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Abstract

Although there are known differences in mechanisms of thermoregulation between males and females, it is unclear whether or
how these alter physiological adaptations during heat acclimation. Our goal was to evaluate possible sex differences in
responses to a 10-day controlled work rate heat acclimation (HA) protocol. We studied 27 young healthy individuals (16 females).
Volunteers underwent 10 days of HA at a controlled work rate (walking at 5 km·h�1, 2% grade, 40�C, 40% relative humidity, 1.34
m·s�1 windspeed for 120 min). Core temperature (Tcore) and heart rate (HR) were measured continuously. Whole body sweat rate
(WBSR) was calculated from pre- and post-exercise nude body mass. Blood samples were taken pre-exercise on days 1 and 10
(HAD1 and HAD10) to evaluate HSP72. Males and females successfully (and similarly) adapted to HA, as assessed by progressive
decreases in peak Tcore (males: HAD1 38.69 ±0.48 vs. HAD10 38.30 ± 0.28�C, P < 0.001; females: HAD1 38.90 ± 0.49 vs. HAD10
38.46 ± 0.45�C, P < 0.001). Peak HR was higher in females throughout HA, but adapted to HA in both groups (males: HAD1
141 ± 16 vs. HAD10 127 ± 11 beats/min, P < 0.001; females: HAD1 170 ± 17 vs. HAD10 152 ± 17 beats/min, P < 0.001). WBSR increased
in both groups (males: HAD1 0.73 ± 0.23 vs. HAD10 0.92 ± 0.23 L·h�1, P < 0.001; females: HAD1 0.65 ± 0.15 vs. HAD10
0.72 ± 0.12 L·h�1, P ¼ 0.041) but was higher in male on HAD3-HAD5. Across HA, HSP72 increased similarly between males
and females. These results suggest that males and females have a similar ability to adapt to a 10-day exercise-HA protocol
but appear to do so via distinct physiological mechanisms.

NEW & NOTEWORTHY We evaluated sex differences in the magnitude and time course of physiological adaptations to heat
stress using a generalizable and practical protocol (i.e., standardized work rate in the heat). Men and women had similar adapta-
tions in core temperature, despite greater sweating in the men. We also report for the first time that intracellular heat shock pro-
tein 72 increases similarly in males and females during heat acclimation.

core temperature; sex differences; thermoregulation

INTRODUCTION

Heat illnesses are a regular and potentially serious risk for
individuals who participate in outdoor physical activity,
such as military personnel, athletes, and laborers. As tem-
peratures get progressively warmer, heat illnesses will
become more pervasive. Heat acclimation (HA) is the inte-
grative physiological process by which the body systemati-
cally adapts to repeated heat exposures, resulting in lower
body temperatures, lower heart rates, and increased sweat-
ing rates during exercise (1). These adaptations enhance heat
dissipation, decrease cardiovascular strain, and can lower
the risk of exertional heat illnesses (1–3). The beneficial
adaptations gained from HA and the integrative physiologi-
cal mechanisms supporting these adaptations have been
extensively studied over the past several decades (1, 4, 5).

Sex differences exist in thermoregulation, as evidenced by
both biophysical (e.g., body size differences) and thermoreg-
ulatory (e.g., lower sweating rates in females at very high
workloads) differences between males and females (6–8).
Men, on average, are larger than women and have greater
body surface area (BSA), lower BSA to mass ratio (BSA:
mass), lower percent body fat, and greater lean mass. These
factorsmay contribute to differences in heat production, dis-
sipation, and storage between sexes, highlighted by a recent
review (9). Although there is evidence to suggest that there
are differences in thermoregulatory mechanisms between
males and females (6, 8, 10), these differences do not appear
to alter practical outcomes, such as heat illness risk (11–13).

Previous data regarding time course or magnitude of HA
differences between males and females are limited and
inconsistent. Horstman and Christensen (14) suggested that
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female adapt more quickly or to a greater degree than male
as measured by core temperature (Tcore) changes, with a sim-
ilar impact on performance parameters during HA in hot,
humid conditions. In contrast, in a different study, men
exhibited Tcore adaptations faster than women, whereas
female showed more rapid sweating adaptations (15). Some
of the discrepancies in these findings may be related to fit-
ness differences between groups (16) or to differences in
body size and biophysical parameters (15). With increasing
numbers of females in athletics, military, and laborer popu-
lations, further investigation is warranted to ensure appro-
priate recommendations are being made to optimize HA
protocols for all individuals.

HA has been shown to improve cellular thermotoler-
ance to heat stress, as observed by increases in heat shock
proteins (HSP) (17). HSPs are molecular chaperone pro-
teins that increase in response to stressors (such as heat
and hypoxia) and provide cytoprotection during stressful
exposure (18, 19). HSP upregulation during HA is thought
to provide additional protection in response to heat and
other potential stressors (20, 21). Previous work has shown
that 10 days of HA upregulate HSP72, particularly in indi-
viduals with the largest adaptive response to HA (17).
These data were collected in eight individuals, one of
whom was female. Thus, evaluation of sex differences in
the previous sample was not possible. The HSP response
between sexes to heat stress remains conflicting in the lit-
erature, where previous research has indicated that males
have a greater propensity to upregulate HSPs (22), whereas
evidence in a murine model suggested an upregulation of
HSP72 in female mice and rats, relative tomales, and that the
upregulation was related to estrogen fluctuations (23, 24).
Compelling sex differences have also been observed with
acute exposure to heat stress, with males demonstrating
higher HSP72 upregulation compared with females (22).
Taken together, these data suggest a possible difference in
HSP responsiveness between males and females to heat
stress and potentially, HA.

The purpose of the present study was to quantify the inte-
grative physiological responses of males and females to a 10-
day practical, controlled work-rate HA protocol. We tested
the hypothesis that males and females would adapt similarly
to a 10-day controlled work rate HA protocol.

METHODS

Participants and Ethical Approval

This study was approved by the US Army Medical
Research and Development Command Institutional Review
Board (M-10929). All volunteers gave written and informed
consent, and this investigation adhered to all aspects of the
Declaration of Helsinki (Clinicaltrials.gov Registration No.
NCT05292170). This investigation adhered to the human
subjects protection policies outlined in US Army Regulation
70-25 and US Army Medical Research and Development
Command Regulation 7-25.

Subjects

Twenty-seven (n ¼ 16 women) participants completed
this investigation. Inclusion criteria ensured participants:

exercised at least two times per week or passed their most
recent USMilitary fitness assessment, had no history of heat
illness, or no history of fluid/electrolyte imbalance, had no
history of orthostatic intolerance within the previous 3 years,
and no nicotine use within the previous four months.
Females were not restricted to participating during any spe-
cific phase of themenstrual cycle or contraceptive utilization
in the interest of maintaining external/ecological validity.
Female volunteers were asked to complete a menstrual his-
tory questionnaire that was used to confirm that all female
volunteers were naturally cycling (i.e., had a menstrual cycle
every 25–35 days and had not missed more than two periods
in the last 12 mo) or to collect information on contraceptive
utilization.

Study Design

Volunteers reported to the laboratory 13 times to complete
anthropometric measures, a maximal aerobic test (V_ o2max) to
evaluate fitness status before and after HA, and a 10-day HA
protocol. Study design and visits are displayed in Fig. 1.
Testing took place in Natick, MA between late-October and
early-April to avoid possible confounding with natural sea-
sonal acclimatization.

Anthropometric Testing

Volunteers reported to the laboratory for the first day
of testing and completed a menstrual history question-
naire (females only) and activity and background survey.
Height, nude body mass, body composition analysis
using a dual energy X-ray absorptiometry scan (DEXA,
GE Lunar iDXA, GE Healthcare, Madison, WI), and three-
dimensional (3-D) scan (SS20 Scanner, Size Stream, Cary,
NC) for measure of body surface area (BSA) were also
completed. Volunteers self-reported their race and eth-
nicity (Table 1).

V_ o2max Testing

Before HA testing (within 72 h before beginning) and fol-
lowing HA (within 96 h of HAD10), volunteers underwent a
maximal oxygen consumption (V_ o2max) test to evaluate fit-
ness status. Volunteers ran on a treadmill, starting between
8.9–10.5–6.5 kph at 2% grade, where speed increased by 0.8
kph every 3 min until volitional exhaustion with continuous
metabolic measures (TrueOne 2400, ParvoMedics, Sandy,
UT). V_ o2max criteria included respiratory exchange ratio
(RER) >1.1, rating of perceived exertion (RPE) >17, or an
increase in ventilation without a concomitant increase in
oxygen consumption (V_ o2).

Heat Acclimation Protocol

Volunteers reported to the laboratory for 10 HA visits over
14 days. For all volunteers, the first 4 days of testing were
consecutive, and there was no more than one consecutive
day of rest within the 10-day protocol. During the HA testing,
volunteers arrived at the laboratory with their first morning
urine sample and followed appropriate instructions to
ensure hydration status (urine specific gravity, USG< 1.025).
If volunteers did not provide their first morning urine sam-
ple, a spot sample was collected upon arrival to the labora-
tory (between 0600 and 0900). In the event the USG was
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>1.025, volunteers were given 500 mL of water to consume
before beginning the exercise trial. On days 1 and 10 of HA
(HAD1 and HAD10), volunteers underwent a venous blood
draw after remaining seated for 20-min before exercise to
quantify intracellular heat shock protein concentration
(HSP72).

Before starting exercise, volunteers self-inserted a tele-
metric pill (BodyCap, eCelsius, France) as a suppository
for assessment of Tcore (rectal temperature). Nude body

mass was assessed (Adam Equipment, CPWPlus-200,
Oxford, CT) before and after exercise to quantify total
sweat loss each day and whole body sweating rate (WBSR),
accounting for fluid consumed and urine produced during
the exercise session. Volunteers were also fitted with a tel-
emetric heart rate (HR) strap (Polar H10 HR puck; M430
watch, Polar Electro, Woodbury, NY) and wireless skin
temperature sensors (iButton, Maxim Integrated Products
Inc., San Jose, CA) on four sites: chest, deltoid, thigh, and

Figure 1. Study timeline. Figure created with a licensed version of BioRender.com.

Table 1. Subject characteristics

Females (n 5 16) Males (n 5 11)

Age, yr 24 ± 5 22 ±5
Height, cm 162.0 ± 6.3� 178.0 ± 7.3
Nude body mass, kg 67.54 ± 8.24� 82.85 ± 15.13
% Body fat 36.25 ± 6.24� 26.36 ± 5.69
BSA, m2 1.774 ±0.128� 1.983 ±0.178
BSA:mass 0.02645 ±0.0018� 0.02432 ±0.0025
Pre-HA V_ o2max (mL·kg�1·min�1) 35.9 ± 3.4� 47.8 ± 4.9
Post-HA V_ o2max (mL·kg�1·min�1) 36.5 ± 3.8� 46.0 ± 4.7
Race/Ethnicity
White/Hispanic or Latino 5 (31.25%) 1 (9.09%)
White/Not Hispanic or Latino 5 (31.25%) 4 (36.36%)
Black/Not Hispanic or Latino 2 (12.5%) 1 (9.09%)
Asian/Not Hispanic or Latino 1 (6.25%) 2 (18.18%)
American Indian or Alaskan Native/Not Hispanic or Latino 1 (6.25%) 0 (0%)
Other/Hispanic or Latino 1 (6.25%) 2 (18.18%)
Other/Not Hispanic or Latino 1 (6.25%) 1 (9.09%)

Values are means ± SD. BSA is body surface area; BSA:mass, is body surface area to mass ratio. �Differences between sexes P < 0.05.
Other includes individuals who did not report race, or who reported multiple races.
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calf (25). Upon entering the heat chamber, volunteers
walked on a treadmill at 1.39 m·s�1, 2% grade, with 1.34
m·s�1 windspeed for 120 min in 40�C, 40% RH. Core tem-
perature (Tcore) and mean weighted skin temperature
[MWTsk, (25)] were measured continuously, and HR, RPE,
(26), and thermal sensation scale [TSS, (27)] were recorded
every 5 min. Volunteers were provided 200 mL of fluid
every 20 min of exercise, with fluid volume measured at
each timepoint (Ohaus, ES6R, Parsippany, NJ).

If volunteers’ core temperature reached 39.5�C (n ¼ 14 tri-
als, n ¼ 5 volunteers, 4 F), they became too fatigued to con-
tinue exercise (n ¼ 4 trials, n ¼ 3 volunteers, 3 F), or they
experienced lightheadedness necessitating an early exit (n ¼
1 trial, 1 M), duration of time in the heat chamber was
accounted for in calculations of WBSR. Individuals whose
Tcore reached 39.5�C were immediately removed from the
heat chamber and began amonitored recovery with fan cool-
ing that lasted until their Tcore reached 38.5�C. Ice sheets and
towels were available for cooling during each testing visit, in
the event participants requested additional cooling or were
experiencing symptoms associated with heat-related illness,
but were not utilized by any volunteers. Tcore, HR, MWTsk,
RPE, TSS, and WBSR adaptation were evaluated as a change
fromHAD1.

Isolation of Peripheral Blood Mononuclear Cells and
Immunoblotting

Venous blood was collected into a 10 mL EDTA-treated
collection tube (BD Vacutainer, Franklin Lakes, NJ) pre-
HAD1 and pre-HAD10. Peripheral blood mononuclear cells
(PBMCs) were isolated using methods previously described
(28, 29). The PBMC pellet was stored in �80�C for analysis of
HSP72. Intracellular proteins were extracted from PBMCs, as
previously described (28). Protein (8 lg) was loaded into gels,
separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis, and transferred onto polyvinylidene difluo-
ride membranes. Following transfer, a total protein strain
(Memcode, Cat. No. 24585, Thermo Fisher Scientific) was
used to confirm equal protein loading and transfer. Three
volunteers’ samples were excluded from analysis due to
unequal total protein staining [see Supplemental Fig. S2A–
S2F, (30)]. A primary antibody for HSP72 (HSP70/HSP72 pol-
yclonal antibody, Cat. No. ADI-SPA-812, Enzo Biochem Inc.,
New York, NY) was used to determine HSP72 protein abun-
dance. An internal standard (pooled composite sample from
multiple volunteers) was loaded in the last two lanes of each
gel, and HSP72 abundance was evaluated relative to the
internal standard. This approach allows for comparison
across gels, specifically in this case, between sexes. Three
gels were utilized to evaluate all data across this investiga-
tion, and volunteers were randomly assigned across wells
and gels.

Statistical Analysis

Linear mixed-effect models were used to assess sex differ-
ences, both as a group and over the time course. The model
parameters were estimated using restricted maximum likeli-
hood, and the Kenward–Roger method was used to estimate
the variance-covariance of the fixed effects (31). Equation 1
shows the linearmixed-effect model:

yit ¼ b0 þ b1sexi þ b2timeit þ b3sexi � timeit

þ b4bsa : massit þ di þ lt þ ɛit : ð1Þ
Where yit represents Tcore, DTcore, WBSR, WBSR·m�2,

DWBSR, D WBSR·m�2, HR, DHR, MWTsk, RPE, TSS, and
H2P72 for subject i at time point t, sexi is the sex of subject i
where females take a value of 1 and males 0, timet is a fixed
effect to control for observed and unobserved differences
that remain constant across individuals but may vary over
the time course (we include time as a categorial variable to
account for the discrete nature of each trial to allow for com-
parisons between time points. We included a table of results
in the supplemental files where time is a continuous variable
for comparison), bsa:massit is the BSA:mass and is included
to evaluate differences betweenmales and females that were
not related to body size differences (this variable is not
included in the models where the outcome is WBSR·m�2

since BSA is already adjusted for in that variable, HSP72,
scaled by BSA), di is a random effect for subject i controlling
for unobserved heterogeneity across subjects, and μt is a
nested random effect of time point t for subject i. In addi-
tion, for models where HSP72 is the outcome, the nested
random effect is excluded, and an additional random
effect was included to control for unobserved differences
in the Western blot gels.

For eachmodel, marginal effects of sex were calculated for
each outcome variable over the time course. Marginal effects
show the discrete difference in the outcome variable
between males and females at each time point. Statistical
significance was set a priori at P< 0.05. Significancemarkers
shown in Figs. 2 and 3 come from the P values of the mar-
ginal effects. The results from the calculatedmarginal effects
and regression can be found in the Supplemental Tables S1–
S4. For all analyses, except relative (WBSR·BSA�1) differen-
ces were evaluated while controlling for BSA:mass. Data
were analyzed using Stata (SE Version 18.0, StataCorp LLC,
College Station, TX). An a priori power calculation was con-
ducted using R (version 4.0.3) with b ¼ 80% showed that n¼
10 females and n ¼ 10 males would be necessary to detect
Tcore differences between sexes. Given the variability in
female sex hormones expected, we purposefully sought to
oversample female volunteers to account for fluctuating
female sex hormones andmaintain ecological validity.

RESULTS

Females were significantly shorter and lighter and had
lower BSA and higher BSA:mass, with higher body fat %, and
lower V_ o2max (Table 1). Baseline Tcore was not significantly
affected by HA in either sex (males: HAD1 37.10 ±0.24 vs.
HAD10 37.01 ±0.21�C; females: HAD1 37.18 ±0.56 vs. HAD10
37.14±0.22�C, P > 0.05). Acclimation was confirmed in both
groups via decreased peak Tcore (males: HAD1 38.69±0.48 vs.
HAD10 38.30±0.28�C, P< 0.001; females: HAD1 38.90±0.49
vs. HAD10 38.46 ±0.45�C, P < 0.001), decreased peak HR
(males: HAD1 141 ± 16 vs. HAD10 127 ± 11 beats/min, P <
0.001; females: HAD1 170± 17 vs. HAD10 152 ± 17 beats/min,
P < 0.001), increased WBSR (males: HAD1 0.73 ±0.23 vs.
HAD10 0.92 ±0.23 L·h�1, P < 0.001; females: HAD1 0.65 ±
0.15 vs. HAD10 0.72 ±0.12 L·h�1, P ¼ 0.041), and increased
WBSR·m�2 (males: HAD1 0.33 ±0.14 vs. HAD10 0.46±0.09
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L·h�1·m�2, P < 0.001; females: HAD1 0.37 ±0.07 vs. HAD10
0.40±0.05 L·h�1·m�2, P¼ 0.032).

Adaptation was evaluated as a change (delta) from HAD1
for Tcore, HR, WBSR, andWBSR·m�2 only (Fig. 3). There were
no differences between males and females for the degree of
adaptation for Tcore or HR (Fig. 3, A and B, respectively).
Both males and females observed statistically significant
decreases in peak Tcore, relative to HAD1, beginning on
HAD3 (Fig. 2B). Males saw increased adaptation in both
absolute WBSR from HAD3-HAD10 and WBSR·m�2 from

HAD3, HAD4, and HAD6-HAD10 (Fig. 3, C and D, respec-
tively). Males exhibited increases in WBSR and WBSR·m�2

starting on HAD2, but females did not exhibit increased
WBSR and WBSR·m�2 until HAD9 (Fig. 2, E and F,
respectively).

Baseline Tcore only differed betweenmales and females on
HAD4 and HAD5 (Fig. 2A). There were no differences in peak
Tcore between males and females over the course of 10 days
of heat acclimation (Fig. 2B). Females had significantly
higher peak HR over each day of heat acclimation (Fig. 2C).

A B

C D

E F

G H

.

Figure 2. Measures between men and
women for: Baseline core temperature
(Tcore) (A), peak core temperature (B), high-
est recorded heart rate (HR) (C), mean
weighted skin temperature (MWTsk) (D),
whole body sweating rate (WBSR) (E),
WBSR per body surface area (BSA) (F), rat-
ing of perceived exertion (RPE) (G), thermal
sensation scale (TSS) (H). Represented as
mean ± standard deviation. Linear mixed
effects models were used to calculate dif-
ferences between men (n ¼ 11) and
women (n ¼ 16). � P < 0.05, ��P < 0.01,
���P < 0.001. Closed symbols represent
a significant difference from HAD1 (P <
0.05) within each sex.
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Females had higher MWTsk than male on HAD1, HAD3-
HAD4, and HAD9 (Fig. 2D). Females also had significantly
lower sweating rate than males from HAD3-HAD5 both
absolutely and relative to BSA (Fig. 2, E and F, respectively).
There were no additional differences in WBSR between
men and women. Perceptual measures were significantly
impacted by sex, with females having higher RPE across all
days of HA (Fig. 2G). For RPE, males observed a significant
decrease from HAD1 to HAD2 (P < 0.001), and females
observed a significant decrease in HAD3 (P < 0.001). TSS
was also higher in women, but only from HAD2-HAD6
(Fig. 2H). For TSS, the relationship was similar with males
observing a significant decrease from HAD1 to HAD2 (P <
0.001) and females on HAD3 (P< 0.001).

HSP72 isolated from PBMCs showed an�13% increase from
HAD10 compared with HAD1 (1.625±0.294 vs. 1.436±0.388
AU, P ¼ 0.023), respectively. There was no significant impact
of sex onHSP72 adaptations to HA (Fig. 4).

DISCUSSION

The major new findings of the present study were that
there were no differences in Tcore, responses, or in Tcore adap-
tations to HA between males and females, throughout a 10-
day controlled work rate HA protocol. Interestingly, females
had consistently higher HR (consistent with potentially
lower stroke volume/smaller body size) and lower WBSR on
intermediate HA days, but this did not impair their ability to
demonstrate successful HA in a manner quantitatively simi-
lar to that seen in men. Lower Tcore is the most impactful
adaptation resulting fromHA and can enhance performance
during heat stress and decrease the risk of developing heat-
related illness (1). We did observe a larger BSA:mass ratio in
females relative to men, which may have contributed to the

ability of females to maintain lower Tcore despite lower
sweating rate on some days. In addition, we report for the
first time that in both females and males, there was no
impact of HA on V_ o2max.

The lack of sex differences in absolute measures of Tcore

(Fig. 2, A and B) as well as Tcore adaptation (Fig. 3A) in our
sample contrasts with previous reports (15, 32). Interestingly,
the previous studies that showed a greater difference between
the sexes had several methodological approaches that might
have contributed to our contrary findings. First, the previous
work utilized a method of inducing HA called “isothermic
HA,”where the rate of work is altered throughout the HA pro-
tocol to maintain a specific exercise Tcore throughout exercise.
Instead, the present study utilized treadmill walking at a con-
trolled work rate to improve practicality and ease of use for
the general population. Our findings suggest that the ability
to adapt is not governed by sex, with both males and females
adapting similarly in Tcore. However, with a greater thermal
stimulus (i.e., isothermic HA), differences in Tcore adaptation
have been observed between sexes (15). In addition, in the
present study, both males and females demonstrated reduc-
tions in peak Tcore fromHAD1 on HAD3, suggesting a similar
timeline of adaptation between sexes, also in contrast to pre-
vious work (2, 15).

The second major difference is that the two studies refer-
enced above leveraged a cycling modality, whereas we used
treadmill walking. In terms of research design, there are
advantages and limitations to both approaches, but the use
of treadmill walking is more practical and relevant to many
occupations and tasks that are typically performed in the
heat. Furthermore, walking is a load-bearing exercise (unlike
cycling), which may augment the extent to which the BSA:
mass ratio has a biophysical influence on the ability to dissi-
pate heat with more skeletal muscle required for load-

� �

�

�

A B

C D

.

.

.

Figure 3. Measures of heat acclimation as a change from HAD1 for: peak core temperature (A), heart rate (B), whole body sweat rate (WBSR) (C), and
WBSR·m�2 (D). Data are represented as mean and 95% CI. Linear mixed effects models were used to calculate differences between men (n ¼ 11) and
women (n¼ 16). �P< 0.05, ��P< 0.01, ���P< 0.001.
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bearing activities in the heat (33). In our study population
(and in general), females were smaller, with a larger BSA:
mass ratio, giving them a biophysical advantage for heat dis-
sipation in this compensable environment. This advantage
may have been less apparent in previous studies that used
cycling as their mode of exercise during HA (15). It is impor-
tant to note that the practical protocol utilized in this investi-
gation likely yielded different levels of absolute metabolic
heat production between sexes, although this was not meas-
ured in this investigation. Previous work has shown that
heat production has explained differences in thermoeffector
function, particularly between sexes (7), and it is possible
that absolute heat production may explain some of the dif-
ferences observed in this investigation, including the differ-
ences inWBSR between sexes.

We observed higher HR in females throughout HA and
lower WBSR (absolute and relative to BSA) on HAD3-HAD5.
Both findings may be related to the overall smaller body size
in the women. Females tend to have higher HR for a given
exercise workload, particularly in the heat, due to smaller
stroke volumes associated with their smaller body size.
Although we did not measure cardiac output in the present

study, cardiac output must increase substantially during
exercise in the heat, both to supply the workingmuscles and
to address the thermoregulatory demands for increased
skin blood flow (34). This demand for increased cardiac
output would have required a higher HR in the women.
The relatively lower fitness status (lower V_ o2max) of
females likely also contributed to the higher HR. As such,
our findings are consistent with the conclusions of
Horstman and Christensen (14), who observed higher HR
in females during HA, and with those of Mee et al. (15),
where there were no sex differences in HR adaptations
between males and females during HA when the two
groups were of similar fitness status.

The lower WBSR responses in females may also have
been indirectly related to smaller body size. As noted ear-
lier, the higher BSA:mass ratio in the women, combined
with load-bearing exercise in a compensable environment,
meant that they had more surface area for heat dissipation
relative to the amount of body mass generating heat. We
have recently shown that higher BSA:mass is associated
with a lower risk for exertional heat stroke in a retrospec-
tive, population-based analysis (35). Our present data may
be consistent with those epidemiological findings in the
sense that less sweating is “needed” due to greater surface
area available for heat dissipation relative to the amount
of muscle mass generating heat.

Interestingly, sweating rate adapted slower and to a lesser
degree in females (Fig. 3, C and D), which is inconsistent
with previous conclusions that females may adapt to sweat-
ing earlier than males during HA (9). Previously, Mee et al.
(15) observed an increase in WBSR relative to BSA in females
after only 5 days of isothermic HA (maintaining body tem-
perature at 38.5�C for �90 min) on a cycle ergometer (15).
Possible reasons for the discrepancy in findings includes
1) the (higher) heat load associated with the isothermic HA
protocol could be a driver for these differences (36); and 2) in
the previous work, both sexes had similar relative fitness
status, whereas the females in our sample were less fit than
the males (lower V_ o2max). However, given the small number
of research studies investigating sex differences in thermo-
regulation during HA, more research is warranted to eluci-
date potential differences in sweating rate throughout the
course of an HA regimen.

Increased sweating rate is a primary and impactful adapta-
tion that results from HA. Although sweating is a powerful
mechanism for heat dissipation in humans, it is also a major
source of water loss, contributing to dehydration. Dehydration
itself can lead to excessive hyperthermia, decreases in exercise
performance, and increased risk of exertional heat illness (37–
39). As such, the optimal approach for exercise in the heat is to
sweat enough to maintain heat balance but not so much that
the sweat is “wasted” (i.e., drips off the skin or is not needed/
used for heat dissipation). In our present results, the females
appeared to have amore efficient thermoregulatory approach,
in that they maintained core temperature adaptations
throughout HA while apparently requiring less of a sweating
response to do so (see BSA:mass discussion in previous two
paragraphs). In addition, whether or not we controlled for BSA:
mass in the statistical model comparing sexes across time-
points, theWBSRwas higher on some days inmen, suggesting
that this efficiency of sweating is not due to body size alone.

Figure 4. HSP72 results for all volunteers at HAD1 and HAD10 and repre-
sentative Western blot images from male (A) and female (B) volunteers
(HAD1 represented on the left and HAD10 represented on the right).
Linear mixed effects models were run on n ¼ 19 (n ¼ 12 females) to quan-
tify HSP72 response to heat acclimation. ���P< 0.001.
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Previous work by Avellini et al. (40), showed increased
sweating rate following 10 days of HA in both males and
females matched for BSA:mass and fitness status, though
males had a larger proportionate increase in sweating rate rel-
ative to women. Similar to our present work, the study by
Avellini et al. (40) did not find significant differences between
males and females in core temperature responses. Conversely,
following humid HA, Buono et al. (41) observed increases in
WBSR in men, but not women, and increases in local sweat
rate in both males and females with pilocarpine administra-
tion (41). This is possibly related to hidromeiosis (i.e., a reduc-
tion in sweat gland activity with wet skin) and differences in
sweat production in humid heat as previously observed by
Shapiro et al. (42). However, hidromeiosis is most prominent
in cases with very high skin saturation, which is possible given
the environmental conditions in this investigation, and impor-
tantly, skin wettedness was not directly evaluated in this
investigation. Certainly, in humid environments, reduced reli-
ance on sweatingmay be beneficial to reduce ineffective sweat
loss that could contribute to dehydration, decreased perform-
ance, and increased risk of illness.

Cellular tolerance to heat stress has been previously
described in detail with increases in HSP72 observed to lead to
“thermal memory” following HA (20). In our sample, HSP72
increased in baseline measures on HAD10 relative to HAD1,
with no differences between males and females. The magni-
tude of change (13%) is similar to a previous study in which
ambient temperature was higher and HSP72 was elevated by
17% (17). Our novel finding that there were no sex differences
in the increase in HSP72 protein following HA is consistent
with previous work showing no sex differences in HSP72
mRNA (43). This is unsurprising given the similar Tcore meas-
ures throughout the HA protocol. Thus, current evidence sup-
ports the conclusion that males and females increase HSP72
protein abundance similarly in response to HA.

Experimental Considerations

In the present work, although we provide strong evidence
of similar thermal acclimation in males and females via dis-
tinct physiological mechanisms, we recognize the following
experimental considerations. First, we chose to use a con-
trolled work rate protocol, rather than a controlled hyper-
thermia protocol or an intensity based on metabolic heat
production. Previous work using controlled hyperthermia
(adjusting the workload throughout HA tomaintain a similar
high Tcore throughout) has shown a greater magnitude of
adaptations (15, 32). For the present experimental design, we
chose to use a standardized work rate as a practical protocol
that might be more usable in the general population and
thereby have higher external validity. This is a limitation
given the differences inmetabolic heat production that were
possible between sexes; however, this was not assessed in
this protocol and thus cannot be confirmed. Second, the
quantification of partitional calorimetry during the testing
was outside the scope of the present study. Therefore, we
were not able to quantify the relative contributions of the
various components of the heat balance equation through-
out the heat acclimation protocol. Third, females were not
scheduled based on their menstrual cycles or hormonal con-
centrations. We recognize that there are clear arguments
both for and against controlling for the menstrual or oral

contraceptive cycle when scheduling studies in females (44,
45). For the present study, the logistical constraints of such a
time- and labor-intensive study precluded our ability to do
so. We also submit that this approach allowed us to draw
conclusions about women’s ability to adapt to exercise heat
stress outside the constraints of a specific cycle phase or hor-
monal concentration. Another important factor for consider-
ation is that the 10 days of HA were not entirely consecutive
in this protocol. This was done based on weather considera-
tions, practicality/convenience for participants, and to allow
for adequate recovery. Although all volunteers had similar
protocol schedules, they were not identical (i.e., some indi-
viduals had a rest day after 4 consecutive days, some after 5).

Conclusions

We observed similar adaptation in Tcore between young,
healthy males and females throughout 10 days of controlled
work rateHA in a 40�C/40%RH environment.Males appeared
to have a greater sweating rate and sweating rate adaptation,
both absolute and relative to body surface area, whereas
females had a higher HR during exercise heat stress. HSP72
increased (pre-exercise) on day 10 of HA relative to day 1.
These findings suggest that females and males show similar
thermal adaptations in terms of magnitude and time course
during a 10-day HA protocol, although there were distinct dif-
ferences between the sexes in physiologicalmechanisms (ther-
moeffector function and cardiovascular strain). We conclude
that a similar controlled work rate HA protocol is effective for
bothmales and females to adapt to exercise in the heat.
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