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Abstract

We tested the hypothesis that women may be more at risk of becoming dehydrated during physical work in the heat in the early
follicular phase (EF), compared with the late follicular (LF) and mid-luteal (ML) phases of the menstrual cycle when allowed free
access to drink. Twelve healthy, eumenorrheic, unacclimated women (26 ± 5 yr) completed three trials (EF, LF, and ML phases)
involving 4 h of exposure to 33.8 ± 0.8 �C, 54 ± 1% relative humidity. Each hour, participants walked on a treadmill for 30 min at a
rate of metabolic heat production of 338 ± 9 W. Participants drank a cool, flavor-preferred non-caloric sport drink ad libitum.
Nude body weight was measured pre- and post-exposure, and percent changes in body weight loss were interpreted as an
index of changes in total body water. Total fluid intake and urine output were measured and sweat rate was estimated from
changes in body mass corrected for fluid intake and urine output. Fluid intake was not different between phases (EF: 1,609 ± 919
mL; LF: 1,902 ± 799 mL; ML: 1,913 ± 671; P = 0.202). Total urine output (P = 0.543) nor sweat rate (P = 0.907) differed between
phases. Percent changes in body mass were not different between phases (EF: �0.5 ±0.9%; LF: �0.3 ±0.9%; ML: �0.3 ± 0.7%;
P = 0.417). This study demonstrates that the normal hormonal fluctuations that occur throughout the menstrual cycle do not alter
fluid balance during physical work in the heat.

NEW & NOTEWORTHY The effect of the menstrual cycle on fluid balance during physical work in the heat when fluids are freely
available is unknown. This study demonstrates that fluid balance is not modified in women across three distinct phases of the
menstrual cycle during physical work in the heat These results indicate that when women have free access to cool fluid during
physical work in the heat, they respond similarly across all three phases to maintain fluid homeostasis across the menstrual
cycle.

exercise; fluid regulation; heat stress; menstrual cycle

INTRODUCTION

Approximately 15 million laborers regularly work in hot
environments, while the incidence of occupational heat ex-
posure is predicted to increase in the coming decades, occur-
ring secondary to climate change (1). Roughly 1–2 million of
these laborers are women, with more women expected to be
employed in industries requiring physical work in hot envi-
ronments in the coming years (2). Notably, biological sex is
considered a risk factor for health and safety susceptibility
during heat exposure (1).

Compared with temperate ambient conditions, there is a
greater risk of dehydration during physical work in the heat

due to increased fluid output caused by sweating (3, 4).
Indeed, dehydration is prevalent in laborers working in the
heat (5), with up to 69% of workers being dehydrated at the
end of a work shift (6). Fluid regulation controls extracellular
fluid volume and maintains serum osmolality and electro-
lyte concentrations (e.g., sodium) bymodulating fluid intake
(e.g., thirst) and fluid output (e.g., urine concentration and
production). Proper fluid balance is important because dehy-
dration (i.e., a hypovolemic, hyperosmotic state caused by
reductions in body water) can reduce mental and physical
capacity, which includes impairments in cognitive function
and decision-making, and alterations in cardiovascular func-
tioning and thermoregulatory control (7). Thus, standard
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best practices are for workers to have ready access to cool flu-
ids in the workplace to prevent dehydration (8).

Research examining fluid balance and/or the physiolog-
ical implications of dehydration during physical work in
the heat has generally been conducted in men or exam-
ined in women in the low hormone phase of the menstrual
cycle (i.e., early follicular phase) (9). This ignores fluctua-
tions in estrogen and progesterone occurring across the
menstrual cycle in women that can influence fluid regula-
tion hormones (10–12), which may affect overall fluid bal-
ance. For example, increased progesterone concentrations
are associated with elevations in aldosterone concentra-
tions (13), whereas an increase in estrogen lowers the os-
motic threshold for the release of arginine vasopressin
(AVP) (14), both of which stimulate renal water retention
and thirst (11, 12). Therefore, the physiological effects of
these female sex hormones are likely heightened during
the phases in which the concentrations of these hormones
are elevated (i.e., the late follicular and mid-luteal phases)
(11). Although there has been relatively extensive research
investigating circulating sex hormones and their effects
on fluid regulation (9, 10, 13–16), a gap still exists involving
the role of menstrual cycle hormones on fluid balance
when ad libitum drinking is permitted during exercise in
the heat. This knowledge gap is concerning given that
occupational and public health hydration recommenda-
tions encourage people to drink cool fluids, which should
be readily available, when exposed to heat (8, 17, 18). Due
to the hormonal influences of estrogen and progesterone
and their potential to shift the osmotic thresholds that
modulate fluid retention and intake, we hypothesized that
when women are provided free access to fluid, they will
drink less and retain less fluid in the early follicular phase
(low estrogen and progesterone), thereby potentially, exac-
erbating the likelihood of becoming dehydrated during
physical work in the heat compared with the late follicular
(high estrogen) and mid-luteal (high estrogen, high pro-
gesterone) phases of the menstrual cycle.

METHODS

Participants

To our knowledge, there were no direct data (e.g., those
including drinking behavior across the menstrual cycle)
to inform a sample size calculation. That said, previous evi-
dence indicated that the Cohen’s dz effect size associated with
the impact of endogenous menstrual cycle hormones on circu-
lating arginine vasopressin concentrations (16) is 0.707. Thus,
an a priori power calculation using this effect size was carried
out using G-Power v. 3.1.9.4 (19), which determined that 12 par-
ticipants were required to achieve 80% power with a = 0.05.
Therefore, 12 healthy, eumenorrheic women between the ages
of 18 to 34 yr participated in this study. Participants were eligi-
ble if they self-reported no known cardiovascular, metabolic,
renal, or neurological diseases. Additional eligibility criteria
included being physically active, nonsmokers, not currently
taking any type of hormonal contraceptive, and/or having
abstained from contraceptives for>6mo. Participating women
were not pregnant, which was confirmed through a urine preg-
nancy test taken at each visit, self-reported to be normally

menstruating, and reported no menstrual cycle-specific
disorder as assessed by a menstrual cycle questionnaire.
Participants were considered recreationally active as they
all met the minimum physical activity requirements of
participating in at least 150 min/wk of aerobic exercise
(20). Participants provided verbal and written informed
consent after being fully informed of the experimental
procedures and possible risks. This study was approved by
the Indiana University Institutional Review Board (IRB #:
2004319694) and was carried out according to the most
recent revision of the Declaration of Helsinki, except for
registration in a database.

To determine menstrual cycle status and confirm study
eligibility, we adhered to the recommended screening cri-
teria for the determination of physiologically natural,
menstrual cycles through the confirmation of eumenor-
rheic menstrual cycle length (� 21 days and � 35 days),
presence of urinary luteinizing hormone (LH) surge, and
basal body temperature exhibiting normal patterns, all of
which were tracked for two whole menstrual cycles (21,
22). These three measures were our strict inclusion criteria
to determine if women were eligible to complete the exper-
imental protocol. Hormone levels were measured during
the experimental visits as a tertiary measure to confirm
the menstrual cycle phase.

Details of menstrual cycle tracking are as follows. During
the screening visit (Visit 1), participants were asked to track
their menstrual cycles through the FitrWoman App (Orreco
Ltd., Galway, Ireland) as a method to log when they started
menstrual bleeding throughout the duration of the study.
The study team had access to FitrWoman app data via a
remote desktop as part of the FitrCoach platform (Orreco
Ltd., Galway, Ireland). This minimized participant burden
throughout the tracking process. Prior to experimental test-
ing, oral temperature was measured for at least two cycles,
every morning upon waking, using a digital thermometer
(Medical Thermometer, B.Weiss Personal Care, Shenzhen,
China) to provide ameasure of the increase in body tempera-
ture from the follicular to the mid-luteal phase that should
occur if ovulation is present. The women also took a daily
urinary ovulation test (Ovukit Self-Test, Cen-Med Enterprise,
New Brunswick, NJ) between days 10–20 of their menstrual
cycle to detect the surge in luteinizing hormone that occurs
on average 14± 1 day post-menses, to confirm the occurrence
of ovulation. Blood samples were collected at the beginning
of each experimental visit and were retrospectively meas-
ured for serum estradiol (intra-assay CV: 10.6± 7.6%), proges-
terone (intra-assay coefficient of variation (CV): 5.9±2.2%),
and testosterone (intra-assay CV: 7.8± 3.0%) concentrations
using commercially available assay kits (Eagle Biosciences,
Amherst, NH). The ratio of estradiol to progesterone (E2/P4
ratio) was calculated as the quotient of estradiol (ng/mL) to
progesterone (ng/mL). One woman in our study had conta-
minated baseline hormone samples, which resulted in post
hoc measured nonphysiological hormone levels. However,
we were able to confirm that she had a normal menstrual
cycle length, we observed a surge in luteinizing hormone
mid-cycle, and she exhibited the fluctuating temperature
pattern indicative of a eumenorrheic menstrual cycle profile.
Therefore, data from this participant were included in statis-
tical analyses.

FLUID REGULATION IN WOMEN DURING PHYSICAL WORK IN THE HEAT

J Appl Physiol � doi:10.1152/japplphysiol.00580.2022 � www.jap.org 1377
Downloaded from journals.physiology.org/journal/jappl at CDC Information Center (158.111.236.095) on May 19, 2023.

http://www.jap.org


Experimental Protocol

In a randomized crossover design, participants completed
three experimental trials marked by a distinct phase of the
menstrual cycle predicted out based on historical tracking
data from the two previous cycles: early follicular (EF, day
3±2), late follicular (LF, day 13± 2), and mid-luteal (ML, day
21±2). Notably, if we were unable to conduct the experimen-
tal trial in back-to-back menstrual cycle phases for a given
subject (e.g., due to scheduling conflicts, randomization,
etc.), we continued tracking the participant’s menstrual
cycles using the aforementioned methods until the partici-
pant was able to be scheduled. Blinding of the experimental
conditions was not possible in this study, but participants
were blinded from the research hypotheses. The order of ex-
perimental trials (Visits 2–4) was assigned in blocks of three
where one participant began Visit 2 in the early follicular
phase, one participant in the late follicular phase, and one
participant in the mid-luteal phase in a randomized order
(Fig. 1).

Participants reported to the temperature-controlled labo-
ratory (21.1 ±0.9�C) for three experimental trials after
abstaining from exercise, caffeine, and alcohol for 12 h and
food for 2 h. Participants were encouraged to arrive at the
laboratory well-hydrated but were not given any specific
fluid intake instructions. Participants were advised to main-
tain their normal exercise routines and diet throughout the

duration of the experimental period. To ensure this was the
case, a diet and fluid log was collected in the 24 h preceding
the experimental trial and participants were instructed to
complete a 24-h urine collection before the visit which was
analyzed via MyFitnessPal.com. To account for diurnal
changes, each experimental visit was completed at the same
time of day (±1 h) within a participant.

Upon arrival at the laboratory for each experimental visit,
participants completed a health history update question-
naire to ensure no relevant changes in their health history
had occurred. Participants were then instructed to void their
bladder and euhydration was confirmed using this urine
sample (i.e., urine specific gravity <1.020) (23). Participants
measured their nude body mass, consumed 250 mL of cool
tap water to establish a baseline urine flow rate and better
control for pre-exercise hydration, and were instrumented
with iButtons and a Polar heart rate monitor and laid in the
supine position. Following 20 min of rest in the temperate
laboratory, pre-exercise measurements of heart rate, mean
arterial pressure, core and skin temperatures were collected
and culminated in the collection of a venous blood sample
and voiding of the bladder. After this, body composition was
measured via dual X-ray absorptiometry (Lunar iDXA, GE
Healthcare, IL).

Following pre-exercise data collection, participants exer-
cised in the heat for 4 h in an environmental chamber set to
33.8 ±0.8�C, 54± 1% relative humidity. Participants wore a

A

B

Figure 1. A: schematic of experimental design. Participants completed, in a randomized crossover design, a total of four visits including three experimen-
tal trials (Visits 2–4), each during the early follicular, late follicular, and mid-luteal phase. B: timeline of data collection procedures.
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long sleeve button down shirt and long pants to mimic the
clothing worn by physical laborers. Four hours was chosen
to simulate half of a workday. The selected environmental
conditions elicit a wet bulb globe temperature of 27.5�C,
which is the average hot environmental conditions often
encountered in outdoor occupations (8, 17, 18). During this 4-
h period, participants walked on a treadmill for 30 min/h at
a treadmill speed and grade to elicit a rate of metabolic heat
production of 300–400 W. Based on the Compendium of
Physical Activities (24), this rate of metabolic heat produc-
tion is the average workload encountered in outdoor occupa-
tional settings that are regularly exposed to heat stress.
Notably, we expected this clamped rate of heat production
to result in the same volume of sweat loss within a woman
across the menstrual cycle (25). Moreover, this work-to-rest
ratio (30 min walking:30 min resting) is in accordance with
the National Institute of Occupational Safety and Health
(NIOSH) heat stress recommendations for this wet bulb
globe temperature (WBGT) and rate of metabolic heat pro-
duction (8, 17, 18). Participants remained seated for the en-
tirety of the 30-min rest period. Gas exchangemeasures (e.g.,
oxygen uptake, ventilation) were collected for 5 min at the
start of each hour of exercise and metabolic heat production
was calculated from these data. Fluid was readily available
in two 32-ounce Gatorade branded water bottles (Fig. 1B)
placed in an open cooler with ice directly next to the tread-
mill or chair at arm’s reach for easy access. Fluid intake was
monitored throughout the entire 4 h in the chamber by not-
ing every time a participant took a drink and weighing the
bottles at the beginning and end of each hour. Any time a
bottle was finished, we immediately refilled the bottle with
the chosen Gatorade zero flavor. Measures of heat strain
were monitored every 15 min and urine was collected (if
needed) during the rest periods. Participants were adminis-
tered perceptual questionnaires every 15min.

Upon completion of exercise in the heat, participants
returned to the temperate laboratory environment for post-
exercise measurements. Participants laid in the supine posi-
tion for 20 min of rest. Following this period, post-exercise
measurements of heart rate, mean arterial pressure, core and
skin temperatures were collected, a final blood draw and urine
sample were obtained, and nude body mass was measured at
the end. This was followed by a carbon monoxide rebreathing
procedure. The carbon monoxide rebreathing procedure was
conducted after exercise in the heat to ensure that the adminis-
tration of carbon monoxide did not interfere with measures
during exercise in the heat and because there is no evidence
that hemoglobinmass is altered by a single bout of low tomod-
erate intensity exercise (26).

Instrumentation and Measurements

Standing height was measured during the first screening
visit using a stadiometer (Holtain Limited, Seritex, Wales, UK)
and recorded to the nearest cm and nude bodymasswasmeas-
ured to the nearest g using a digital scale (Sauter, Balingen,
Germany) at the beginning and end of each experimental visit.
Body mass index (BMI) was calculated as weight (kg)/height2

(m2). Body fat percentage was measured via dual-energy X-ray
absorptiometry (Lunar iDXA, GE Healthcare, Chicago, IL) col-
lected during each experimental visit. Core temperature was

measured continuously with an ingestible telemetry capsule
(n = 10, HQ, Palmetto, FL) or rectal temperature (n = 2,
Covidien, Medtronic, Minneapolis, MN) the latter of which was
measured when participants were contraindicated for ingest-
ing the telemetry capsule. Weighted mean skin temperature
was calculated from the measurement of skin temperature on
the chest, triceps, thigh, and calf on the right side of the body
(Thermochron iButtons, Maxim Integrated, San Jose, CA) (27).
Whole body sweat loss and sweat rate were calculated from
changes in body mass, corrected for fluid intake and urine
loss. Heart rate was continuously measured using a Polar
(Bethpage, NY) heart ratemonitor. Expired gases were sampled
for volume, oxygen, and carbon dioxide fractions, which were
used to determine oxygen uptake and carbon dioxide produc-
tion during exercise (ParvoMedics, Salt Lake City, UT).We esti-
mated metabolic heat production from the ratio of oxygen
uptake and carbon dioxide production (28). Blood pressure
was measured manually and in duplicate measures by the
same operator during both rest and exercise for all experimen-
tal trials within each subject.

Plasma aldosterone (intra-assay CV: 12.7±6.9%, inter-assay
CV: 10.3±4.0%) and plasma renin activity (intra-assay CV:
11.1 ±7.9%, inter-assay CV: 17.7±5.5%), and plasma copeptin,
an indirect marker of AVP (29) weremeasured (intra-assay CV:
2.9±2.1%, inter-assay CV: 8.9±8.6%) in duplicate using com-
mercially available ELISA kits (Eagle Biosciences, Amherst,
NH; My BioSource, San Diego, CA). Urine flow rate was calcu-
lated as urine volume divided by the time (min) between each
bladder void. Urine-specific gravity was measured using re-
fractometry (Atago, Tokyo, Japan). Urine and serum osmolal-
ity (Advanced Instruments, Norwood, MA) and sodium
concentrations (Medica Corporation, Bedford,MA)weremeas-
ured in duplicate using commercially available systems.
Sodium clearance was calculated as the quotient of urine so-
dium and serum sodium multiplied by urine flow rate, and
free water clearance was calculated as UFR � (1 � [Uosm �
Posm]), where UFR is urine flow rate and Uosm and Posm are
the osmolalities of the urine and plasma.

Carbon monoxide (CO) rebreathing was used to measure
total hemoglobin mass, and through this measure, we calcu-
lated red blood cell volume and absolute plasma volume from
hemoglobin concentration and hematocrit usingmethods pre-
viously reported in our laboratory (30, 31). Following at least 15
min of supine rest, the CO rebreathing procedures consisted of
a bolus of 99.5% chemically pure CO in the amount of 1.0 mL
CO per kg body weight delivered via a 100 mL syringe and
inhaled by the participant. The participant rebreathed for 2
min from a closed spirometer system connected to a 5 L anes-
thetic bag filled with 100% O2 while remaining in the supine
position. Before and at 4 min and 6 min after the start of the
rebreathe, finger prick blood samples were collected in dupli-
cate. The obtained capillary blood was sampled by a blood gas
analyzer (OSM3, Radiometer) for the determination of car-
boxy-hemoglobin concentration, which permitted the calcula-
tion of hemoglobin mass. Plasma volume was calculated from
total blood volumeminus erythrocyte volume (32).

A standardized script was used to verbally explain ratings-
of-perceived exertion (RPE; 6–20 Borg scale), ratings of thirst
(1–9), thermal comfort (1–4), and thermal sensation (1–7)
using visual analog scales. In brief, participants rated their
RPE between 6 and 20, where 6 implies “no effort” and 20

FLUID REGULATION IN WOMEN DURING PHYSICAL WORK IN THE HEAT

J Appl Physiol � doi:10.1152/japplphysiol.00580.2022 � www.jap.org 1379
Downloaded from journals.physiology.org/journal/jappl at CDC Information Center (158.111.236.095) on May 19, 2023.

http://www.jap.org


indicates “maximal effort” (33). Participants were also asked
“how thirsty do you feel now?” on a scale from 1 to 9, where 1
is “not thirsty at all” and 9 is “very, very thirsty” (34). In addi-
tion, the thermal comfort scale was from 1 to 4 where 1 signi-
fies “comfortable” and 4 signifies “very uncomfortable” and
the thermal sensation scale is rated as 1 = cold, 4 = neutral,
and 7 = hot (35).

Participants had free access to a cool (10–15�C) non-caloric
sport drink [Gatorade Zero (160 mg sodium and 50 mg potas-
sium per 360 mL) (PepsiCo, OK)] during exercise in the heat,
and the volume consumed was measured every hour. Ad libi-
tum fluid intake permitted the assessment of body fluid bal-
ance, which is a function of both fluid intake and output. This
measure also enhanced the external validity of our protocol,
given that the workplace hydration recommendations encour-
age cool fluids to be freely available throughout the workday,
particularly in hot conditions (17). A noncaloric sport drink
was used given the recommendations for electrolyte replace-
ment when heat exposure exceeds 2 h in duration (8, 17, 18)
and to reduce the risk of hyponatremia. Additional considera-
tions for using a noncaloric beverage were to ensure calorie
intake did not affect drinking behavior. During the screening
visit (Visit 1), each participant had the opportunity to choose
their preferred flavor of noncaloric sport drink and consumed
the same flavor for each experimental visit. According to the
Nutrition Facts label, the constituents of the beverages did not
differ depending on the flavor of the sport drink.

Data and Statistical Analyses

Pre-exercise data were analyzed using a repeated meas-
ures one-way linear mixed model. Data during exercise and
data obtained pre- and post-exercise were analyzed using
two-way linear mixed models with repeated factors of men-
strual cycle phase and time. When the assumption of sphe-
ricity was violated, the Geisser-Greenhouse correction was
applied. Data normality and the residuals of the linear mixed
model were determined to be normally distributed in all
cases and thus, no corrections were necessary. If a linear
mixed model revealed a significant main effect or interac-
tion, pairwise comparisons were made with Sidak’s post hoc
test. A priori statistical significance was set at P � 0.05. For
transparency, exact F (including degrees of freedom) and P
values are reported where possible and data are reported as
means ± SD and/or as mean and individual values. All data
were analyzed with Prism software (v. 9; GraphPad Software,
La Jolla, CA).

RESULTS

Screening and 24-h Pre-Visit

Participant characteristics obtained during the screening
visit (Visit 1) and through menstrual cycle tracking are dis-
played in Table 1. There were no differences in the 24-h urine
collection measures or in the dietary recall measures across
the phases (Table 2).

Pre-Exercise Measures

Serum estradiol (F1, 14=13.48) and progesterone (F2, 17= 19.67)
differed across menstrual cycle phase (both one-way repeated
measures linear mixed modes: P � 0.001). Estradiol was lower
during the EF phase compared with both the LF (P � 0.012)
and ML phases (P � 0.001) but there were no differences
between the LF and ML phases (P � 0.891) (Table 3). As
expected, progesterone was higher during the ML phase com-
paredwith the EF and LF phases (P� 0.002) with no difference
between EF and LF phases (P = 0.581). Testosterone did not dif-
fer between any of the phases (P = 0.209) (Table 3). There were
no differences in pre-exercise cardiovascular and thermal
measures (all one-way repeatedmeasures linear mixedmodels:
P � 0.744), except for core temperature (F1, 13=4.33, P = 0.053),
with pairwise comparisons revealing a lower core temp during
the LF phase compared with theML phase (P = 0.041) (Table 3).
Pre-exercise water and electrolyte homeostasis measures did
not differ across the menstrual cycle (all one-way repeated
measures linear mixed models: P � 0.072) between phases
(Table 4). Likewise, nude body mass (one-way repeated meas-
ures linear mixed model: (F2, 19=0.62, P = 0.529) and hemoglo-
bin mass (one-way repeated measures linear mixed model:
(F2, 19=0.21, P = 0.780) did not differ between phases at pre-
exercise measures. All data at screening and pre-exercise are
n = 12 except for sex hormone measures where data are n = 11
due to nonphysiological hormone levels.

Table 1. Participant characteristics

Age, yr 26 ± 5
Height, cm 164 ± 4
Body mass, kg 64.6 ± 6.7
Body mass index, kg/m2 24 ±2
Mean arterial pressure, mmHg 87 ±6
Menstrual cycle length, days 30 ± 3
Day of LH surge 15 ± 1

Means ± SD. All data are n = 12. LH, luteinizing hormone.

Table 2. 24-h pre-experimental visit

Early Follicular Late Follicular Mid-Luteal P Value F Value

Fluid intake, mL 2,743 ± 1,293 2,184 ± 1,635 2,918 ± 1,717 0.431 (F2, 22 = 0.87)
Urine volume, mL 1,673 ± 985 3,122 ± 4101 1,820 ±699 0.287 (F1, 12 = 1.28)
USG, au 1.012 ± 0.006 1.010 ±0.004 1.010 ±0.005 0.276 (F1, 15 = 1.36)
Urine osmolality, mosmol/kg 443 ± 220 402± 158 439 ± 149 0.646 (F2, 16 = 0.34)
Urine sodium, mmol/L 83 ± 45 91 ± 37 92 ± 40 0.637 (F2, 22 = 0.46)
Dietary sodium, mg 2,054 ±980 2,166 ± 1134 1,953 ± 1637 0.786 (F2, 19 = 0.24)
Dietary protein, g 92 ±27 77 ± 32 83 ± 40 0.475 (F2, 18 = 0.75)
Dietary fat, g 64 ± 25 61 ± 20 57 ± 34 0.715 (F2, 16 = 0.29)
Dietary carbohydrate, g 185 ± 61 182 ± 64 198 ± 82 0.757 (F2, 17 = 0.25)

Data were analyzed with one-way linear mixed model. USG, urine specific gravity. One-way repeated measures linear mixed model F-
and P-values are reported, and data are presented as means ± SD. All data are n = 12.
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Thermal Measures

WBGT (EF: 28±0�C; LF: 28± 1�C; ML: 28± 1�C) inside the
environmental chamber was not different between phases
(one-way repeated measures linear mixed model: F2, 20= 1.88,
P = 0.181. Likewise, chamber temperature (F2, 17 = 2.07, P =
0.163) and relative humidity (F2, 22 =2.29, P = 0.125) did not dif-
fer between phases. Core temperature was higher in ML ver-
sus EF phase during baseline rest (0 min) (P = 0.016) but not
different at 30 min (P = 0.230) or 60 min (P = 0.191) into exer-
cise. However, at 90 min, core temperature was higher again
during the ML versus EF (P = 0.443), but this difference was
not observed at 120 min into exercise (P = 0.834) and there-
after at 150 min (P = 0.519), 180 min (P = 0.507), 210 min (P =
0.164), and 240 min (P = 0.130). There were no differences in
core temperature compared with the LF phase at baseline rest
(P � 0.180) (Fig. 2A). Although there was a significant main
effect of time for mean skin temperature (Fig. 2B), there were
no differences between phases at baseline rest (P� 0.502) and
the only difference was observed at 150min when the ML was
higher compared with both the EF and LF phases (P < 0.001)

(Fig. 2B). There were no differences in the rate of metabolic
heat production at hours 1, 2 and 4 (P � 0.185) (Fig. 2C).
However, metabolic heat production in the LF phase was
slightly lower compared with the ML phase at hour 3 (P =
0.050) (Fig. 2C). Sweat rate did not differ between phases (EF:
0.3±0.1 L/h; LF: 0.3±0.1 L/h; ML: 0.3±0.1 L/h) (one-way
repeatedmeasures linearmixedmodel: Fig. 2D).

Cardiovascular and Metabolic Measures

A significant main effect of time (F3, 35 =63.56, P < 0.001)
and phase (F2, 20=9.39, P = 0.002) was observed for heart rate
(Fig. 3A) but pairwise comparisons indicated that heart rate
was not different between phases throughout any timepoints
spent in the environmental chamber (P � 0.133) (Fig. 3A).
There was also a significant main effect of time (F4, 38 = 18.28,
P < 0.001) for mean arterial pressure and pairwise compari-
son identified a lower mean arterial pressure during the LF
phase at 120 min compared to the EF phases (P = 0.038) but
mean arterial pressure was not different at any other time-
points between the phases (P� 0.199) (Fig. 3B).

Table 3. Pre-exercise sex hormone concentrations

Early Follicular Late Follicular Mid-Luteal

Estradiol,

ng/mL

Progesterone,

ng/mL

E2/P4

Ratio

Testosterone,

ng/mL

Estradiol,

ng/mL

Progesterone,

ng/mL

E2/P4

Ratio

Testosterone,

ng/mL

Estradiol,

ng/mL

Progesterone,

ng/mL

E2/P4

Ratio

Testosterone,

ng/mL

1 36.1 0.4 90.4 1.3 104.7 0.4 259.3 1.3 86.1 4.4 19.7 1.2
2 72.7 0.4 190.8 0.9 161.6 0.4 405.1 0.8 148.6 9.0 16.6 1.1
3 75.7 0.3 280.3 1.7 65.8 0.2 307.4 1.8 91.5 0.5 183.4 1.8
4 67.2 0.6 111.0 1.5 107.7 0.5 215.8 1.5 137.0 6.4 21.3 1.6
5 58.5 0.5 107.7 1.3 100.9 0.5 220.3 1.4 146.5 7.7 19.0 1.3
6 84.4 0.2 449.0 1.4 224.8 0.4 642.2 2.1 137.0 9.0 15.2 2.2
7 74.9 0.4 184.1 1.9 79.0 0.2 389.3 1.6 128.3 0.3 403.6 2.0
8 49.9 0.3 154.3 1.2 100.3 0.5 200.9 1.2 95.7 4.4 21.8 1.0
9 87.5 0.5 174.2 1.7 95.1 0.5 196.4 1.8 143.5 12.7 11.3 1.8
10 58.9 1.9 31.1 1.2 105.4 10.7 9.9 1.5 106.4 11.9 8.9 1.3
11
12 50.0 0.4 126.4 1.5 77.7 0.7 114.5 1.7 64.4 6.5 9.9 1.5
Mean 65.1 0.6# 172.7 1.4 111.2	 1.4# 269.2 1.5 116.8	 6.6 66.4 1.5
SD 15.9 0.5 112.1 0.3 45.0 3.1 167.3 0.4 29.1 4.1 122.7 0.4
% BF 31.6 ± 6.0 29.9 ± 5.1 31.6 ± 5.9

All data are n = 12 except hormone levels due to nonphysiological hormone levels in one participant. E2/P4 Ratio = estradiol/progester-
one ratio; % BF = percentage of body fat. Analyzed by one-way linear mixed model. *Significantly different from the EF phase (P �
0.012). #Significantly different from the mid-luteal (ML) phase (P � 0.002). Bold text (participant 10) highlights one woman where the
peak increase in estradiol concentrations was likely missed in the late follicular (LF) phase. Italicized text (participants 3 and 7) high-
lights two women where the progesterone concentrations did not reach the expected absolute levels in the LF and ML phases.

Table 4. Pre-exercise measures

Early Follicular Late Follicular Mid-Luteal P Value F Value

Cardiovascular and thermal measures
Mean arterial pressure, mmHg 87 ±9 86 ± 7 86 ±9 0.915 (F1, 16 = 0.04)
Heart rate, beats/min 62 ±9 61 ± 11 65 ± 10 0.934 (F2, 17 = 2.87)
Core temperature, �C 37.1 ± 0.3 36.8 ± 0.6# 37.2 ± 0.3 0.053 (F1, 13 = 4.33)
Mean skin temperature, �C 32.3 ± 0.8 32.5 ± 0.8 32.4 ± 0.9 0.744 (F2, 19 = 0.28)

Water and electrolyte homeostasis measures
Urine specific gravity, au 1.004 ±0.004 1.003 ±0.005 1.005 ±0.006 0.267 (F2, 16 = 1.41)
Serum osmolality, mosmol/kg 290 ±6 288 ±2 287 ± 5 0.382 (F2, 30 = 0.99)
Urine osmolality, mosmol/kg 174 ± 141 160 ± 154 234 ±224 0.180 (F1, 13 = 2.01)
Serum sodium, mmol/L 141 ± 1 141 ± 1 140 ± 1 0.072 (F2, 21 = 3.04)
Urine sodium, mmol/L 57 ± 51 41 ± 29 47 ± 48 0.422 (F1, 13 = 0.79)

Data were analyzed with one-way linear mixed model. One-way repeated measures linear mixed model F- and P-values are reported,
and data are presented as means ± SD #Significantly different from ML phase (P = 0.041). All data are n = 12.
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Perceptual Measures

A significant main effect of time (F4, 40 = 16.91, P < 0.001)
and phase (F2, 20 = 5.61, P = 0.013) was observed for thermal
sensation (Fig. 4A). Pairwise comparisons demonstrated that
thermal sensation differed at 30 min between EF and ML
phases (P = 0.005), at 90 min between the EF and LF phases
(P = 0.042) and at 150 min between the LF and ML phases
(P = 0.034) and the EF andML phases (P = 0.051). There were
otherwise no differences in pairwise comparisons between
phases in thermal sensation (P � 0.151). Although there was
a significant main effect of time (F3, 31 = 8.17, P = 0.001) (Fig.
4B), pairwise comparisons of thermal comfort show no dif-
ferences in ratings between phases at any chamber time-
points (P � 0.278). A significant main effect of phase
(F2, 21 = 3.90, P = 0.038) was observed for ratings of thirst (Fig.

4C) and pairwise comparisons showed lower thirst sensa-
tions in the LF phase compared with the ML phase at 210
min and 240 min (P � 0.022) but no differences between
phases were observed at any other timepoints (P � 0.058).
Ratings of perceived exertion were not different at any time-
points between any phase (P� 0.237).

Hormone Measures

Pre-exercise plasma levels of copeptin during the EF phase
(98.1 ± 29.9 pg/mL) and the LF phase (109.2± 38.7 pg/mL)
were both lower compared with the ML phase (124.8 ±41.8
pg/mL) (P � 0.037). Similarly, post-exercise plasma copeptin
during the EF phase (99.5 ±31.5 pg/mL) and the LF phase
(104.1± 36.5 pg/mL) remained lower compared with the ML
phase (120.3±42.0 pg/mL) (P � 0.028). Pre-exercise plasma
aldosterone during the EF phase (162.8±92.8 pg/mL) and the

0 30 60 90 120 150 180 210 240
36.0

36.5

37.0

37.5

38.0

38.5

C
or

e 
Te

m
pe

ra
tu

re
 (°

C
)

Time in Heat Chamber (min)

#

#

0 60 120 180 240
0

100

200

300

400

500

M
et

ab
ol

ic
 H

ea
t P

ro
du

ct
io

n 
(W

)

Time in Heat Chamber (min)

#

0 30 60 90 120 150 180 210 240
30

32

34

36

38

M
ea

n 
Sk

in
 T

em
pe

ra
tu

re
 (°

C
)

Time in Heat Chamber (min)

#

EF LF ML
0.0

0.2

0.4

0.6

0.8

Sw
ea

t R
at

e 
(L

/h
r)

EF LF ML

Time: (F4, 42 = 31.7), P<0.001 
Phase: (F1, 16 = 2.41), P=0.132 
Phase x Time: (F3, 29 =0.85 ), P=0.470 

Time: (F2, 17 = 181.7), P<0.001 
Phase: (F2, 17 = 1.38), P=0.273 
Phase x Time: (F5, 52 = 0.58), P=0.708 

  One-way linear mixed model:   
(F2, 19 = 0.07), P=0.907

Time: (F2, 20 = 46.28), P<0.001 
Phase: (F2, 20 = 3.11), P=0.069 
Phase x Time: (F4, 41 = 2.61), P=0.053

A B

C D

Figure 2. Core temperature (A), mean skin temperature (B), and metabolic heat production (C) throughout 4 h of exercise in the heat. Baseline resting
data upon entry into the chamber is 0 min. Timepoints 60 min, 120 min, 180 min, and 240 min are resting measures while timepoints 30 min, 90 min, 150
min, and 210 min are exercise measures. Data are presented as means ± SD and were analyzed using a two-way linear mixed model with Sidak post
hoc comparisons. P values from the two-way linear mixed model and post hoc comparisons are reported. D: total sweat rate throughout exercise in the
heat are presented as individual values and analyzed using one-way linear mixed model with actual F and P values reported. All data are n = 12.
#Significantly different from the ML phase (P� 0.050). EF, early follicular; LF, late follicular; ML, mid-luteal.
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LF phase (164.8 ±68.1 pg/mL) were both lower compared
with the ML phase (395.6± 294.0 pg/mL) (P � 0.003).
Similarly, post-exercise plasma aldosterone during the
EF phase (182.1 ± 176.9 pg/mL) and the LF phase (148.3± 77.1
pg/mL) remained lower compared with the ML phase
(349.3 ±233.2 pg/mL) (P � 0.038). Plasma renin activity
showed a significant main effect of phase (F1, 13 = 5.2, P =
0.037) (Fig. 5C) but pairwise comparisons identified no sta-
tistical differences between any phases at pre-exercise (P �
0.180) or post-exercise (P� 0.109).

Hydration Measures

Fluid temperature (EF:11.4 ± 1.1�C; LF: 11.1 ± 1.3�C; ML:
11.0± 1.5�C) was not different between any phase throughout
the entire 4 h spent in the heat (one-way repeated measures
linear mixed model: P = 0.174) nor was total fluid intake dif-
ferent between phases (EF: 1609±919 mL; LF: 1902±799 mL;
ML: 1913 ±671; F1, 15 = 1.80, P = 0.202) (Fig. 6, A and D). Total
urine output also was not different between phases (EF:
833±546 mL; LF: 905±593 mL; ML: 940±438; F2, 17 =0.55,
P = 0.543) (Fig. 6B). Percent changes in body mass from pre-
to post-exercise were not different between phases (EF:
�0.5 ±0.9%; LF: �0.3 ±0.9%; ML: �0.3±0.7%; F2, 16 =0.83,
P = 0.417) (Fig. 6C). Although there was a significant main
effect of time (F1, 11 = 13.54, P = 0.004) (Fig. 6E), pairwise com-
parisons revelated no differences in plasma volume at pre-
exercise (P � 0.291) or post-exercise (P � 0.257) between any
phase nor were there changes from pre- to post-exercise
within each phase (P� 0.102) (Fig. 6E).

Serum osmolality was lower at post-exercise during the
ML phase compared to the LF phase (LF: 287±3 mosmol/kg
vs. ML: 283±4mosmol/kg; P = 0.014) but there was no differ-
ence between the ML and EF phases (EF: 286±3 mosmol/kg,
P = 0.225) (Fig. 7A). Moreover, serum osmolality decreased
from pre-exercise to post-exercise in the ML phase (P =
0.046) but did not change in the EF (P = 0.076) or LF (P =

0.592) phases. Urine osmolality was not different between
phases (main effect of phase: F2, 16 =0.62, P = 0.502) and did
not change over time (main effect of time: F1, 11 = 1.68, P =
0.221) (Fig. 7B). Free water clearance also did not differ
between phases (main effect of phase: F2, 18 = 1.78, P = 0.199)
or over time (main effect of time: F1, 11 = 4.28, P = 0.063) (Fig.
7C). There were no differences in serum sodium at pre-exer-
cise (Table 4) but a higher serum sodium concentration was
observed in the EF and LF phases compared with the ML
phase post-exercise (EF: 141± 1 mmol/L; LF: 140± 1 mmol/L;
ML: 139± 1 mmol/L; P � 0.053). Urine sodium was lower at
post-exercise in the LF andML phases compared with the EF
phase (EF: 66±44 mmol/L; LF: 29± 21 mmol/L; ML: 33± 29
mmol/L; P � 0.051) and there was no difference in pre- to
post- in any phase (P � 0.420). Finally, sodium clearance
was greater in the EF phase compared to the ML phase at
pre-exercise (EF: 1.6 ±0.7 mmol/L vs. ML: 0.7 ±0.6 mmol/L;
P = 0.028) and post-exercise (EF: 1.0±0.5 mmol/L vs. ML:
0.5 ±0.2 mmol/L; P = 0.044). The LF phase was not different
from the EF (P � 0.098) or ML (P � 0.272) phases at either
timepoint. Sodium clearance decreased in the EF phase from
pre- to post-exercise (P = 0.034) but there were no differen-
ces in the LF (P = 0.215) or ML (P = 0.337) phases from pre- to
post-exercise.

DISCUSSION

In contrast with our hypothesis, ad libitum fluid and elec-
trolyte intake and fluid output (sweat and urine loss) during
physical work in the heat did not differ between the three
distinct phases of the menstrual cycle. Thus, percent
changes in body mass, an index of acute changes in total
body water, did not differ between the EF, LF, and ML
phases of the menstrual cycle (Fig. 6C). Although we
observed the expected increases in aldosterone and copep-
tin, a surrogate for arginine vasopressin, during the ML
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Figure 3. Heart rate (A) and mean arterial pressure (B) throughout 4 h of exercise in the heat. Baseline resting data upon entry into the chamber is 0 min.
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phase pre-exercise (Fig. 5, A and B), this did not translate to
differences in fluid intake or fluid conservation. To our
knowledge, this is the first study to investigate the fluid bal-
ance responses (i.e., both fluid and electrolyte intake and
output) to physical work in the heat within women across
three phases of themenstrual cycle.

Fluctuations in sex hormones in women likely influence
fluid and electrolyte balance in women (14, 36, 37). When
estrogen and progesterone concentrations are elevated dur-
ing the ML phase, studies have reported that plasma aldoste-
rone and renin activity are both greater at rest (38) and
during exercise (39) compared to the follicular phase. We
observed elevations in plasma aldosterone pre- and post-
exercise, and while we saw an effect of phase on plasma re-
nin activity (PRA), pairwise comparisons did not reveal dif-
ferences between phases (Fig. 5C), unlike previous studies
(36, 40–42). That said, Szmuilowicz et al. (43) similarly
observed a plasma renin activity-independent luteal phase
increase in aldosterone and suggested that progesterone
may directly influence adrenal aldosterone production, as
progesterone receptor expression has been detected in adre-
nal capsular cells in female mice (44). In addition, progester-
one is a precursor in the aldosterone biosynthetic pathway,
and increased substrate taken up by the adrenal cells could

contribute to elevated aldosterone production in the ML
phase (43). However, the renin-angiotensin II-aldosterone
system is one of the major pathways that regulate drinking
(45–47) and this PRA-independent increase in aldosterone/
absence of elevated PRAmay be one reason why fluid intake
was not influenced in this study.

The actions of augmented aldosterone to retain sodium
were witnessed in our study. A lower sodium clearance
was identified in the ML phase at both pre- and post-exer-
cise (Fig. 7F) compared with the EF phase for the same
total urine output, a phase in which aldosterone concen-
trations were increased. It should be noted, however, that
these findings were likely impacted by the consumption of
fluid with electrolytes, which promotes sodium and fluid
retention, as opposed to fluid without electrolytes (e.g.,
water). Interestingly, we also observed a lower serum os-
molality post-exercise in the ML phase compared to the LF
phase (Fig. 7A). Vokes et al. (48) similarly demonstrated a
downward resetting of the osmoreceptors during the luteal
phase following a hypertonic saline infusion before water
intake. A lowering of the osmotic threshold post-exercise
for the same fluid intake could help explain why we saw a
decrease in serum osmolality and not an increase in urine
output or free water clearance during the ML phase.
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Figure 4. Rating of thermal sensation (A), rating of thermal comfort (B), rating of thirst (C), and rating of perceived exertion (RPE) (D) throughout 4 h of
exercise in the heat. Baseline resting data upon entry into the chamber is 0 min. Timepoints 60, 120, 180, and 240 are resting measures while timepoints
30, 90, 150, and 210 are exercise measures. Data are presented as means ± SD and were analyzed using a two-way linear mixed model with Sidak post-
hoc comparisons. F and P values from the two-way linear mixed model and post-hoc comparisons are reported. All data are n = 12. 	Significantly differ-
ent from the EF phase (P� 0.035). #Significantly different from the ML phase (P� 0.030). EF, early follicular; LF, late follicular; ML, mid-luteal.
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Furthermore, Stachenfeld et al. (12) found that the com-
bined oral contraceptive pill (estrogen-progestin) elicited
a lower plasma osmolality operating point represented by
the osmotic regulation of arginine vasopressin and thirst,
as they also did not observe effects on free water clearance
in response to hypertonic saline infusion, dehydration, or
rehydration. Consistent with this evidence, we observed
that elevated copeptin levels were present before exercise
in the ML phase, and thus, may have contributed to the
lower serum osmolality post-exercise in the ML phase. On
the other hand, we did not witness an influence of percep-
tual thirst and subsequently saw no changes in fluid intake
throughout physical work in the heat during the ML
phase.

Finally, it is well understood that thirst and AVP are
also sensitive to volume stimuli detected via changes in
baroreceptor activation and is another reason we sus-
pected that exercise-induced fluid loss would lead to
increases in thirst and ad libitum fluid intake. Given the
modest change in body mass (<1%), it is reasonable that
participants were not dehydrated enough to stimulate a
response from AVP to increase thirst and recover the lost
fluid. Furthermore, most of our participants consumed
high amounts of fluid in the 24-h before arriving at the
laboratory, which may have contributed to the findings
that euhydration was well maintained. In fact, our partici-
pants never rated above “a little thirsty” according to their
ratings of thirst (Fig. 3C), which stayed relatively consist-
ent throughout the 4 h. Furthermore, roughly a 10% loss
in plasma volume is required before any increase in either
thirst or AVP is observed (12) and it is likely our partici-
pants prevented a loss in plasma volume by freely drink-
ing (Fig. 6E), which therefore, prevented the increase in
thirst.

Notably, we let the participants choose their preferred fla-
vor of Gatorade Zero, which may have influenced the partici-
pants to drink more based on preferred palatability, as it
has been shown to be a significant factor in rehydration
(49–51). Furthermore, evidence suggests that the distinct

hormonal profiles of the menstrual cycle may affect both
olfactory and gustatory perception, which could alter pal-
atability to drink more towards the end of the menstrual
cycle (mid-late luteal phase) (52). Similarly, mood state
has been shown to change based on menstrual phase sta-
tus (53) and it’s possible that mood state may have altered
the behavioral response to drink. Therefore, both palata-
bility and mood could have influenced our results and the
behavioral response on osmoregulation. However, the fla-
vor of Gatorade Zero was the same in all phases of the
menstrual cycle, and we ultimately observed no differen-
ces in fluid intake. Thus, it is likely that differences in
mood and/or taste did not alter the behavior to drink in
this case.

Potential Limitations

There are a few factors to consider when interpreting
these findings. First, fluid was placed directly next to each
participant when walking on the treadmill and at rest in the
heat chamber. Convenient access to drink was used to miti-
gate confounding with other behavioral aspects (i.e., getting
up or working to get a drink). In an external environment of
physical labor, the degree of preoccupation for an individual
is much greater than what our participants experienced in
our study and may distract more from properly restoring
fluid intake (54). This could help explain why participants
continued to drink even when thirst ratings were low. The
NIOSH guidelines recommend workers arrive at the worksite
hydrated and that the worksite have cool fluids readily avail-
able (8). These recommendations guided our study design.
However, we acknowledge that this may not always be what
is encountered in the workplace where, for example, workers
regularly arrive at the worksite dehydrated (6). Thus, our
findings support that when following the NIOSH recommen-
dations, the risk of dehydration is low in women across the
menstrual cycle. However, they may not be readily trans-
lated to conditions in which adherence to the NIOSH recom-
mendations is relatively poor.
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Figure 5. Plasma copeptin (A), plasma aldosterone (B), and plasma renin (C) at pre-exercise and post-exercise during the EF, LF, and ML phases of the
menstrual cycle. Data are presented as means ± SD and were analyzed using a two-way linear mixed model with Sidak post hoc comparisons. F and P
values from the two-way linear mixed model and post hoc comparisons are reported. 	Significantly different from the EF phase. $Significantly different
from the LF phase (P� 0.034). Data are n = 12. EF, early follicular; LF, late follicular; ML, mid-luteal.
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Second, the environmental conditions and workload
were chosen to mimic conditions experienced in a physi-
cal labor environment (8, 17, 18). Thus, our observations
may not be representative of what might occur during
higher-intensity exercise/physical labor or more severe
environmental conditions.

Third, our a priori power analysis was conducted using
AVP as there were no other studies, to our knowledge, that
measured ad libitum fluid intake in a similar population
across phases of the menstrual cycle. Thus, it is possible that
we were underpowered with regard to one of our primary out-
come variables (i.e., fluid intake). Nevertheless, the findings
of the current study provide benchmark data from which
future studies investigating the effects of the menstrual cycle
on fluid balance can be appropriately designed.

Finally, while a strength of our study is including testing
during three phases of the menstrual cycle, we could not pro-
spectively identify the menstrual phase based on serum hor-
mone concentrations, as this was only possible post hoc.
Therefore, it is possible that wemissed the primary peak of es-
tradiol in the LF phase of one participant (Table 3, participant
10 highlighted in bold text). This may explain why we did not
observe higher copeptin levels, as other studies would suggest
(10, 14, 55, 56). Moreover, our reported estradiol values for the
LF phase fall within the range closer to mid-follicular values
(21). Notably, two of our subjects did not exhibit progesterone

values within the range we would expect to observe during the
ML phase (Table 3, participants 3 and 7 highlighted in italic
text). Both participants did show an increase in progesterone
during the ML phase but not to the anticipated magnitude
based on population references (21, 22). We removed the data
from participants 3, 7, and 10 from data analyses and the sta-
tistical inferences of our primary outcome variables (e.g., per-
cent changes in body weight, fluid intake, etc.) did not change.
That said, we acknowledge that these post hoc analyses may
have been underpowered. Nevertheless, we elected to include
these participants in themanuscript because they were eligible
based on our a priori inclusion methodology (i.e., cycle length,
luteinizing hormone surge, basal body temperature fluctua-
tions) and because their inclusion did not modify the conclu-
sions of this study. To this end, it is worth noting that multiple
studies report that the observed intra-woman cycle variability
can be classified as normal for a eumenorrheic-definedwoman
in good health based on our inclusion criteria (57–59). Most of
the variation that occurs within a cycle is during the follicular
phase (57, 58), which could explain why these three partici-
pants’ hormone levels were slightly off from the expected hor-
monal profiles of the late follicular and mid-luteal phases.
Strikingly, studies have indicated that a within-women cycle
length difference of greater than 7 days but less than 14 days is
relatively common, with at least 40% of all participants regu-
larly experiencing this variation (58, 60). Therefore, even with
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diligently tracked cycles and rigorous methods, it is very likely
that significant between-cycle variations occur in up to 40% of
eumenorrheic classified participants based on cycle length, LH
surge, and basal body temperature. To circumvent this issue,
future studies should either over-recruit (by upwards to
40%) to account for potential within-woman between-cycle
differences in estradiol and progesterone concentrates or
plan to test sex hormone levels the day of experimental test-
ing (61). Unfortunately, given the time and cost-intensive
nature of this study, over-recruitment was not feasible.
Moreover, we do not have the capability for point-of-care
assessment of estradiol or progesterone, nor are we aware
whether such technology exists.

Perspectives and Significance

An increasing number of women are entering the manual
labor workforce (2). Furthermore, with climate change, there
is expected to be a greater incidence of occupational heat ex-
posure (62). Thus, research is required to address whether bio-
logical sex is a risk factor for health and safety susceptibility
during physical work in the heat (1). One potential factor that
may modulate any potential differential impacts of sex on

health and safety is dehydration. Importantly, despite ac-
knowledgment that sex is a modifying factor for hydration
during physical work in the heat, the current National
Institute of Occupational Safety and Health (8), American
College of Sports Medicine (ACSM) (23), and National Athletic
Trainers Association (63) hydration recommendations do not
directly address biological sex, while the female menstrual
cycle is unmentioned as a potential modulator of fluid regula-
tion. Our data indicate that the normal hormonal fluctuations
that occur throughout the menstrual cycle do not alter the
fluid balance, defined as a function of fluid in versus. fluid
out, during physical labor in the heat among euhydrated
eumenorrheic women. This indicates that in occupational
heat stress recommendation-compliant scenarios, women
can maintain fluid balance across the menstrual cycle when
fluids are readily available, despite changes in sex hormone
concentrations. As our participants simulated only half a
workday and began work in a euhydrated state, a more com-
prehensive understanding of fluid balance and regulation in
women during physical work in the heat is warranted.
Additional studies are required to better understand the effect
of biological sex on fluid balance during physical work in the
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heat and perhaps could repeat this protocol with ad lib intake
only during rest periods during work shifts and/or post shift
rehydration to address the lack of thirst in our protocol.

Conclusion

The present study demonstrates that ad libitum fluid intake
during moderate-intensity physical work in the heat is not
affected by natural fluctuations in estrogen and progesterone
across the menstrual cycle in euhydrated eumenorrheic
women. By extension, the loss of body water (sweat and urine
loss) did not differ across the menstrual cycle. Although we
observed elevated copeptin (AVP surrogate) and aldosterone
during theML phase of themenstrual cycle, this did not trans-
late to differences in fluid balance or drinking behavior.
Collectively, our results indicate that when women have free
access to cool fluid during physical work in the heat, they
respond similarly across all three phases to maintain fluid ho-
meostasis across themenstrual cycle.
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