas-
ured by a chest strap and short-range telemetry (Polar
Electro, Kempele, Finland), local sweat rate was measured
using a ventilated capsule on the right scapula (Q-Sweat, WR
Medical Electronics, Maplewood), and peripheral blood flow
was assessed using a laser Doppler probe positioned on the
right thumb pad (Moor Instruments, Axminster, UK); a bio-
logical zero was obtained before each trial by occlusion of
blood flow at the base of the thumb. During the HST, expired
gases (Douglas bag method), RPE (64), thermal sensation,
and thermal comfort (20 cm visual analogue scale) were
measured at 20-min intervals, and a sample of sweat was col-
lected for determining sodium concentration using a cus-
tom patch constructed from Tegaderm dressing (3 M, St.
Paul) and Fisherbrand clear plastic wrap (Fisher Scientific;
Loughborough, UK) and positioned on the right scapula
(adjacent to the Q-sweat device), with the area cleaned
with deionized water before application. Nude body mass
(dry) was measured before and after each laboratory ses-
sion (Model I10, Ohaus Corporation, Parsippany) to deter-
mine whole body sweat rate (WBSR), adjusted for fluid
ingested, and metabolic heat production (MHP) was calcu-
lated according to Cramer and Jay (59).

Venous blood samples were obtained by venipuncture
from a prominent forearm vein, following 10 min of seated
rest before and after HSTs, before HA 1, and after HA 4 and
8; in instances where participants did not compete all HA
sessions, the blood sample was obtained after their final HA
session. Blood was collected into K2E EDTA vacutainers
(Becton Dickinson & Co., Plymouth, UK) and SST vacutainers
(Becton Dickinson & Co., Plymouth, UK) for serum, with
the latter left to clot for 30 min. Hemoglobin concentration
(201þ HemoCue, Ängelholm, Sweden) and hematocrit
(Hawksley, Lancing, UK) were assessed in triplicate from
the whole blood sample and used to calculate changes in
blood volume (BV) and plasma volume (PV) using the
method of Dill and Costill (65). All biological samples were

centrifuged at 4,350 g for 10 min at 4�C, and the superna-
tant aliquoted into Eppendorf tubes with 20 lL of plasma
assayed to determine osmolality. Thereafter, biological
samples were frozen to �80�C until subsequent analysis.

Enzyme-linked immunoassay analyses were performed in
duplicate using commercially available kits to examine bio-
markers of stress and inflammation [plasma interleukin 6
(IL-6; R&D systems human IL-6 assay; CV ¼ 4.5%); plasma
cortisol (R&D systems human cortisol assay; CV ¼ 4.5%); se-
rum heat shock protein 70 (HSP 70; R&D systems human
HSP70 duoset; CV¼ 4.8%)], gastrointestinal stress [serum in-
testinal fatty acid binding protein (IFABP; R&D systems
human IFABP duoset; CV ¼ 2.2%); plasma lipopolysaccha-
ride binding protein (LBP; R&D systems human LBP duoset;
CV ¼ 3.7%); plasma soluble cluster of differentiation 14
(sCD14; R&D systems human sCD14 duoset; CV¼ 2.0%)], and
renal stress [plasma and urine neutrophil gelatinase-associ-
ated lipocalin (NGAL; R&D systems human lipocalin2/NGAL
duoset; plasma CV ¼ 3.2%; urine CV ¼ 2.4%); urine tissue in-
hibitor of metalloproteinase-2 (TIMP-2; R&D systems human
TIMP-2 duoset; CV ¼ 5.4%); urine insulin-like growth factor
binding protein-7 (IGFBP-7; R&D systems human IGFBP-7
duoset; CV ¼ 2.5%); kidney injury molecule-1 (KIM-1; R&D
systems human KIM-1 duoset; CV ¼ 3.5%)]. Serum creatine
was also assessed as a further index of renal stress (Randox
Daytonaþ ; Randox Laboratories, County Antrim, Northern
Ireland) with acute kidney injury (AKI) defined according to
the Acute Kidney Injury Network (AKIN) criteria, with stage
1 AKI defined as an increase in serum creatinine of >26.5
lmol·L�1 from baseline, and stage 2 AKI defined as an
increase in serum creatinine of two- to threefold of the base-
linemeasurement (66).

For blood biomarkers assessed during HSTs, all values
were corrected to account for PV changes relative to the sam-
ple obtained before HST 1, thereby accounting for both the
within-HST (e.g., due to dehydration) and between-HST (e.g.,
due to hypervolemia) effects of PV changes on blood bio-
marker concentration relative to a common baseline; the re-
sultant PV corrected values were used to determine the
within HST change (D) of the blood biomarkers. For blood
biomarkers assessed during the HA sessions, values were cor-
rected to account for PV changes relative to the sample
obtained before HA 1 and used to determine the D from the
HA1 baseline value following HA sessions 4 and 8, thereby
accounting for changes in PV over the intervening HA ses-
sions relative to a common baseline. Urine biomarkers were
normalized to urine osmolality (67), and sweat sodium con-
centration was measured in duplicate (Sweat-check, EliTech,
UT; CV¼ 0.33%) and adjusted to ion chromatography equiva-
lent values according to Goulet et al. (68).

Data Analyses

Statistical analyses were undertaken using SPSS (v. 27,
IBM, New York, NY) with statistical significance set a priori
as P < 0.05. Parametric data are presented as means ± SD,
with nonparametric data (assessed by Shapiro–Wilks’ test
and skewness and kurtosis) presented as median (inter-
quartile range; IQR). Simple between-groups analysis of
parametric data (e.g., participant characteristics; thermo-
physiological responses to the HA interventions) was done
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by using independent samples t test, with equality of var-
iances assessed by Levene’s test. For analysis of our pri-
mary outcome measure (peak Trec during the HST), as well
as other (normally distributed) indices of thermophysio-
logical adaptation, hypoxic cross-tolerance and temperate
exercise performance, the within (pre HA vs. post HA)
HST, between (CHA vs. THA), and interaction (time �
group) effects were assessed using 2� 2 mixed model
ANOVA; the P value for the interaction term in this type of
ANOVA is identical to that calculated by independent
samples t test of the pre- to postintervention D analysis on
which the study was powered. For the subset of partici-
pants who undertook a third HST for assessing deacclima-
tion effects, the same analysis approach was undertaken
to compare the post HA versus decay HST data (i.e., HST2
vs. HST3). Post hoc analysis of significant interaction
effects was done by using paired samples t test for within-
group comparisons and independent samples t test for
between-group comparison. For nonparametric data, the
effect of time was assessed by Wilcoxon’s signed-ranks
test, with the effect of group (analyzed at each time point),
and the between-groups difference in the pre- versus post-
HA D value (analogous to the interaction effect for this
study design) assessed by Mann–Whitney U tests using the
“exact” P value.

RESULTS

Thermophysiological Responses during CHA and THA
Interventions

The thermophysiological responses over the course of the
CHA and THA interventions (i.e., during the HA sessions)
are summarized in Table 2. Average Trec (t27 ¼ 0.774, P ¼
0.446), time to Trec target (t30 ¼ �1.116, P ¼ 0.273) and Trec

over the final 45 min of the HA session (t30 ¼ �1.574, P ¼
0.126) did not differ between the interventions, with the lat-
ter in accordance with the target Trec of 38.50±0.25�C.
Average heart rate within HA sessions was also similar
between groups (t25¼ �0.297, P¼ 0.769). Together, this indi-
cates that that the isothermal strain technique was effec-
tively applied and that thermal and cardiovascular strain
were similar across the HA groups. However, starting Trec

was higher during CHA than THA (t29 ¼ 2.746, P ¼ 0.010)
and WBSR was lower across the CHA intervention than THA
(t30 ¼ �4.062, P < 0.001), and a small between-groups

difference was evident for the average RPE (t23.9 ¼ 2.338, P ¼
0.028). In addition, the lower bound of the target Trec was
not reached for four of the 136 scheduled HA sessions within
CHA (i.e., early removal of clothing and request for fanning
due to perceptual discomfort; peak Trec¼ 37.96±0.34�C) but
the participant remained in the hot environment for the
entire period; three of these sessions were from the same
participant and sessions where the target Trec was not
achieved were not included in the analysis of time to Trec tar-
get. Session completion rates did not differ between groups
(U ¼ 150, P ¼ 0.411), but in the CHA group one participant
withdrew before HA session 7 (dizziness and nausea) and two
participants withdrew before HA session 8 (discomfort, n¼ 1;
volitional withdrawal, n¼ 1).

A significant time effect was evident for D serum IFABP,
which was higher after HA8 thanHA4 (Z¼ 1.994, P¼ 0.046),
although the median values after HA8 remained similar to
the pre-HA baseline. A significant interaction effect was evi-
dent for D plasma cortisol (U ¼ 144, P ¼ 0.033), but at each
time point in both conditions the median value remained
below baseline levels. Significant group effects were evident
for the D serum creatinine (F1,25¼ 6.359, P¼ 0.018), D plasma
IL-6 (at HA4: U ¼ 41, P ¼ 0.041), and D plasma LBP (at HA8;
U ¼ 28, P ¼ 0.003), each of which were higher during the
CHA intervention compared with THA. The stage 1 AKI
threshold was reached by two participants in CHA at HA4
and three participants at HA8. No participants in THA group
met the criteria for stage 1 AKI at either time point and no
participants in either group met the stage 2 AKI threshold at
either timepoint. It should also be noted that three partici-
pants at HA4 and three participants at HA8 exceeded the
detection limit for urine IGFBP-7 in CHA and were not
included in the analysis. However, using imputation of the
upper-limit values for these individuals and undertaking a
nonparametric group analysis, which utilizes rank rather
than absolute values, group effects remained nonsignificant
at each time point. In contrast, the change in urine KIM-1
was lower in the CHA intervention compared with THA at
HA4 (U ¼ 119, P ¼ 0.005) and HA8 (U ¼ 111, P ¼ 0.022).
Changes in biomarkers of inflammation, gastrointestinal
barrier integrity, and renal stress over the course of each HA
intervention are summarized in Supplemental Table S1.

Thermophysiological Adaptations to CHA and THA

The thermophysiological, perceptual, and metabolic res-
ponses during the HSTs undertaken before and after each

Table 2. Thermophysiological responses (grand mean ± SD) and session completion rates [median (IQR)] for
participants undertaking either a condensed (n ¼ 17) or traditional (n ¼ 15) heat acclimation intervention

Condensed HA Traditional HA P Value

Trec over final 45 min, �C 38.45 ±0.17 38.53 ±0.13 0.126
Time to target Trec range, mina 33 ± 7 35 ±6 0.273
Average Trec (�C; n ¼ 29) 38.11 ± 0.19 38.06 ±0.15 0.446
Starting Trec (�C; n ¼ 31) 37.23 ±0.26 36.99 ±0.23 0.010
Whole body sweat rate, L·h�1 0.93 ±0.23 1.33 ± 0.32 <0.001
Average heart rate, beats·min�1; n ¼ 27 121 ± 9 122 ± 12 0.769
Average RPE (6–20 scale) 9 ± 2 8 ± 1 0.028
Number of HA sessions completed (count) 8 (0) 8 (0) 0.411

HA, heat acclimation; RPE, rating of perceived exertion; Trec, rectal temperature; aData omitted for four sessions within condensed
HA where target Trec range was not achieved. P value ¼ significance value from statistical analysis. Bold typeface denotes statistically sig-
nificant between-groups difference at stated P value.
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HA intervention are summarized in Table 3. Both HA inter-
ventions induced a range of beneficial thermophysiological
adaptations to heat, indicated by a significant main effect of
time for each of the thermal, thermoregulatory, or perceptual
indices of adaptation, apart from resting �T sk, exercising skin
blood flow and RPE. Moreover, there was no significant main
effect of HA group for any of the measured variables,
although significant interaction (time � condition) effects
were evident for resting Trec (F1,30 ¼ 5.385, P ¼ 0.027), resting
�Tb (F1,30 ¼ 6.419, P ¼ 0.017), average exercising �Tb (F1,30 ¼

5.038, P ¼ 0.032), and WBSR (F1,30 ¼ 11.478, P ¼ 0.002) indi-
cating a between-groups difference in the pre- to postinter-
vention D for that variable. Post hoc analysis of the significant
interaction effects showed that there were no between-groups
differences in resting Trec, resting �Tb, and exercising �Tb before
or after the intervention, and significant within-participant
reductions in each of these variables following both HA inter-
ventions. Similarly, WBSR did not differ between groups
before the HA interventions (t30 ¼ �1.037, P ¼ 0.308) and
increased over time in both the THA (t16 ¼ �8.632,

Figure 2.Mean and individual data for resting and peak rectal (Trec; A and B), mean skin (�T sk; C andD), and mean body (�Tb; E and F) temperature for partic-
ipants undertaking either a condensed or traditional heat acclimation (HA) intervention. HST1, heat stress test 1, undertaken prior to the HA intervention;
HST2, heat stress test 2, undertaken after the HA intervention. 	Effect of time P< 0.050; 			effect of time P< 0.001; þ interaction effect P< 0.050.
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P < 0.001) and CHA groups (t14 ¼ �11.644, P < 0.001).
However, after the HA intervention, WBSR was higher in the
THA group than the CHA group (t30 ¼ �2.313, P ¼ 0.028). The
improvements in peak thermophysiological (e.g., peak Trec,
peak �T sk, and peak �Tb), cardiovascular responses (e.g., average
exercising and peak heart rate), perceptual indices (e.g., ther-
mal comfort and sensation), and hematological indices were
not different between groups (see Fig. 2 and Fig. 3).

The within HST changes in biomarkers of inflammation,
gastrointestinal barrier integrity, and renal stress during
the HSTs undertaken before and after each HA intervention
are summarized in Supplemental Table S2. Significant time
effects were evident for the within HST D serumHSP70 con-
centration (Z ¼ �2.281, P ¼ 0.023) and D serum creatinine
(Z ¼ �2.022, P ¼ 0.043), which were both lower post-HA.
However, no group or interaction effects were evident. The
stage 1 AKI threshold was reached by one person in the CHA
group, before and after the intervention, but not in any indi-
viduals within the THA group at either time point; no indi-
viduals met the stage 2 AKI criteria.

Temperate Exercise Performance

Individual data showing the pre- versus post-HA changes
for indices of endurance performance are presented in
Fig. 4, with group data summarized in Supplemental Table

S3. There were no significant main effects of time, condition,
or interaction effect for any of the indices of endurance per-
formance, with the exception of a significant time effect for
peak heart rate (F1,30¼ 12.918, P¼ 0.001), which was lower in
the post HA GXT and an interaction effect for power at the
4 mmol·L�1 lactate threshold (F1,30 ¼ 11.689, P ¼ 0.002). Post
hoc analysis identified that the power at 4 mmol·L�1 [Lac]
was increased after THA (t14 ¼ �2.752, P ¼ 0.016) but was
unchanged following CHA (t16¼ 1.912, P¼ 0.074).

Hypoxic Tolerance

Two participants were unable to complete both HTTs in
the traditional HA intervention (technical issues, n¼ 1; vaso-
vagal response to venipuncture, n ¼ 1) and are not included
in the analysis for this portion of the study. Physiological
responses during the HTT before and after each HA inter-
vention are summarized in Table 4. No significant effect of
time, condition, or interaction was detected for any of the
physiological responses at rest with the exception of a time
effect on O2 pulse (Z¼ 2.359, P¼ 0.018). Similarly, a significant
time effect was observed for exercising O2 pulse (F1,28 ¼ 4.861,
P ¼ 0.036), as well as exercising heart rate (F1,28 ¼ 9.643, P ¼
0.004) and exercising SpO2

(F1,28 ¼ 7.225, P ¼ 0.012), but no
other significant main or interaction effects were evident for
exercising responses to hypoxia.

Figure 3.Mean and individual data for whole body sweat rate (A), mean skin blood flow (B), peak heart rate (C), and plasma volume change (D) for partic-
ipants undertaking a condensed or traditional heat acclimation (HA) intervention. HST1, heat stress test 1, undertaken prior to the HA intervention; HST2,
heat stress test 2, undertaken after the HA intervention. 			Effect of time P< 0.001; #effect of group P< 0.050; þþ interaction effect P< 0.010.
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Figure 4. Individual data for gross mechanical efficiency (GME) (A), power at 2 (B) and 4 (C) mmol·L�1 blood lactate, maximum rate of oxygen uptake
(V_ O2max;D), peak power output (E), and peak heart rate (F) from graded exercise tests before (pre) and after (post) undertaking a condensed or traditional
heat acclimation (HA) intervention. Dashed line, line of identity; 		effect of time P< 0.010; þ þ interaction effect P< 0.010.
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Deacclimation following CHA and THA

To assess deacclimation, a subset of 20 participants
(CHA ¼ 12; THA ¼ 8) undertook an additional HST 22 days
after completing their final HA session (Supplemental
Table S4). For each of the thermal variables (e.g., resting,
exercise, and peak Trec, �T sk, and �Tb, with the exception of
resting Tsk, there was no main effect of time or HA group
and no interaction effect. Together this indicates that that
the thermal benefits gained during each intervention were
well maintained over the deacclimation period, irrespec-
tive of group. However, main effects of time were evident
for WBSR, skin blood flow, and thermal comfort, which
were each decreased from the post HA HST to the deaccli-
mation HST, with no between-groups or interaction effect
for these parameters, although there was a trend (P ¼
0.051) toward an interaction effect for WBSR indicative of
a greater decay rate in THA than CHA. A follow-up analy-
sis comparing the pre-HA HST to the decay HST indicated
that despite some evidence for decay, WBSR remained
higher at the end of the deacclimation period than before
the HA intervention [main effect of time (F1,17 ¼ 13.061, P ¼
0.002); group and interaction effects both P > 0.050],
whereas skin blood flow and thermal comfort did not dif-
fer from the pre-HA HST. Between-groups differences
were also observed for the D plasma volume and D blood
volume during the deacclimation period, which was
reduced in CHA compared with THA. A follow-up analysis
of the D plasma volume and D blood volume from the pre-
HA HST to the deacclimation HST indicated that, over this
time period, the between-groups difference in D plasma
volume (CHA ¼ 0.4 ± 6.2% vs. THA ¼ 6.6 ± 7.8%; t18 ¼
�1.979, P ¼ 0.063) and D blood volume (CHA ¼ 0.6 ± 4.1%
vs. THA ¼ 4.7 ± 4.9%; t18 ¼ �2.023, P ¼ 0.058) were not sig-
nificantly different.

DISCUSSION

This study sought to determine, for the first time, whether
a novel 2-day “condensed”HA intervention (i.e., CHA) could
elicit the hallmark thermophysiological changes that
characterize the heat adapted phenotype, and whether
these adaptations were different from those occurring
with a “traditional” once-daily HA intervention (i.e.,
THA). Our data showed: 1) hallmark thermophysiological
adaptations to heat, including reduced resting (e.g., D
resting Trec: CHA ¼ �0.14 ± 0.21�C; THA ¼ �0.35 ± 0.29�C)
and exercising thermal strain (e.g,. D peak Trec: CHA ¼
�0.28 ± 0.26�C; THA ¼ �0.36 ± 0.17�C), reduced sweat
electrolyte content and increased WBSR (D WBSR: CHA ¼
þ0.21 ± 0.10 L·h�1; THA ¼ þ0.34 ± 0.11 L·h�1), expanded
PV (D PV: CHA ¼ þ 7.5 ± 7.9%; THA ¼ þ 5.1 ± 7.2%),
reduced cardiovascular (e.g., D peak heart rate: CHA ¼
�8 ± 8 beats·min�1; THA ¼ �7 ± 13 beats·min�1) and renal
strain, lower serum heat shock protein 70, and improve-
ments in thermal comfort and sensation, can be achieved
within 2 days; 2) with the exception of resting Trec, resting
�Tb, average exercising �Tb and WBSR, the thermophysio-
logical adaptations elicited by CHA did not differ from
those elicited by THA, although some indices of inflam-
matory, gastrointestinal, and renal stress response were
greater during CHA; 3) both HA interventions elicited
hypoxic cross-tolerance, which was most evident during
hypoxic exercise, as indicated by a reduced heart rate and
an increased O2 pulse and SpO2

, whereas with the excep-
tion of an increased power at LT following THA, the inter-
ventions did not improve temperate exercise performance
parameters; 4) data from a subset of participants indicated
that following a 22-day deacclimation period, the majority
of thermophysiological responses did not differ from the
post-HA time point, with the exception of skin blood flow,

Table 4. Physiological responses to acute (10 min) hypoxia (FIO2 ¼ 0.15) at rest and during exercise at 100 W before
(pre) and after (post) either a condensed (n ¼ 17) or traditional (n ¼ 13) heat acclimation intervention

Condensed HA Traditional HA P Value

Pre Post Delta Pre Post Delta Time Group Interaction

Rest
V_ E, L·min�1 13.40 (3.05) 14.00 (4.00) 1.40 (2.35) 13.20 (5.85) 13.40 (2.35) 0.80 (3.20) 0.080 Pre ¼ 0.711

Post ¼ 0.967
0.483a

V_ O2, L·min�1 0.46 (0.08) 0.47 (0.13) 0.03 (0.10) 0.46 (0.14) 0.47 (0.13) 0.04 (0.11) 0.117 Pre ¼ 0.650
Post ¼ 1.000

0.934a

RER (ratio) 0.90 (0.11) 0.89 (0.06) �0.01 (0.10) 0.88 (0.08) 0.88 (0.07) �0.01 (0.12) 0.888 Pre ¼ 0.902
Post ¼ 0.934

0.805a

Heart rate, beats·min�1 78 ± 10 77 ± 9 �1 ± 7 81 ± 13 77 ± 14 �4 ± 7 0.111 0.704 0.243
O2 pulse, mL·beat�1 5.9 (1.5) 6.0 (1.3) 0.5 (1.4) 5.9 (2.7) 6.0 (2.6) 0.5 (2.3) 0.018 Pre ¼ 0.869

Post ¼ 0.805
0.621a

SpO2
, % 95 ±2 96 ±2 1 ± 2 95 ±2 95 ±2 �0 ±2 0.422 0.944 0.103

Exercise
V_ E, L·min�1 40.90 (5.60) 41.30 (7.10) 1.50 (4.00) 41.70 (6.70) 40.70 (5.90) �0.20 (3.05) 0.120 Pre ¼ 0.869

Post ¼ 0.536
0.123a

V_ O2, L·min�1 1.68 ± 0.10 1.66 ±0.09 �0.02 ±0.08 1.70 ±0.17 1.68 ±0.16 �0.01 ± 0.06 0.177 0.667 0.736
RER (ratio) 0.93 ±0.06 0.94 ±0.06 0.00 ±0.04 0.93 ±0.04 0.93 ±0.05 �0.00 ±0.04 0.966 0.865 0.726
Heart rate, beats·min�1 118 ± 13 115 ± 12 �3 ± 7 122 ± 18 117 ± 15 �5 ± 7 0.004 0.661 0.488
O2 pulse, mL·beat�1 14.3 ± 1.0 14.5 ± 1.2 0.2 ± 0.8 14.2 ± 2.4 14.7 ± 2.5 0.4 ± 0.7 0.036 0.938 0.469
SpO2

, % 90 ± 3 92 ±2 2 ± 3 91 ± 3 92 ± 3 1 ± 3 0.012 0.697 0.315

Data are presented mean ± SD or median (IQR) for nonparametric data. P value ¼ significance value from statistical analysis. HA, heat
acclimation; RER, respiratory exchange ratio; SpO2

, peripheral capillary oxygen saturation; V_ E, minute ventilation; V_ O2, rate of oxygen
uptake. aWhere data did not meet the assumption of normality, the interaction term was assessed by between group analysis of the delta
value by Mann–Whitney U test. Bold typeface denotes statistically significant time, group, or interaction effect at stated P value.
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thermal comfort, and WBSR, which decayed across both
groups, although the latter remained above preintervention
levels.

The present study, which used a pseudo-passive (i.e., min-
imal exercise component) controlled hyperthermia tech-
nique to elicit a target Trec of �38.5�C (57, 69), was designed
to deliver a similar thermophysiological stimulus, irre-
spective of the differing frequency of application. Our
data, which demonstrated, for both groups, a Trec over
the final 45 min of each HA session in accordance with
the target Trec, as well as a similar session average Trec

and time to target Trec, indicate that this was effectively
achieved. This approach also elicited a similar cardiovas-
cular strain in both HA interventions, albeit that mean
heart rate was relatively lower (�120 beats·min�1 vs.
�140–170 beats·min�1) than previous studies that utilized
an active (i.e., exercise) approach to controlled hyper-
thermia rather than our pseudo-passive approach (25, 57,
70). This reduced cardiovascular strain was by design and
was intended to minimize the confounding influence of
exercise and a potential “training effect” that may have
been evident in other studies (43), while also supporting
high completion rates.

Despite this close control, we did observe some between-
groups differences in indices of thermophysiological strain
during the HA intervention, but these were not unexpected.
Specifically, we observed an elevated starting Trec and
reduced WBSR for the CHA group compared with THA, as
well as a slightly higher RPE with CHA. The higher starting
Trec in CHA likely results from the combination of circadian
effects on Trec (71), which would not have been evident in
THA, as well as the �60 min recovery period between HA
sessions not enabling a return to baseline for sessions 2–4
and 5–8. However, the principal of controlled hyperthermia
does not rely on a specific DTc, but rather the maintenance
of a fixed thermal forcing function at a defined target Tc

(�38.5�C) (69, 72), and it was not practically feasible, nor de-
sirable, to actively cool participants undertaking CHA.
Given that the body mass change over the course of each
CHA day was only �1.2 ±0.9%, the lower WBSR over the
course of the CHA intervention likely results from the com-
bined effects of hidromeiosis, leading to reduced sweating
after the initial daily session in CHA (73, 74), as well as a
progressive increase in the daily sweating rate in THA as a
consequence of adaptation. Although the between-groups
difference in mean RPE was relatively modest and, at a
group-level, the total number of HA sessions completed by
individuals did not differ, it is notable that 82% of partici-
pants completed all eight HA sessions in CHA compared
with 100% of participants in THA. Similarly, two partici-
pants did not reach the lower-bound target Trec in all of the
HA sessions in CHA, but this was not evident for any partic-
ipants in THA.

Aligned to the greater perceived exertion during CHA,
greater increases in plasma IL-6 (at HA4), plasma LBP (at
HA8), and serum creatinine were also evident in CHA, indi-
cating a greater inflammatory response, gastrointestinal
leakage of lipopolysaccharide, and renal stress. The median
increases in IL-6 and LBP in THA were in keeping with val-
ues previously presented for exercise heat stress (75–78).
Similarly, although the stage 1 AKI threshold was reached by

two participants in CHA at HA4 and three participants in
CHA at HA8, these rates are lower than have previously been
reported during heat stress (79), possibly due to the reduced
exercise component in the present study, and it has been
suggested that the serum creatinine changes represent a nor-
mal physiological response to conserve fluid during heat
stress that reflects neural, hormonal, and/or hemodynamic
responses upstream of the kidneys (80). Our data are gener-
ally consistent with this interpretation, with no significant
time, group, or interaction effects evident over the course
of the HA intervention for our plasma and urine biomarkers
markers of renal insult, with the exception of a smaller
change in urine KIM-1 level during CHA. Moreover, com-
parison of the pre HST1 and pre HTS2 data demonstrated
that serum creatinine (CHA: t16 ¼ �0.463, P ¼ 0.650),
plasma LBP (CHA: t15 ¼ �0.638, P ¼ 0.533), and urine KIM-1
(THA: t11¼ 1.560, P ¼ 0.147) had returned to baseline levels
after the intervention period indicating that these effects
were transient. Plasma IL-6 remained slightly elevated fol-
lowing CHA (Z ¼ �2.72, P ¼ 0.023), but this difference was
small [2.2 (6.6) pg·mL�1] and did not persist when compar-
ing the post HST1 and post HST2 data (Z ¼ �0.398, P ¼
0.691).

Previous research has shown that when HA is defined
solely by the number of daily exposures, �5 consecutive
daily heat exposures typically results in an incomplete adap-
tation profile relative to longer HA interventions (15, 19, 20,
23–31), but these studies have not attempted to account for
the lower total thermal dose accumulated over the shorter
timescale. Our data indicate that CHA resulted in an array of
adaptations consistent with the heat adapted phenotype,
with the magnitude of many of the adaptations not different
from those elicited by THA. In the main, the reduction in
indices of peak thermal strain, as indicated by peak Trec

(CHA ¼ �0.28�C vs. THA ¼ �0.36�C), peak �T sk (CHA ¼
�0.46�C vs. THA ¼ �0.47�C), and peak �Tb (CHA ¼ �0.31�C
vs. THA¼ �0.39�C) during the HST, was similar between the
groups and in keeping with the magnitude of reduction
reported by others. For example, for males undertaking 5–
10 days of once daily HA (accumulating a total heat exposure
of 643±282 min vs. 600 min in the present study), reduc-
tions in peak Tc of approximately �0.3 to �0.4�C (25, 30, 58,
81–83), peak �T sk of approximately �0.4�C (25, 58, 83), and
peak �Tb of �0.4�C (58) have been reported. Thus, for these
acclimation indices, the frequency of heat exposure may be
less important than the total thermal dose administered. In
contrast, for some resting indices of thermal strain [resting
Trec (CHA ¼ �0.14�C vs. THA ¼ �0.35�C); resting �Tb (CHA ¼
�0.11�C vs. THA ¼ �0.33�C)], the magnitude of adaptation
was less with CHA than THA. In a meta-analysis, Tyler et al.
(84) reported a mean reduction in resting Tc of 0.17�C for
both short term (4–7 days) and medium term (8–14 days)
interventions, which was evaluated as being physiologically
important and is broadly consistent with the reduction in
resting Trec seen with the 2-day CHA program. However,
others have reported larger reductions in resting Trec with
10–12 days of controlled-hyperthermia HA [�0.38�C (25);
�0.38�C (30); �0.26�C (85)], including with a passive con-
trolled-hyperthermia HA approach [�0.30�C (69)], that are
more similar to the reduction in resting Trec elicited by the
THA intervention.
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Although changes in sweating are often the slowest adap-
tations to fully manifest (7, 84, 86), our data indicate that
both HA interventions significantly increased WBSR (CHA ¼
þ0.21 L·h�1 vs. THA ¼ þ0.34 L·h�1). This equated to a
þ 20% increase in WBSR over the 2-day CHA, which was
fourfold greater than the mean increase (þ 5%) previously
reported in a meta-analysis of studies using 4–7 days of daily
HA (84) and suggests that CHA may accelerate sweating ad-
aptation. Nevertheless, the increase in WBSR with CHA was
less pronounced than with THA, possibly due to a lower
WBSR during the HA sessions eliciting less sweat gland
“training,” or possibly as a result of differences in the time
course of different components of sudomotor adaptation; it
has been suggested that central modifications occur more
rapidly than peripheral modifications, such as sweat gland
hypertrophy and increased cholinergic sensitivity (7, 87).
Moreover, sweat production is not the same as sweat evapo-
ration, with acclimatization often resulting in the production
of excess sweat (i.e., nonevaporated), which contributes little
to evaporative heat loss (88). The similar magnitude of reduc-
tion in peak thermal strain during the postintervention
HSTs, despite between-groups differences in WBSR, suggests
that evaporative efficiency was improved to a greater extent
with CHA than THA. This assertion is partially supported by
the trend (P ¼ 0.051) toward a larger reduction in sweat so-
dium content with CHA (CHA ¼ �23 mmol·L�1 vs. THA ¼
�8 mmol·L�1), which would enhance evaporative heat loss
for a given skin temperature (89). In addition, the lack of dif-
ference in local (back) sweat rate (see Table 4), which is con-
sistent with the concept of site specific sudomotor adaptation
(7), could have resulted in similar group increases in the per-
centage of wet skin surface area for evaporation, despite the
between-groups differences inWBSR.

We demonstrated expanded PV and reduced average exer-
cising and end-exercise heart rate during the post HA HST,
with no differences between interventions. Given that cardi-
ovascular adaptations are believed to manifest quickly (4–
5 days) during HA (90, 91), it is perhaps unsurprising that
cardiovascular stability was improved with CHA, with the
observed increases in PV in keeping with previous literature
examining short [5 days (21, 70, 92)] and medium term
[10 days (25, 70)] controlled hyperthermia HA. In contrast,
the reductions in average and peak exercise heart rate were
slightly lower than previously reported, with meta-analysis
indicating a 12 beats·min�1 reduction in average heart rate
and 16 beats·min�1 reduction in “time-matched” heart rate
with �4 days of HA (84). This difference is likely explained
by the lower cardiovascular strain elicited by our “pseudo-
passive” approach compared with the higher cardiovascular
strain elicited by “active” HA interventions; the exercise
component of active HAmay account for�30% of the reduc-
tion in heart rate following an “active”HAprogram (46).

The reduced thermophysiological strain in both HA inter-
ventions likely underpinned the perceptual benefits appa-
rent in both conditions, which included a lower thermal
sensation, higher thermal comfort and a trend toward a
reduction in RPE, which was not different between the
groups. These perceptual measures are implicated in behav-
ioral thermoregulation and the control of exercise work rate
during heat stress (93), but further research is required to es-
tablish if the perceptual adaptations in the present study

translate into performance benefit during exercise in the
heat. In addition, time effects were evident for the within
HST D serum HSP70 concentration and D serum creatinine,
both of which were lower post-HA. Increases in serum
HSP70 are associated with the achievement of a minimal
Trec level of 38.5�C (94), with the post intervention HST con-
sistent with a mean peak Trec of �38.2�C and in keeping with
the post HA reductions in serum HSP concentration shown
previously (26, 95). The reduction in the D serum creatinine
post HA indicates superior renal function following the HA
interventions, as has been demonstrated previously (79).
Given that the reduction in D serum creatinine within HSTs
was similar across groups, whereas renal strain was higher
during the CHA intervention than THA intervention, we
speculate that this effect is likely a consequence of improved
renal perfusion post-HA due to the (similar) reduction in
thermophysiological strain, rather than a renal adaptation
per se.

Previous research suggests that HA can attenuate physio-
logical strain during exposure to a hypoxic environment (40,
41) and also confer ergogenic benefit under temperate condi-
tions (43). Our data indicate that both HA conditions
increased resting and exercise O2 pulse, reduced exercise
heart rate and increased exercise SpO2

. These data are in ac-
cordance with previous research showing similar benefits af-
ter three or more days of HA (85, 96–99) but demonstrate for
the first time that hypoxic cross-tolerance can be obtained
with a 2-day CHA intervention. The range of cross-tolerance
benefits was more pronounced when exercise was superim-
posed on the hypoxic stressor, a finding that is consistent
with others (97). The precise mechanisms by which HA con-
fers hypoxic cross-tolerance remain to be elucidated,
although it has been suggested that adaptations occurring
with HA can affect autonomic control through effects on
central command, cardiopulmonary and arterial barore-
flexes, and carotid chemoreflexes (91), each of which could
contribute to a lowering of heart rate and an increased O2

pulse, whereas a lower �Tb would result in a leftward shift in
the oxyhemoglobin dissociation curve and a higher SpO2

(99). In contrast, with the exception of an increase in the
power output eliciting a [Lac] of 4 mmol·L�1 with THA, we
found limited evidence of beneficial effect of HA on indices
of temperate exercise performance with neither group sig-
nificantly improving V_ O2max or PPO during the GXT. The
evidence supporting the benefits of HA on temperate en-
durance exercise indices is equivocal (45, 100). However, in
contrast to the majority of previous studies (see Ref. 45), the
present study minimized the exercise component of HA,
thereby negating any potential training effects of the inter-
ventions. In addition, the timing of assessment after HA
may determine whether any beneficial effect is observed
(101) and we cannot exclude the possibility that different
results would have been evident with a different period
between the HA intervention and the subsequent GXT;
such an effect might be particularly important with CHA
where a longer recovery period may be necessary following
the condensed stressor.

The reductions in thermal strain with both interven-
tions were well-maintained over a 22-day deacclimation
period, with no time, group, or interaction effects on rest-
ing or exercising (average and peak) indices of Trec, and
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�Tb, and exercising �T sk. The extant literature on the decay
in indices of thermal strain are contradictory. For exam-
ple, Williams et al. (47) reported a 50% loss in Trec adapta-
tion over a 3-wk deacclimation period, with a meta-
regression analysis suggesting that peak Tc decays at a rate
of 2.6% per deacclimation day (50), although the decay in
Trec was less pronounced when the daily heat exposure du-
ration was increased. In contrast, following a 9-day HA
intervention, Pandolf et al. (49) reported little change
(0%–18%) in Trec or heart rate (2%–29%) over deacclima-
tion periods of 3–18 days. Similarly, Weller et al. (15)
reported that the reduction in resting and peak Trec

induced by a 10-day HA intervention was maintained over
12- and 26-day deacclimation periods, with peak �T sk adap-
tations maintained over a 12-day deacclimation period and
only modest changes over the 26-day period, and “mini-
mal” changes in heart rate over both time scales. The rea-
sons for these discrepancies are unclear, but our data
extend these observations by demonstrating that when a
large-daily thermal dose is delivered on two consecutive
days, the reductions in thermal and cardiovascular strain
are well-maintained for up to 22 days. There was, however,
evidence of a decay in WBSR with both groups, with a
trend toward a larger reduction with THA (interaction
effect P ¼ 0.051). Others have also identified a dissociation
between the rate of decay in WBSR and the decay in indi-
ces of thermal strain (25, 50) but our data also indicate that
local (back) sweat rate was unaffected and that WBSR
remained above the pre-exercise baseline levels; together
this appears to have resulted in sufficient sweat evapora-
tion to maintain the reduction in thermal strain over the
decay period. Our data also indicate contraction of PV
expansion in CHA, but not THA, but this did not appear to
affect the reduction in cardiovascular strain during the
HST, which was maintained in both groups. This is in con-
trast with the 2.3% loss in heart rate adaptations per decay
day (50), or 90% loss over 3 wk reported previously (47),
but is in keeping with the data of others (15, 49), and sug-
gests the plasma volume changes do not underpin the
retention of cardiovascular adaptations, which might be
accounted for by the lower thermal strain and a dimin-
ished skin blood flow requirement.

The present study was not without limitations. Although
within-participant crossover designs are typically stronger,
evidence of re-acclimation and heat acclimation “memory”
(15, 50, 102), and the potential confounders that may occur
with prolonged washout periods (e.g., seasonal acclimatiza-
tion status, training status and anthropometric factors, par-
ticipant drop-out) mean that in the context of the present
study, a between-groups design was most appropriate. For
practical reasons, we did not include a third group perform-
ing one HA session per day for only 2 days, but numerous
studies have shown incomplete adaptation over longer time
scales (15, 19, 20, 23–31), and our design enabled us to exam-
ine our research question (i.e., whether the adaptations eli-
cited by delivering a large thermal “dose”’ over a condensed
timescale differed from those elicited when a similar thermal
“dose” was administered over a longer time scale). Our find-
ings are only applicable to young, healthy males under the
conditions studied. Previous research with once-daily HA
suggests that that females may adapt over a slower time-

scale than males and future research should examine the ef-
ficacy of CHA in this cohort (81), whereas our peripheral
blood flow data cannot be extrapolated to nonglabrous skin
given the lack of active vasodilation at our assessment site
(thumb). In addition, we cannot exclude that our results may
have differed in less-humid environments supporting
greater evaporation of produced sweat, where the between-
groups differences in sweating rate may have translated into
more pronounced differences in thermal profile. Likewise,
although the elevated inflammation, gastrointestinal leak-
age, and renal stress with CHA was modest and transient,
this may not be the case if an individual were to repeatedly
use this type of intervention. It should also be noted that,
although there was no group-level difference in the magni-
tude of postintervention reduction in peak Trec and �Tb, one
individual showed a pronounced elevation in peak Trec and
�Tb following CHA, which might indicate a maladaptive
response to this intervention. Related to this point, the time
elapsed between the intervention and the assessment of effi-
cacy may influence the changes detected (101), presumably
by influencing the balance of residual fatigue with adapta-
tion benefits; we cannot exclude the possibility that this dif-
fered between our groups, or that our post intervention
assessmentsmissed the optimal adaptation period.

In conclusion: 1) compared with THA, the CHA interven-
tion was associated with greater increases in some markers
of inflammation and gastrointestinal leakage as well as ele-
vated renal stress, but differences were generally modest
and transient; 2) CHA elicited an array of thermophysiologi-
cal adaptations to heat stress that, for many aspects, did not
differ from that acquired when a similar thermal dose was
provided over a longer timescale; 3) both CHA and THA
improved aspects of hypoxic tolerance, with this effect more
pronounced during hypoxic exercise than hypoxic rest,
whereas benefits during temperate normoxic exercise were
limited; 4) reductions in thermal strain were well main-
tained over a 22-day decay period, although there was deac-
climation in cutaneous blood flow, plasma and blood
volume (in CHA), thermal comfort and WBSR. Together
these novel data suggest that CHA might represent a viable
option for time-restricted individuals preparing for exposure
to hot conditions (e.g., military personnel, firefighters, ath-
letes, individuals preparing for heat wave) and possibly
high-altitude environments.
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