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The current study assessed sex differences in thermoregu-
latory and physiological adaptation to short-term
(STHA) and long-term heat acclimation (LTHA). Sixteen
(eight males; eight females) participants performed three
running heat tolerance tests (RHTT), preceding HA
(RHTT1), following 5 days HA (RHTT2) and 10 days HA
(RHTT3). The RHTT involved 30-min running (9 km/h,
2% gradient) in 40 °C, 40% relative humidity. Following
STHA, resting rectal temperature (Trrest) (males:
−0.24 ± 0.16 °C, P ≤ 0.001; females: −0.02 ± 0.08 °C,
P = 0.597), peak rectal temperature (Trpeak) (males:
−0.39 ± 0.36 °C, P ≤ 0.001; females −0.07 ± 0.18 °C,
P = 0.504), and peak heart rate (males: −14 ± 12 beats/
min, P ≤ 0.001; females: −5 ± 3 beats/min, P = 0.164)
reduced in males, but not females. Following STHA,

sweat rate relative to body surface area (SRBSA) increased
(428 ± 269 g/h/m2, P = 0.029) in females, but not
males (−11 ± 286 g/h/m2, P = 0.029). Following LTHA,
Trrest (males: −0.04 ± 0.15 °C, P = 0.459; females:
−0.22 ± 0.12 °C, P ≤ 0.01) and Trpeak (males:
−0.05 ± 0.26 °C, P = 0.590; females: −0.41 ± 0.24 °C,
P ≤ 0.01) reduced in females, but not males. Following
LTHA, SRBSA increased in males (308 ± 346 g/h/m2,
P = 0.029), but not females (44 ± 373 g/h/m2, P = 0.733).
Males and females responded to STHA; however, females
required LTHA to establish thermoregulatory and car-
diovascular stability. HA protocols should be designed to
target sex differences in thermoregulation for optimal
adaptation.

Increasing ambient temperature is known to have a det-
rimental effect on endurance performance (Galloway &
Maughan, 1997). During prolonged submaximal exer-
cise in high ambient conditions, there is a greater
requirement for heat loss due to either a rate of heat gain
from the environment or a lower gradient for dry heat
loss, typically resulting in a greater change in body heat
content compared with temperate conditions. Many ath-
letes, soldiers, and manual operatives exposed to high
ambient conditions are susceptible to heat illnesses,
including heat cramps, heat syncope, heat exhaustion,
and heat stroke. Prior to a heat illness, individuals vary in
their ability to tolerate exercise heat stress, some dem-
onstrating a decreased capability to dissipate heat under
the same exercise heat stress (Epstein, 1990). These indi-
viduals are characterized by an earlier and greater rise in
body temperature, greater storage of metabolic heat,
greater physiological strain, and reduced sweating sen-
sitivity when exercising in the heat (Epstein et al., 1983;
Moran et al., 2004).

Males and females differ in their thermoregulatory
responses to exercise heat stress largely due to females
having a reduced sudomotor function (Gagnon & Kenny,
2011), thus decreasing evaporative heat loss capacity

with the resultant increase in physiological strain (Moran
et al., 1999). It has been shown that males and females
display similar rates of heat dissipation at low require-
ments for heat loss. However, sex differences in sudo-
motor function have been demonstrated beyond a certain
requirement for heat loss (Gagnon & Kenny, 2012). On
the other hand, when males and females display similar
heat loss for a given heat production, females may
display a higher change in body temperature due to
physical characteristics (Havenith, 2001; Gagnon et al.,
2009). These results suggest that females may reach
hyperthermic levels in a shorter time period than males;
consequently, females have been more frequently diag-
nosed as heat intolerant compared with males (Druyan
et al., 2012), potentially putting them at greater risk of
obtaining a heat-related illness. The observed sex differ-
ences in thermoregulation are not always evident, but the
difference may become more evident as the heat stress
increases (Gagnon & Kenny, 2012). Furthermore, hor-
monal fluctuations associated with the menstrual cycle
are suggested to modify central regulatory mechanisms
for thermoregulation (Inoue et al., 2005). Elevated pro-
gesterone concentrations during the luteal phase of the
menstrual cycle have been reported to increase resting
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body temperature by ∼0.34 °C, the onset threshold for
sweating by 0.29 °C, and the body temperature threshold
for cutaneous vasodilation by 0.23–0.30 °C (Inoue et al.,
2005).

Heat acclimation (HA) improves heat transfer from
the body’s core to the skin and ultimately to the external
environment, serving to attenuate physiological strain
and improve exercise capacity (Sunderland et al., 2008;
Lorenzo et al., 2010). HA reduces heat storage, partially
as a result of adaptations to the sudomotor function
causing an increase in whole body evaporative heat loss
(Poirier et al., 2014). Additionally, HA increases blood
volume preserving stroke volume and reducing heart rate
(HR) at a given workload (Frank et al., 2001; Lorenzo &
Minson, 2010). For a more comprehensive review of
adaptation to exercise heat stress, the reader is referred to
a recent review article on human heat adaptation (Taylor,
2014).

There is a dearth of literature assessing female’s
responses to HA. Previously, the physiological responses
of males and females to 10-day fixed intensity HA were
assessed with females initially exhibiting lower rectal
temperature (Tr) and HR, despite a lower sweat rate (SR)
compared with males (Avellini et al., 1980). Following
HA, the physiological strain was similar between males
and females, although males maintained a greater SR.
This study adopted a traditional HA protocol that results
in a progressive decline in the adaptation stimulus over
the duration of HA. Controlled hyperthermia ensures
consistent potentiating stimuli for adaptation throughout
the HA period, eliciting reductions in thermal strain and
increases in work capacity during both short-term HA
(STHA) (Garrett et al., 2009, 2012) and long-term HA
(LTHA) (Patterson et al., 2004), potentially promoting
more complete adaptation (Taylor & Cotter, 2006). It
remains unknown the extent to which males and females
adapt to the controlled hyperthermia model of HA.

HA is often separated into STHA (< 8 days) and
LTHA (>



bladder to provide a urine sample. When two out of the following
three criteria were achieved, adequately hydrated to perform the
trial was assumed: an osmolality value of ≤ 700 mOsm/kg, a urine
specific gravity value of ≤ 1.020, or body mass within 1% of daily
average (Sawka et al., 2007). These experimental controls were
not violated for any participant for any of the preliminary or
experimental procedures.

During the first visit to the laboratory, data were collected for
height recorded to 1 cm using a fixed stadiometer (Detecto Phy-
sicians Scales; Cranlea & Co., Birmingham, UK), and nude body
mass recorded to 0.01 kg from digital scales (ADAM GFK 150;
Adam Equipment, Inc., Connecticut, USA). Sum of skinfolds was
determined from four sites: the bicep, triceps, subscapular, and
supra-iliac area using Harpenden skinfold calipers (Baty Interna-
tional, West Sussex, UK). A graded exercise test was performed in
temperate laboratory conditions (20 °C, 40% RH) to determine
�VO2 peak using a cycle ergometer (Monark e724, Vansbro,

Sweden). Following a 5-min warm-up, participants were informed
to maintain a constant cadence of 80 rpm. The cycling intensity
was set to 80 W and resistance applied to the flywheel to elicit an
increase of 24 and 20 W/min for males and females, respectively.
The test was terminated when participants reached volitional
exhaustion and/or the cadence could no longer be maintained at
80 ± 5 rpm despite strong verbal encouragement. Expired air was
measured using online gas analysis (Metalyzer Sport, Cortex,
Germany). Peak �VO2 was determined as the highest �VO2 aver-
aged over 10 s. A regression equation was computed from the data
obtained to calculate the required intensity (65% �VO2 peak) for
the experimental exercise bouts. HR using a HR monitor (Polar
Electro Oy, Kempele, Finland) was recorded in the final minute of
each stage.

Experimental design

Testing was completed over a 17-day period. Volunteers performed
10 HA sessions separated by three running heat tolerance tests
(RHTT).The first RHTTwas performed 48 h prior to beginning HA
(RHTT1), the second 48 h following 5 days HA (RHTT2), and the
third 48 h following 10 HA sessions (RHTT3). Towel-dried nude
body mass was measured and recorded to the nearest gram before
and immediately after all trials as a measure of whole body SR.
Between these two measures of nude body mass fluid intake was
restricted. Values were corrected for urine output (zero incidences);
however, values were uncorrected for respiratory and metabolic
weight losses as these were assumed as similar between trials due to
the matched exercise intensity and environmental conditions. Par-
ticipants inserted a rectal thermometer (Measurement Specialities,
Virginia, USA) 10 cm past the anal sphincter to measure Tr. Exer-
cise was terminated if Tr ≥ 39.7 °C (zero incidences), or the par-
ticipant withdrew due to volitional exhaustion, or the participants
could no longer maintain exercise intensity despite strong verbal
encouragement. After a 20-min seated stabilization period, resting
measures were recorded and participants entered the environmental
chamber (TISS, Hampshire, UK). HR and Tr were recorded at
5-min intervals and ratings of perceived exertion (Borg, 1962) and
thermal sensation (Toner et al., 1986) every 10 min during all trials.

RHTT

The RHTT involved 30-min exposure to 39.8 ± 0.8 °C and
39.5% ± 1.3% RH while running at 9 km/h and 2% gradient (Mee
et al., 2015). The RHTT procedure was adopted due to its fixed
absolute intensity that enabled the accurate quantification of adap-
tations following HA. Previous data collected within our labora-
tory demonstrate the RHTT to be a repeatable protocol that is
sensitive to monitor adjustments in classic markers of heat toler-
ance associated with chronic heat alleviating interventions. Tr,

HR, and Tskin were recorded at 5-min intervals throughout the
RHTT. Skin temperature (Tskin) was recorded using skin thermis-
tors (Eltek Ltd., Cambridge, UK) attached to four sites: the mid-
point of the right pectoralis major (Tchest), midpoint of the triceps
brachii lateral head (Tarm), right rectus femoris (Tupper leg), and right
gastrocnemius lateral head (Tlower leg) and connected to a Squirrel
temperature logger (Squirrel 1000 series, Eltek, Ltd., UK).

Skin temperature (Tskin) was calculated as follows
(Ramanathan, 1964);

Tskin T T T Tchest arm upper leg lower leg= ⋅ +( ) + ⋅ +( )0 3 0 2. .

HA

HA involved two, five consecutive day blocks separated by 48 h.
The daily sessions consisted of a 90-min exposure to 40 °C, 40%
RH. Exercise intensity was set at 65% �VO2 peak from the outset
and adjusted with work rest intervals to maintain a Tr ∼ 38.5 °C
(Patterson et al., 2004; Garrett et al., 2012), or if participants were
unable to maintain a cadence of 80 rpm (zero incidences). A



lower in STHA (484 ± 105 kJ) compared with LTHA
(570 ± 124 kJ). There was no interaction effect of HA
phase and sex for total work [F(1, 14) = 0.186, P = 0.673,
np2 = 0.013].

ANOVA revealed a main effect of HA phase on dura-
tion Tr ≥ 38.5 °C [F(1, 14) = 4.982, P = 0.042, np2 =
0.262]. The duration Tr ≥ 38.5 °C was higher in STHA
(49 ± 8 min) compared with LTHA (46 ± 8 min). There
was no interaction effect of HA phase and sex for
duration Tr ≥ 38.5 °C [F(1, 14) = 0.513, P = 0.486,
np2 = 0.035].

Physiological responses during HA (days 1–5
and 5–10)

Thermoregulatory responses

There was a main effect of HA day on resting Tr (Trrest)
[F(2, 28) = 37.281, P ≤ 0.001, np2 = 0.727]. There was a
reduction in Trrest from day 1 to day 5 (−0.26 ± 0.19 °C,
P = 0.001), from day 5 to day 10 (−0.21 ± 0.28,
P = 0.002), and from day 1 to day 10 (−0.47 ± 0.20,
P ≤ 0.001). There was no interaction effect of HA day
and sex on Trrest [F(2, 28) = 1.732, P = 0.195, np2 = 0.110].

There was no main effect of HA phase on mean rectal
temperature (Trmean) [F(1, 14) = 0.000, P = 0.988, np2 =
0.000]. Furthermore, there was no interaction effect of
HA phase and sex on Trmean [F(1, 14) = 0.872, P = 0.366,
np2 = 0.059].

Cardiovascular responses

There was a main effect of HA day on resting HR (HRrest)
[F(2, 28) = 24.137, P ≤ 0.001, np2 = 0.633]. There were no
changes in HRrest from day 1 to day 5 (−4 ± 6 beats/min,
P = 0.070). There was a reduction in HRrest from day 5 to
day 10 (−6 ± 4 beats/min P ≤ 0.001) and from day 1 to
day 10 (−



STHA(RHTT1 to RHTT2) (−0.23 ± 0.32 °C, P = 0.018),
LTHA(RHTT2 to RHTT3) (−0.26 ± 0.30 °C, P = 0.008), and
LTHA(RHTT1 to RHTT3) (−0.46 ± 0.36 °C, P = 0.001). There
was an interaction effect of RHTT and sex for Trpeak

[F(2, 28)[



P = 0.003). There was no interaction effect of RHTT and
sex observed for HRrest [F(2, 28) = 0.942, P = 0.402,
np2 = 0.063].

Peak HR (HRpeak)

There was a main effect of RHTT for HRpeak [F(2, 28) =
19.916, P ≤ 0.001, np2 = 0.587]. HRpeak reduced follow-
ing STHA(RHTT1 to RHTT2) (−9 ± 10 beats/min, P = 0.002)
showed no differences following LTHA(RHTT2 to RHTT3)

(−2 ± 8 beats/min, P = 1.000), but reduced following
LTHA(RHTT1 to RHTT3) (−11 ± 6 beats/min, P ≤ 0.001). There
was an interaction effect of RHTT and sex for
HRpeak [F(2, 28) = 3.598, P = 0.041, np2 = 0.204]. HRpeak

reduced following STHA(RHTT1 to RHTT2) in males
(−14 ± 12 beats/min, P ≤ 0.001); no differences were
observed in females (−5 ± 3 beats/min, P = 0.164).
There were no differences observed for HRpeak following
LTHA(RHTT2 to RHTT3) in both males (2 ± 10 beats/min,
P = 0.505) and females (−5 ± 5 beats/min, P = 0.076).
HRpeak reduced following LTHA(RHTT1 to RHTT3) for both
males (−13 ± 7 beats/min, P ≤ 0.001) and females
(−10 ± 6 beats/min, P = 0.001).

HR at 5-min intervals

Figure 2 presents the HR 5-min interval data for both
males and females. There was no main effect of
RHTT and time on HR [F(12, 168) = 0.845, P = 0.604,
np2 = 0.057]. There was no interaction effect of RHTT
and time and sex for Tr [F(12, 168) = 1.055 P = 0.401,
np



In the current study, males demonstrated more adapta-
tion following STHA compared with females with a
reduction in Trrest (−0.24 ± 0.16 °C) and Trpeak

(−0.32 ± 0.36 °C); these changes did not result in any
changes in Trchange. The magnitude of reduction in Tr is
very similar to the 0.3 °C observed by Garrett et al.
(2012) following 5 days of controlled hyperthermia.
Endurance performance is markedly impaired in hot
compared with temperate environment due to an
increase in core temperature causing a decrease in
central activation (Nybo & Nielsen, 2001). Attenuation
of the Trpeak may lessen or delay the likelihood of indi-
viduals obtaining or expressing signs of heat-related ill-
nesses when training, working, or competing in the heat,
demonstrating the effectiveness of STHA in males.

In the current study, exercise intensity, exercise dura-
tion, and total work performed were higher during
LTHA compared with STHA. This increased exercise
intensity was administered to elicit and maintain the
target core temperature of 38.5 °C. The higher exercise
intensity during LTHA would result in a higher meta-
bolic heat production compared with STHA. Because
total heat loss during exercise is predominantly a func-
tion of evaporative heat loss, a greater rate of metabolic
heat production in LTHA, with comparable Tr values
achieved, suggests an increase in evaporative heat loss
and thus reduced heat storage. These findings support
that partial heat adaptation was achieved during STHA.

Cardiac stability was achieved following STHA in
male participants evidenced by a reduction in HRpeak.
The 14 ± 12 beats/min reduction in HRpeak is in accor-
dance with previous observations following STHA using
controlled hyperthermia (Patterson et al., 2004; Garrett
et al., 2012). The reduction in cardiovascular strain is
potentially due to an increase in blood volume, preserv-
ing stroke volume and reducing heat transfer from the
body’s core to the skin and ultimately to the external
environment.

Sunderland et al. (2008) assessed the effect of 4-day
HA on female game players intermittent sprint perfor-
mance in the heat. Intermittent sprint performance
increased by 33% following 4-day HA; however, there
were no differences in Trpeak, HRpeak, and SR. The self-
regulated nature of the intermittent sprint protocol used
provides no standardized endogenous thermal load,
potentially constraining adaptation in some individuals
(Taylor & Cotter, 2006). Furthermore, any reduction in
thermoregulatory and cardiovascular strain may have
been negated due to participants performing more work
following HA. The findings in the current study are in
agreement with these previous reports, with no reduc-
tions in cardiovascular and thermoregulatory strain
during STHA in female participants.

An increase in whole body SR observed in females
following STHA in the current study suggests either an
altered afferent neural activity from the peripheral or
central thermoreceptors causing different integration of

thermal information, an altered efferent neural activity
for a given level of afferent input or an altered effector
response. Sex modulates peripheral control of the sudo-
motor function; this is evidenced by a reduced
thermosensitivity, resulting in females having a reduced
SR compared with males (Gagnon & Kenny, 2011).
Consequently, it may be hypothesized that the enhanced
sudomotor function in the female participants following
STHA in the current study is a result of peripheral
changes to the thermosensitivity of the eccrine sweat
glands. The potential mechanisms for this include an
increased cholinergic sensitivity of the eccrine sweat
gland and increase glandular hypertrophy (Buono et al.,
2009; Lorenzo & Minson, 2010).

LTHA

The adaptive effects of LTHA are well established, such
that the extent to which an individual physiologically
adapts to HA is dependent on the length of exposure to
heat stress conditions. In the current study, there was a
reduction in the combined thermoregulatory and cardio-



adaptation may be more protocol dependent. In the
current study, females obtained no additional benefit to
the sudomotor function as a result of LTHA; however, an
increase in SR was observed from RHTT2 to RHTT3 in
male participants.

Limitations

The exercise elicited during the HA sessions was per-
formed at 65% of �VO2max. Females in the current study
had a lower absolute �VO2max compared with male par-
ticipants; consequently, they worked at a lower meta-
bolic heat production providing a lower stimulus for
sweat production (Gagnon et al., 2008, 2013; Cramer
& Jay, 2014). Furthermore, females in the current study
had a lower body mass compared with the male par-
ticipants which entails less heat storage, and therefore a
lower exercise intensity is required to increase their
body temperature to 38.5 °C (Gagnon et al., 2009).
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