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Abstract

- Nisha Charkoudian? - Rebecca L. Stearns’ - Douglas J. Casa’

Although it is well understood that dehydration can have a major impact on exercise performance and thermoregulatory
physiology, the potential for interactions between female sex hormone influences and the impact of dehydration on these
variables is poorly understood. Female reproductive hormonal profiles over the course of the menstrual cycle have significant
influences on thermoregulatory and volume regulatory physiology. Increased insight into the interactions among dehydra-
tion and menstrual cycle hormonal influences may have important implications for safety, nutritional recommendations, as
well as optimal mental and physical performance. The purpose of this review is to summarize what is known in this area

and highlight the areas that will be important for future work.

Key Points

Dehydration and female sex hormone variation both
independently impact facets of everyday health and sport
performance.

It is unknown whether female sex hormone variation
adds to or exacerbates the effects of dehydration on
health and well-being.

Much research is still needed to understand the interac-
tion or relationship between female sex hormone varia-
tion and dehydration.

1 Introduction

Hydration has a significant impact on a variety of factors
related to health and well-being, including mental and physi-
cal capacity [1], mood [2, 3], exercise performance [4, 5],
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among others. The importance of hydration for various types
of physical performance has been the topic of numerous pub-
lished discussions and some controversy [6-9], highlighting
the complexity of making hydration recommendations for a
variety of populations.

A significant proportion of the physically active popu-
lation are women—{from athletes at all levels, to military
personnel, and occupational workers—highlighting the need
to understand the impact of changes in hydration in women
for optimization of health, safety, and performance. How-
ever, research investigating the impact of hydration status
and dehydration stress on human health and performance has
largely been conducted in men, leaving sex-specific influ-
ences of hydration variation, interventions, and supplemen-
tation unclear. In this context, menstrual cycle hormones
have specific and quantitative influences on both thermoreg-
ulation (notably heat dissipation via cutaneous vasodilation
and sweating) [10—13] and volume regulation [14]. There-
fore, it will be important for future work to more specifically
quantify whether or not the added influences of dehydration
have additive, synergistic, or no additional influence when
combined with reproductive hormone effects.

The purpose of the present review is to synthesize the
existing literature and summarize important areas for future
work regarding female reproductive hormones, thermoregu-
lation, exercise performance, and hydration in premenopau-
sal women.
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2 The Changing Hormonal Profile
of Females Throughout the Menstrual
Cycle is Related to Variation in Body Fluid
Regulation

The menstrual cycle is, on average, a 28-day cycle, com-
posed of hormonal peaks and nadirs that have been associ-
ated with changes in physiological responses to stress, fluid
loading, exercise, sleep, mood, behavior, and many other
variables [15-19]. The follicular phase is defined as the
period from the onset of menstrual bleeding (menses, usu-
ally categorized as day 0 or day 1 of the cycle) to ovulation.
The middle of the cycle can be identified by estrogen, lutein-
izing hormone, and follicle stimulating hormone peaks that
occur just prior to ovulation [20]. Ovulation usually occurs
around day 14 [21]. The luteal phase is the period from the
end of ovulation until menses begins (approximately days
14-28) and is characterized by high concentrations of both
estrogen and progesterone in circulation. Both of these hor-
mones have been associated with variation in body fluid
regulation and may have independent impacts on hydration
and body fluid balance [22, 23]. Menstrual cycle hormone
fluctuations have been related to changes in nutritional needs
[24], sport performance [16], temperature regulation [25],
and others.

Female sex hormones are related to body fluid balance via
a number of mechanisms. Estrogen and progesterone appear
to influence shifts in transcapillary fluid dynamics, thus
affecting the relationship between intra- and extracellular
fluid balance [26]. Additionally, variation in sex hormones
during the menstrual cycle is linked to shifting set points and
thresholds for synthesis, release and activity of volume regu-
latory hormones, including arginine vasopressin [26, 27].
Figure 1 highlights the relationship between characteristic

Fig. 1 Relationship between
dehydration and female sex

Menstrual Cycle

hormonal profiles within the phases of the menstrual cycle
and their interaction with body fluid regulatory hormones.

One of the influences of the menstrual cycle on fluid reg-
ulatory dynamics is a buildup of interstitial fluid during the
luteal phase [26] and an increase in the possibility of edema.
During dehydration and loss of total body water, body fluid
compartments adjust to maintain homeostatic osmotic pres-
sure [28]. An influence of sex hormones to favor buildup of
interstitial fluid, such as may occur in the luteal phase, could
cause a shift in body water compartments, possibly lead-
ing to decreased plasma volume and increased osmolality
[29]. This could complicate potential conclusions regarding
the effects of a given exercise or heat stress intervention
on hydration or fluid shifts when women are studied in the
luteal phase. Additionally, while plasma osmolality (P,,) is
the most valid metric for hydration assessment in a labora-
tory setting [30], it is not a feasible measure of acute hydra-
tion status in a field setting. Urine specific gravity (USG)
is often utilized in a field setting and may be affected by
behavioral and physiological phenomenon (acute increase in
fluid ingestion, increased urine output) which may vary with
changes in female sex hormone concentration, as discussed
later in this review.

2.1 Menstrual Cycle Phase and Dehydration Could
Result in Cumulative Decrements in Exercise
Performance

Dehydration (> 2% body mass loss) has been shown to have
a negative impact on aerobic exercise performance [31, 32].
Anaerobic performance decrements have also been observed
in dehydrated individuals, with body weight-dependent exer-
cise being particularly affected by greater levels of dehydra-
tion and body mass loss [5, 33]. Endurance performance is
thought to be affected by dehydration via decreased blood
volume associated with fluid loss during prolonged exercise
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[34]. The decrease in blood volume results in decreased
stroke volume and an increase in heart rate for a given car-
diac output resulting in increased cardiovascular strain for a
given exercise workload which can serve to diminish exer-
cise capacity; particularly when exercise is performed in the
heat where more blood volume will be lost due to total body
water loss from sweat [35]. Dehydration has a more substan-
tial impact in warm or hot conditions due to the impairment
of blood delivery needed to maintain exercise performance
(blood flow to the skeletal muscle) and heat dissipation
mechanisms (skin blood flow), putting further strain on the
cardiovascular system [36, 37]. Since a majority of hydra-
tion research has been done in men, [38], further research is
necessary to understand the interaction between menstrual
cycle phase, contraceptive status, and dehydration.

Menstrual cycle phase has also been associated with
variation in exercise performance, but results appear to be
dependent on type of exercise and existing reports are con-
flicting [16, 39, 40]. Previous reviews have examined the
impact of menstrual cycle phase on exercise performance
[16, 41]; however, none have prospectively assessed per-
formance in varying menstrual cycle phase as a function
of hydration status. While interactions between female sex
hormones and fluid regulatory mechanisms exist, the impact
of that interaction has yet to be investigated with respect to
exercise performance.

Mechanisms may be related to changes in fluid volume
regulation over the course of the menstrual cycle [41], which
is possibly responsible for the observed decrement in abso-
lute and relative oxygen consumption during maximal exer-
cise in the luteal phase [41, 42]. In this context, the specific
influences of menstrual cycle hormones on the relationships
between dehydration and exercise performance have not
been investigated. Further research is needed to determine
the impact of dehydration over the course of the menstrual
cycle in terms of exercise, thermoregulation, and other per-
formance variables. The relationship and interaction between
hydration and menstrual cycle variation are unknown but
any negative impacts of hormonal variation may compound
the decrements in females who are dehydrated.

2.2 Hydration and the Menstrual Cycle have
Independent Impacts on Internal Body
Temperature

Internal body temperature during exercise in the heat is
affected by hydration status prior to, and during exercise.
Body temperature has been shown to increase (~0.22 °C)
for every 1% loss in body mass during exercise in the heat
[43-45]. The increase in internal body temperature asso-
ciated with dehydration has led to the consideration of
dehydration as a risk factor for developing exertional heat
illnesses (e.g., heat exhaustion, exertional heat stroke) by

organizational governing bodies [46—48]. The increased
risk is based on the mechanisms of increased heat stor-
age (decreased heat dissipation) when dehydrated due to
increased competition for blood flow during exercise that
limits heat dissipation via decreased sweat rate and skin
blood flow [49]. Several previous studies, in a predominantly
male population, have observed increases in internal body
temperature in dehydrated participants when performing
exercise in the heat, showing an exaggerated hyperthermic
response with dehydration [50-53].

A characteristic of the luteal phase of the menstrual cycle
is a “set-point” shift of internal body temperature result-
ing in a 0.3-0.5 °C increase in resting and exercise body
temperature in the luteal phase, known as a “set-point” shift
[13, 54]. Because of this shift, it is possible that women in
the luteal phase are at higher risk for heat illness, particu-
larly if the luteal phase is paired with a situation leading to
dehydration [55]. This has led to the assertion that females
may be at an increased risk for developing exertional heat
illnesses over their male counterparts, but there is no direct
physiological evidence to support this idea [56, 57]. While
recent epidemiological observations suggest that there is no
basis for increased risk [56], further investigation is needed
to determine the full impact of the menstrual cycle and sex
differences with respect to exertional heat stroke risk. Evi-
dence suggesting differences in heat dissipation mechanisms
between menstrual cycle phases suggests that the threshold
for the onset of dissipation mechanisms is similarly affected
by the set-point shift as resting internal body temperature
[58-62].

Given the known effect of dehydration and menstrual
cycle phase on internal body temperature, it is possible that
these factors may compound one another, but any interaction
of these factors has not yet been investigated.

2.3 Naturally Cycling Females and Oral
Contraceptive Users may have Different
Responses to Varying Hydration States

Oral contraceptive (OC) users made up 25.3% of those using
contraception in 2014 in the United States [63]. While there
are many contraceptive options available to women, the most
common contraceptive method in human subjects research is
OCs. Researching OCs is highly applicable given the large
proportion of females that utilize this method; however,
with the varying types and hormonal environment that oral
contraceptives provide, it is difficult to control for type and
concentration of circulating hormones. OCs increase the
concentration of hormones in the body over the values ordi-
narily found in naturally cycling females [64]. This may alter
the responses of women on oral contraceptives compared to
naturally cycling females to a variety of different stressors.
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The primary finding of oral contraceptives’ impact on
hydration is a lower osmotic threshold for Arginine vaso-
pressin (AVP) and thirst stimulation. This means that less
dehydration is required to elicit fluid retention responses at
the level of the kidney and increased fluid consumption via
increased thirst in resting females [65]. Variable results in
oral contraceptive use have been theorized to be a result of
the estradiol content in different OC preparations [66].

Combination (estradiol and progesterone) oral contra-
ceptives in single concentration, or “monophasic,” are the
most commonly studied in terms of thermoregulation and
hydration, combination. These affect thermoregulatory vari-
ables, including increased resting internal body temperature
[67] and alterations in skin blood flow at rest [25, 60, 68]
and during exercise [69]. Influences of other types of hor-
monal supplementation for contraception (e.g., transdermal
patch, intrauterine device, implantable bar) have not yet been
investigated.

3 Thirst and Hormonal Control of Fluid
Regulation vary with Hormonal Changes

AVP release and thirst are stimulated by an increase in blood
osmolality [70]. AVP release has been shown to be increased
within the high estrogen phase of the menstrual cycle [14],
and estrogen has been observed to have a significant rela-
tionship with copeptin, a stable precursor to AVP [71], sug-
gesting interaction between endogenous menstrual cycle
hormones and mechanisms of fluid balance. Additionally,
previous investigations have observed inhibition of AVP
with progesterone increases, suggesting that women in the
luteal phase of the menstrual cycle may be more prone to
dehydration as less fluid is being retained via AVP down-
stream mechanisms [72, 73]. However, the luteal phase
also appears to be associated with increased sensitivity to
dehydration where AVP secretion and thirst sensation have
been observed to occur at a lower P, thresholds than in
the follicular phase [74] and increased sodium retention via
increased activity of the renin—angiotensin—aldosterone sys-
tem [14, 75]. The luteal phase of the menstrual cycle is also
associated with increased aldosterone; this relationship is
thought to be caused by the increase in progesterone during
the luteal phase which independently augments aldosterone
production [75]. Thirst onset has also been observed to occur
at a lower P in the luteal phase compared to the follicular
phase with hypertonic infusion, which may be related to
inhibition of AVP [74, 76].

While there are several investigations linking AVP
concentration, thirst, and osmoregulation with female sex

hormones, it remains unclear how estrogen and proges-
terone may interact in their influences on AVP release,
as compared to their influences measured separately [77].
Figure 2 shows the variation in hormone concentration
across three prominent menstrual cycle phases and the
relationship of the distinct hormonal profiles with fluid
regulatory mechanisms.

4 Psychological Variables may be Impacted
by Hydration and Menstrual Cycle Phase

Dehydration is often used as a stress intervention and can
be established via heat, exercise stress, fluid restriction,
diuretic or some combination of these. Decrements in
cognitive performance have been observed with as little
as mild dehydration (> 1% body mass loss) [3, 5]. The
impact of dehydration on psychological and cognitive vari-
ables has been investigated and the results of individual
investigations into reaction time [78], short-term memory
[79], and psychomotor performance [80] yield different
results than those of a recent meta-analysis [§1]. While it
is not clear that dehydration impacts cognitive variables,
mild dehydration appears to impact mood [82] in men and
women [2, 3]. However, the interaction between influences
of menstrual cycle phase and dehydration on mood and
psychological variables has not yet been investigated. This
interaction may be important as females may experience
a greater mood disturbance with mild dehydration in one
phase of the menstrual cycle over another, which may
independently impact cognitive impairments.

There is a well-documented effect of estrogen in facili-
tating actions of serotonin, likely affecting mood, cogni-
tion, and additional psychological variables in women
[83]. While estrogen peaks during the follicular phase,
significant mood disturbance has been demonstrated in
the late luteal phase when estrogen and progesterone are
both low [84]. Influences of variations in female sex hor-
mones across the lifespan on mood, risk of depression
and use of antidepressants have been reported [85]. Given
the observed independent impacts of dehydration and sex
hormones, it is important to understand if an interaction
is present that may compound effects and impairments on
psychological and cognitive factors. Mood appears to be
the only cognitive, psychological, or emotional factor sig-
nificantly affected by changes in female sex hormone con-
centration, but further research is warranted to determine
the responses of females to dehydration interventions in
different cycle phases.
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Fig.2 Variation in circulating female sex hormones (E,: estrogen, P: progesterone) and physiological variation specific to hydration during the
early follicular phase, late follicular, and mid luteal phases. Reference ranges adapted from Stachenfeld [64]

5 Hydration Status and Menstrual Cycle
Phase may Impact the Effectiveness
of Hyperhydrating Agents in Women

The potential performance-enhancing effects of hyper-
hydration have primarily been investigated in men—with
very little research investigating female-specific responses.
Understanding the specific response of females to supple-
mentation is important, particularly as the use of supple-
mentation for athletes is increasingly popular [26]. However,
very few investigations assess the effect of supplement use in
a female athletic population. Given the known impact of sex
hormones on functionality and utilization during exercise,
understanding how females respond to supplementation is
important for ensuring appropriate supplementation recom-
mendations for safety and performance.

Hyperhydrating agents are supplements that can prompt
water retention and an increase in plasma volume, reducing
the risk of becoming dehydrated during a short period of
exercise [86]. Two common hyperhydrating agents utilized
in the athlete population are sodium and glycerol. Sodium
supplementation is widely used within the athletic popula-
tion to prevent the development of hyponatremia and ensure
appropriate levels of electrolyte concentrations when per-
forming exercise, primarily in a warm environment [87,
88]. Sims et al. [89] assessed female sex hormone effects
on plasma volume and electrolyte loading, and showed

that the luteal phase observed greater increases in exercise
capacity and decrease in cardiovascular strain with sodium
loading possibly due to the increased sensitivity of the
body to increased P, [74]. As previously discussed, the
luteal phase of the menstrual cycle is associated with an
internal temperature “set-point” shift [54], as well as “set-
point” shifts for thresholds associated with increases in P,
[74] increasing the likelihood that the luteal phase of the
menstrual cycle may allow for greater enhancement in per-
formance with sodium supplementation than the follicular
phase.

Glycerol has been extensively investigated as a hyper-
hydrating agent due to the osmotic qualities that allow for
the enhanced retention of fluid [90]. Glycerol has been
observed to have performance enhancing effects, particu-
larly when exercising in hot, humid environments [90, 91].
Using glycerol as a supplement for hyperhydration has been
investigated including female subjects, but we are unaware
of reports of the female sex hormone impact on the efficacy
of glycerol [92, 93]. Female sex hormones could theoreti-
cally impact the efficacy of glycerol and reduce the effec-
tiveness of the substance as a hyperhydrating agent due to
their impact on transcapillary fluid dynamics in the luteal
phase [26]. Given the increased osmolality of glycerol,
and the increased sensitivity to changes in P, during the
luteal phase, glycerol ingestion may have different effects
depending on when it is ingested during the menstrual cycle.
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Future research should seek to understand how females may
respond to glycerol supplementation as a function of repro-
ductive hormone status.

While sodium-induced hyperhydration appears to be
more effective than glycerol hyperhydration [94], when used
in conjunction with one another, greater levels of hyperhy-
dration are achieved [95], none of which has been investi-
gated in a female population. Based on the utilization of
these supplements to enhance performance, understanding
how women may respond differently from men is warranted
and important.

6 Hyponatremia Risk and Fluid Needs
in Women Across the Menstrual Cycle

Hyponatremia is a rare disorder that arises from dilution
of body electrolytes, particularly sodium. It can be fatal if
not treated appropriately. People can become hyponatremic
due to over-consumption of fluids during prolonged exercise
[87], and the risk is greatest in long duration races where
time to consume fluid ad libitum may be increased [96].
There has been significant debate on the effectiveness of
drinking to thirst (DTT) or utilizing prescribed drinking
plans for individuals who are performing exercise particu-
larly in a hot environment [97-100]. A recent meta-analysis
observed no difference in performance based on drinking
strategy [101]; however, it is important to note that drink-
ing strategy may be subject to interindividual variation.
Women were previously thought to be at an increased risk
for developing hyponatremia during prolonged physical
activity largely based on anthropometric differences [102].
This evidence is up for debate as differences have not been
observed when anthropometric variables, fitness status, and
exercise duration are controlled [103, 104]; however, more
research is still needed in this area. While the most effective
method for fluid replacement continues to be debated, deter-
mining the impact of the menstrual cycle on maintaining
appropriate hydration for an individual’s needs is an impor-
tant consideration.

Fluid needs and optimal hydration plans for females
may change depending on the timing of activities in rela-
tion to the menstrual cycle. To our knowledge, no investi-
gations have assessed hydration variance across all phases
of the menstrual cycle or in varying contraceptive states.
A previous investigation seeking to provide normative data
for hydration biomarkers in females did so in the placebo
pill phase of oral contraceptive use [105], which does not
account for variation in female sex hormone concentration
either in naturally cycling menstrual phases or with OC use.
As previously discussed in this review, circulating estrogen
and progesterone may alter the fluid needs over the course
of the menstrual cycle or with OCs.

With variation in thirst across the menstrual cycle [74],
during prolonged races, hyponatremia may be a risk in one
phase over another if athletes are not accounting for vari-
ation in fluid losses associated with changes in the men-
strual cycle; however, the details of these requirements are
currently unclear. Future research should seek to determine
if variation exists in hyponatremia risk depending on con-
traceptive and menstrual status during day-to-day life and
physical activity.

7 Conclusion

Existing evidence supports the idea that female reproductive
hormone variation across the menstrual cycle has significant
influences on thirst and volume regulation in humans, likely
impacting hydration status, physiological responses to dehy-
dration, exercise performance, and fluid needs. Independent
of reproductive hormone status, hydration status itself can
impact exercise performance, risk of heat-related illnesses,
mood, and exercise recovery. However, the combined influ-
ences of these physiological states (hydration and reproduc-
tive hormone status) are not well understood at this time.
Investigations assessing factors associated with hydration
status variation have largely been completed in men, and
subsequent population-wide recommendations made from
that body of literature. Increasing information points to the
importance of maintaining appropriate hydration for physi-
cal and mental health and performance, from endurance
exercise to activities of daily living. In this context, it is
important to continue to work for understanding potential
interactions of reproductive hormone status and hydration/
volume regulation, to allow for more comprehensive devel-
opment of policies and procedures for women athletes and
non-athletes alike.
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