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Abstract

Optimal nutrition is an important aspect of an athlete’s preparation to achieve optimal health and performance. While general con-
cepts about micro- and macronutrients and timing of food and fluids are addressed in sports science, rarely are the specific effects
of women’s physiology on energy and fluid needs highly considered in research or clinical practice. Women differ from men not
only in size, but in body composition and hormonal milieu, and also differ from one another. Their monthly hormonal cycles, with
fluctuations in estrogen and progesterone, have varying effects on metabolism and fluid retention. Such cycles can change from
month to month, can be suppressed with exogenous hormones, and may even be manipulated to capitalize on ideal timing for
performance. But before such physiology can be manipulated, its relationship with nutrition and performance must be understood.
This review will address general concepts regarding substrate metabolism in women versus men, common menstrual patterns of
female athletes, nutrient and hydration needs during different phases of the menstrual cycle, and health and performance issues
related to menstrual cycle disruption. We will discuss up-to-date recommendations for fueling female athletes, describe areas that
require further exploration, and address methodological considerations to inform future work in this important area.

Key Points

. S 1 Introduction
Female athletes should aim for energy availability (EA)

of 45 kcal-kg™! fat-free mass-day ™! for optimal health and
performance; optimizing nutrient composition based on
menstrual cycle phase is ineffective without the requisite
energy for basic functioning.

Female athletes make up nearly 50% of sports participants.
Unfortunately, research into optimizing nutrition for health
and performance specific to female physiology is lacking.
In this review, we will describe the challenges of studying

Micronutrient deficiencies are common in female ath- women, the potential pitfalls of applying research from
letes, particularly in iron, vitamin D, and calcium; nutri- males to females, provide recommendations for adequate
tional strategies should be used to prevent these deficien- caloric intake, describe sequelae of insufficient caloric
cies, including increasing consumption of diverse foods intake, propose a simple framework for designing nutrition
and potential supplementation. plans for female athletes, and outline basic recommenda-

tions for nutrition plans for female athletes with resources

Micro- and macronutrient requirements, as well as .
for further reading.

hydration needs, may change during various phases of
the menstrual cycle as a result of hormonal fluctuations.
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2 Research in (Wo)men

As is the case in many medical fields, sports science
research has a paucity of female-specific inquiries, lead-
ing to the misapplication of findings from male subjects to
female athletes. In 2011-2013, studies published in three
of the world’s top sports medicine journals (British Jour-
nal of Sports Medicine, Medicine and Science in Sports
and Exercise, and American Journal of Sports Medicine)
had women representing 39% of study participants and
only 4% of studies were female-only [1, 2]. Follow-on
studies in the latter two journals showed continued trends
through the first half of 2015; for example, for studies of
athletic performance, 63% were conducted in male sub-
jects only, 33% in male and females, and a paltry 3% were
solely focused on female athletes [2].

Women are often cast aside as being “more difficult” to
study than men due to their higher level of hormonal intri-
cacy. No two menstrual cycles are the same, both for one
woman cycle to cycle and when comparing women. Some
aspects related to the hypothalamic—pituitary—gonadal
(HPG) axis that must be considered when studying female
athletes are listed in Table 1. Eumenorrhea is typically
defined as regular menstrual cycles that last 21-35 days;
Fig. 1 illustrates the different hormonal status of three
“normal” menstrual cycles [3]. Because of their pulsatile
release patterns, proper characterization of luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH) lev-
els requires overnight blood sampling at minimum 3x/hr
and preferably 6x/hr, further adding to research costs and

Table 1 Hypothalamic—pituitary—gonadal axis considerations when
designing studies in female athletes

Phase
Oligo-amenorrhea

Menstrual cycle

Subclinical menstrual defects
Cycle length
Number of bleeding days
Amount of bleeding
Polycystic ovary syndrome
Gynecologic history Gravidity
Parity
Age of menarche
Age of menopause
Hormonal contraception Hormone(s) used
Composition of hormone
Route of administration
Length of use
Anatomy Congenital defects
Surgical status

Disease history Malignancy

invasiveness [4]. These hormonal factors necessitate stud-
ies of female athletes to have a larger number of groups
within each study: for example, stratification by menstrual
status, by contraceptive use (including type, formulation),
and pregnancy status. This all adds to the complexity and
cost of well-designed studies.

The only female-centric component of exercise physiol-
ogy and sports medicine to receive considerable research
attention is the female athlete triad (the triad). First
described by Barbara Drinkwater and colleagues in 1984
[5] and named in 1993 [6], research surrounding the triad
and its associated negative sequelae has put these parts of
female athlete health in the spotlight [7]. Fewer studies,
however, have addressed female athlete performance and
female-specific physiology for athletes. This has led to
potentially incorrect application of findings in male ath-
letes to female athletes.

3 Nutrition Gone Wrong: Relative Energy
Deficiency in Sport (RED-S)

A considerable proportion of female athletes will experi-
ence nutritional deficiencies at some point in their careers.
These deficiencies can arise through a variety of patholo-
gies, including inadvertent undereating, knowledge defi-
cit, food insecurity, time constraints, restrictive dietary
habits, and frank eating disorders (EDs) such as anorexia
nervosa [8]. Traditionally, athletes who compete in endur-
ance sports, aesthetic sports, or weight class sports are
thought to be most likely to have inadequate nutrition for
their training or competition, either due to a perceived per-
formance benefit or requirement for competition [9-11].
Estimates of ED or disordered eating (DE)—typically low
energy availability (EA) states—prevalence among female
athletes are variable at 6-45% [12]. A recent survey of
1000 female athletes age 15-30 years across >40 sports
estimated the risk of low EA at 47.3% [13].
Quantification of energy status can be difficult outside
the lab [14]. EA is the recommended measure of nutri-
tional energy status for athletes [15] and is calculated as
energy intake (EI) minus exercise energy expenditure
(EEE) normalized to fat free mass (FFM) per day:

__ EI (kcal)-EEE (kcal) -1 . _
EA = —————— & day™" [16, 17]. Put plainly, EA quan

tifies the amount of caloric energy that can be used by the
body for physiologic functioning (e.g., homeostasis, ther-
moregulation, anabolism) after accounting for the energy
used for training.

Despite the difficulties of quantifying EA for free living
athletes and using it to guide nutritional strategies, a substan-
tial body of research has used the concept to define the levels



Practical Nutrition for Female Athletes

545

Fig. 1 Hypothetical examples
of the hormonal profiles of
three eumenorrheic women with
different cycle lengths. a 28-day
cycle; b 22-day cycle; ¢ 35-day
cycle. Solid arrow indicates
estradiol peak; dashed arrow
indicates luteinizing hormone
peak; shaded area indicates
ovulation. Reproduced from
Vescovi with permission [3]
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of energy deficit when different physiologic changes occur.
Early work suggested that EA <30 kcal kg~! FFM-day ! dis-
rupted LH pulsatility, and this level became the benchmark
at which “low EA” was defined [18]. EA of approximately
45 kcal kg~! FFM-day ™! may be the ideal level for mainte-
nance of body mass and allow for athletes to focus on skill
development while EA > 45 kcal kg™' FFM-day™~! provides
enough energy for weight gain and muscle hypertrophy [19].
Considerable investigation has focused on defining an EA

T
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threshold with clinical meaning. It is probable that no uni-
versal binary threshold exists. One study of college-aged
eumenorrheic sedentary women exposed to different EAs
through manipulation of diet and exercise found a linear
relationship between EA and the incidence of menstrual
disturbances [20]. EA of 30 kcal kg~! FFM-day~!, however,
has been shown to discriminate between amenorrheic vs.
eumenorrheic status while not distinguishing the presence
of subclinical disturbances [21]. A long-term, periodized



546

B. Holtzman, K. E. Ackerman

approach to changing EA and body composition based on
stage in the competitive season may permit overall sufficient
EA with low risk for negative sequelae with short periods
of improved power-to-weight ratio [22]. Further investiga-
tion into the EAs at which different physiologic disturbances
occur is warranted.

3.1 Female Athlete Triad: EA, Bone Health,
and Menstrual Function

RED-S is a comprehensive model that outlines some of the
health and performance consequences for athletes with low
EA [23-25] (Fig. 2). The well-established female athlete
triad [26]—the syndrome of perturbations of EA, bone
health, or menstrual status—is included as a subset of RED-
S. Each component of the triad can arise independently and
in isolation [16], however, low EA can account for part of
the pathology in menstrual dysfunction and bone health via
disruption of the HPG axis. As mentioned, low EA causes
disruptions of LH pulsatility, which is used as a surrogate
for hypothalamic gonadotropin-releasing hormone (GnRH)
pulsatility (GnRH is not systemically released and direct
sampling requires transsphenoidal cannulization of the por-
tal hypophyseal system). Disruptions to GnRH pulsatility
disturb gonadotropin release, which in turn causes menstrual
dysfunction (manifest as oligo-amenorrhea) [27]. Irregular
or absent menses, in concert with abnormal pituitary signal-
ing, causes systemic reductions in estradiol [28]. Estradiol
is an osteoprotective agent that inhibits osteoclast activity,

Immuni-
logical

(@

Gastro-
intestinal

Growth &
development

Metabolic

ultimately promoting more bone formation than resorption.
When estrogen levels are aberrantly subphysiologic, osteo-
clast activity predominates and bone mass is lost. While this
model depicts low bone mineral density (BMD) as the end-
point of low EA, it is important to consider that undernutri-
tion can directly cause low BMD as well [29]. A study of
eumenorrheic young women exposed to 5 days of reduced
EA (10, 20, or 30 kcal kg_1 FFM~day_1, achieved through
manipulation of EI with constant EEE of 15 kcal kg™!
FFM-day~!) demonstrated a dose-response relationship
between EA and bone remodeling markers while maintain-
ing normal menstrual function [30]. However, this study did
not investigate the long-term effects of energy suppression
on bone function and the subjects experienced decreased
levels of estradiol, which may have led to menstrual dysfunc-
tion with extended study duration [30]. Furthermore, in the
setting of oligo-amenorrhea, bone microarchitecture is nega-
tively affected. While normal athletic activity increases tibial
cross sectional area, oligo-amenorrhea decreases trabecular
number and cortical thickness, leading to decreases in tra-
becular and total BMD, ultimately resulting in decreased
stiffness and lower failure load [31-33]. These changes all
lead to increased incidence of bone stress injury.

3.2 Health Consequences of RED-S
The best-studied components of RED-S are those included

in the triad model. The body of evidence for the other com-
ponents, however, continues to grow. Due to their integral

(b)
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performance

Increased
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Decreased
coordination
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concentration

Fig.2 a Health consequences of relative energy deficiency in sport (RED-S); b performance effects of RED-S. Adapted from Constantini (with

permission) [25]
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role in exercise physiology, the endocrine alterations that
occur in low energy states have been extensively reviewed
[27]. After accounting for methodological differences, low
EA seems to cause the following hormonal alterations in
exercising women: decreased estradiol, decreased proges-
terone, decreased leptin, increased ghrelin, increased adi-
ponectin, increased peptide YY (PYY), decreased insulin,
increased cortisol, decreased total triiodothyronine (T3) and
free T3, decreased free thyroxine (T4), increased growth
hormone (GH) (with increased growth hormone resistance),
and decreased insulin-like growth factor 1 (IGF-1) [27]. GH/
IGF-1 dysregulation may play a role in stunted linear growth
[34]. How changes in each hormone, both in isolation and
in concert with other changes, affects athletic health and
performance remains to be fully elucidated.

The most common hematological change experienced
by energy deficient athletes is iron deficiency. At base-
line, 24-47% of women experience iron deficiency without
anemia [35]. Mechanisms of iron deficiency in the setting
of energy deficiency include inadequate dietary intake,
impaired absorption, and foot strike hemolysis (exacerbated
by aberrant exercise habits) [36]. Iron deficiency can worsen
the hypometabolic state that accompanies low EA by impair-
ing T4 synthesis [37] and hepatic conversion of T4 to the
active metabolite T3 [38]. Compounding the problem, iron
deficiency can promote energy deficiency by shifting ATP
production away from oxidative phosphorylation to less
efficient anaerobic pathways and reducing the expression of
iron-dependent enzymes while upregulating the expression
of iron-independent enzymes involved in metabolism [39].
Iron deficiency can also contribute to poor bone health in
RED-S through suppression of the osteotrophic hormones
growth hormone and IGF-1, changes in bone microarchi-
tecture, and the aforementioned changes to the hypotha-
lamic—pituitary—thyroid axis [39].

Perhaps paradoxically, negative cardiovascular changes
can occur in energy deficient athletes. In severely energy
deficient athletes, symptomatic bradycardia, arrythmias,
and frank hypotension can present and are criteria for hos-
pitalization [40]. In women, hypoestrogenism experienced
in oligo-amenorrhea induces a post-menopausal-like physi-
ology: endothelial dysfunction [41, 42], poor lipid profiles
(low-density lipoprotein (LDL), total cholesterol, triglycer-
ides) [41, 43, 44], and renin—angiotensin—aldosterone axis
changes have all been observed [45]. The long-term effects
of the functional hypothalamic amenorrheic hypoestrogenic
state on vascular health has not been investigated.

Immunologic dysfunction has recently been questioned
as an effect of low EA [46]. Traditional thinking dictated
that innate and acquired immunity were temporarily lowered
during periods of heavy training [46]. It is likely, however,
that athletes are more frequently subjected to standard risk

factors for illness—e.g., psychological stress [47], poor
sleep [48], and travel [49, 50]. In terms of energy defi-
ciency, observational data in athletes and controlled data
from anorexia nervosa studies are at odds. Recent survey
data from the 2016 Rio Olympics showed an association
between low EA (assessed by the Low Energy Availability
in Females Questionnaire (LEAF-Q) [51]) and infectious
symptoms [52, 53]. Anorexia nervosa, however, seems to
confer protection against infections in milder forms of dis-
ease (body mass index (BMI) > 15 kg m~2)—reflective of the
severity of energy deficiency in most training and competing
female athletes [54—56]. Preservation of protein intake [57],
allowing for adequate immune synthesis, may play a role in
maintaining immunity despite energy deficiency [58-60].
Further understanding of immune mechanisms with low EA
is warranted.

Likely an evolutionary response to food scarcity to con-
serve calories, resting metabolic rate (RMR) decreases
in energy deficiency. A study of 40 female weight-bear-
ing endurance athletes with optimal EA (> 45 kcal kg™!
FFM-day '), reduced EA (30—45 kcal kg~! FFM-day~!) and
low EA (<30 kcal kg~! FFM-day ™) found that the optimal
EA group had a significantly higher RMR than the reduced/
low group [61]. In addition, eumenorrheic athletes had
higher RMR than athletes with menstrual dysfunction [61].

Gastrointestinal changes for athletes in the setting of low
EA remain poorly defined; the only published studies are
cross-sectional or questionnaire-based. A 1000 athlete study
found increased rates of fecal incontinence and constipation
in those at risk for low EA [13] while the original LEAF-
Q study showed athletes with low EA had greater odds of
experiencing gastrointestinal symptoms (>2 of bloating,
cramps, # 1 bowel movement/day, regular diarrhea or hard
stools) [62]. A recent small study of elite athletes using the
LEAF-Q found no evidence of gastrointestinal dysfunction
in those with low EA, though it is probable this study was
underpowered [63]. New evidence regarding urinary incon-
tinence in female athletes with low EA may provide further
causal mechanisms for fecal incontinence through shared
pelvic floor dysfunction [64].

In the original RED-S model, psychological illness is
described as a cause and effect of low EA [23]. A full discus-
sion of the spectrum of mental health disorders experienced
by female athletes is beyond the scope of this review; however,
the importance of athletes’ mental health has recently cap-
tured the attention of popular media and international sport-
ing organizations [65]. Treatment of underlying psychiatric
comorbidities is critical in treating energy deficiency. Insight
from anorexia nervosa treatment has shown that nutritional
repletion is necessary for improving mood [66], anxiety [66],
and cognitive function [67, 68], and clinical experience has
shown that patients’ insights into their illnesses—and thus
success of treatment—improves with proper nourishment. As
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such, we recommend focusing on early nutritional replenish-
ment when treating psychiatric disease in the setting of low
EA.

3.3 Performance Effects of Low EA

The RED-S model proposed 10 negative performance det-
riments that occur due to low EA: increased injury risk,
decreased training response, impaired judgment, decreased
coordination, decreased concentration, increased irritabil-
ity, higher rates of depression, decreased glycogen stores,
decreased muscle strength, and decreased endurance per-
formance [23]. Interventional studies on these performance
effects are sparse because of absent athlete buy-in for a study
hypothesized to worsen competitiveness and difficulties with
ethical approval. Furthermore, some of the performance
effects are vague, and how those detriments manifest in the
competitive arena is difficult to assess. Nevertheless, one study
monitored 10 adolescent female swimmers over a competi-
tive season (12 weeks) and compared 400 m freestyle times
between eumenorrheic and ovarian suppressed athletes [69].
The suppressed group had lower estradiol and progesterone
levels throughout the season and, at the end of the study, had
decreased EI, EA, T3, and IGF-1 compared to the eumenor-
rheic group [69]. At the end of the season, the ovarian sup-
pressed group had a 9.8% increase in time (i.e., worse perfor-
mance) and the enmenorrheic group had an 8.2% improvement
[69]. Another study of elite rowers over 4 weeks of energy
deficiency induced by increased training load found decre-
ments in 5 km time, boat velocity, and stroke rate [70]. This
study may be limited because it did not allow adequate time
for supercompensation following an intensified training block.
These rowers also experienced increased fatigue, more sleep
disturbances, and greater total mood disturbance throughout
the training block and increasing energy debt [70].

4 Nutritional Recommendations for Female
Athletes

4.1 Establishing the Hierarchy of Nutritional Needs

While many sources focus on certain isolated components
of nutrition recommendations for female athletes, a holistic
view of the female athlete needs to be used when designing
a fueling plan. Our proposed model is shown in Fig. 3. At
the base of our model is sufficient EA and hydration: for
example, optimizing nutrient composition based on men-
strual cycle phase is futile without the requisite energy for
basic functioning. Once caloric needs have been considered,
the composition of those calories—including both the three
basic macronutrients (carbohydrate, protein, fat) and vari-
ous micronutrients (vitamins and minerals)—can be tailored

to the athlete’s need. Timing of nutritional intake, both
throughout the day and before, during, and after exercise
can then be optimized. Next, the length of exercise and the
intensity of exercise, followed by the type of exercise, influ-
ences the athlete’s needs. For females, the endogenous cyclic
hormonal profile can be input into the nutrition plan, fol-
lowed by any exogenous hormone use. Then, any other age
effects not already part of the above considerations can be
altered, and, finally, individualization of the plan to the spe-
cific athlete. Both when designing guidelines for athletes in
general and when working with specific athletes, this model
can serve as a framework for the plans that are established.
As the nutrition plan ascends the hierarchy, it becomes more
prescriptive. It is important to remember that the best nutri-
tion plan is the one that endows the best adherence. Simi-
lar to how athletes become more advanced in their training
plans as training age and experience increase, nutrition plans
should become more specific as the athlete becomes more
experienced. Failure to proceed in a graduated fashion can
overwhelm the athlete and hinder adherence the same way
that too advanced a training plan can lead to injury.
Estrogen is the quintessential female hormone. Peak
estrogen levels are reached on day 12—14 of a normal men-
strual cycle; the high levels of estrogen agonize the hypo-
thalamus to cause GnRH secretion, leading to massive
LH secretion and induction of ovulation. During the sub-
sequent luteal phase, estrogen levels again rise, and when
they recede, menstruation occurs. Estrogen has pervasive
anabolic effects, including improving muscle strength and
BMD [71, 72]. During exercise, estrogen causes a protein-
sparing effect: at intensities of approximately 65% maximal
oxygen consumption (VO,max), women have higher rates of
lipid oxidation and lower rates of carbohydrate and protein
metabolism compared to men [73-75]. Estrogen also impairs
gluconeogenesis. In the luteal phase, when estrogen levels
are high for several days, female athletes are less reliant on
muscle glycogen for fueling compared to exercise during
the follicular phase and compared to male athletes [74, 76].

Individualization
Other age effects
Exogenous hormones
Endogenous hormones
Type of exercise
Exercise intensity and duration
Pre-, intra-, post-exercise fueling
Macro- and micronutrients
Energy availability and hydration

Fig.3 Potential hierarchy of nutritional considerations and needs
for female athletes. When designing nutrition plans, athletes should
ensure that all lower components are achieved when stepping up the
pyramid
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Increasing exogenous carbohydrate intake can overcome this
impaired gluconeogenesis [74, 76].

4.2 Nutritional Strategies for Endurance Athletes
4.2.1 Protein

Endurance sports have garnered the most research interest
for female athletes. As previously mentioned, an EA target
of approximately 45 kcal kg™! FEM-day ' is likely ideal for
endurance athletes to maintain body mass and fuel high lev-
els of training with fitness and performance improvements
[19]. Recent investigation into the protein requirements of
women exercising for 1.5 h/day showed that protein intake
should be at least 1.6 g kg~ day™' during the follicular
phase [77]. Because of increased progesterone levels in the
luteal phase, the protein requirement may be higher due to
higher rates of protein catabolism [78-81]. Currently, the
American College of Sports Medicine (ACSM) recommends
1.2-2 gkg~! day~! protein intake distributed evenly through-
out the day and after exercise [15]. It has been suggested that
when designing the day-to-day diet, fulfilling this protein
requirement should be the primary focus [82]. Athletes with
vegan or vegetarian diets may struggle to meet this protein
requirement without guidance from a sports dietitian.

4.2.2 Carbohydrate

Carbohydrate is the macronutrient that has received the most
attention before, during, and after exercise. Carbohydrate
availability is a limiting factor in performance of prolonged
exercise [15]. Reduced carbohydrate availability is detri-
mental to exercise performance in two ways: (1) reduced
muscle glycogen leads to fatigue and a drop in intensity, and
(2) reduced circulating carbohydrate (i.e., blood glucose)
for central neural nourishment impairs cognition [83, 84].
Importantly, glucose metabolized from muscle glycogen
does not enter the systemic circulation; consequently, mus-
cle carbohydrate availability can be adequate while systemic
carbohydrate availability is low. These two components thus
dictate carbohydrate intake strategies.

Gluconeogenesis rates are higher in the follicular phase
than the luteal phase at exercise intensities > 50% VO,max
[85, 86]. As such, a theoretical performance detriment could
occur during the luteal phase due to impaired metabolism.
Consuming a high carbohydrate snack 3—4 h before exer-
cise can mitigate these effects during the luteal phase [82].
During exercise, current recommendations dictate consum-
ing 30—60 g/h carbohydrate for durations 1-2.5 h and per-
haps > 90 g/h carbohydrate for exercise durations > 2.5 h
[15]; however, these recommendations are largely based
on studies of male athletes [82]. Athletes should be wary
of gastrointestinal upset caused by consuming fuel during

exercise and overwhelming the gut; consequently, “gut train-
ing” should be incorporated into daily training and athletes
should be reminded to avoid trying new strategies on com-
petition days [87].

The existence of a post-exercise “window” for nutrient
intake has been the subject of much interest in the popu-
lar media, and the understanding of the length of this win-
dow and optimal nutrient intake during it are shrouded
by intrigue in the public mind. The goal of carbohydrate
replenishment after exercise is to restore lost muscle and
hepatic glycogen. Different strategies for this replenishment
have been shown to be effective; current recommendations
are for>1.2 g kg=! h™! carbohydrate intake for 4—6 h fol-
lowing the conclusion of a glycogen-depleting exercise
session [88]. These recommendations, however, are based
on studies of small numbers of male athletes and may not
account for the differences in body composition in males and
females. If this goal cannot be reached, adding protein in a
4:1 carbohydrate:protein ratio may aid in recovery and will
not harm glycogen repletion [88]. The time between train-
ing/performance requirements will also dictate replenish-
ment strategies (e.g., after a morning training session with
an upcoming afternoon session vs. 90 min between events
in a competition).

Carbohydrate loading—colloquially, “carboloading”—is
another nutritional strategy that has long been in the public
eye for improving endurance performance. The idyllic team
“pasta party” the night before high school competitions is
purported to provide the fuel for victory the next day. Carbo-
hydrate needs are dependent on the duration and intensity of
the competitive event. When interpreting published studies,
it is important to remember that women oxidize more fat and
less carbohydrate than men at the same relative intensities of
exercise [89]. Metabolic clearance can be a significant limit-
ing factor in exercise lasting under 90 min. Consequently,
ensuring that glycogen stores are fully repleted is sufficient
for maximizing performance, and this can be achieved with
habitual intakes of 7-10 g kg~! day~! carbohydrate [90].
For events > 90 min, a dedicated 36-48 h period of high
carbohydrate intake of 10—12 g kg™! day™! can improve per-
formance when compared to no dedicated plan [91] and is
the current recommendation for pre-competition carbohy-
drate loading [15, 90]. It is worth noting that these guide-
lines may be different in Paralympians, who have not been
extensively studied, due to their lower muscle mass. Dedi-
cated carbohydrate loading of 8.4-9 g kg™! day~! during
the mid-follicular phase has shown improvements in muscle
glycogen of 17-31% but no improvement in performance
[92-94]. Carbohydrate loading in the mid-luteal phase, how-
ever, has shown no change [94] or small (13%) increase [95]
in muscle glycogen with a potential for improved perfor-
mance [95]. Oral contraceptive use further muddles the car-
bohydrate loading picture due to non-physiologic hormone
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levels and synthetic hormone use. One study investigated
carbohydrate loading with women using a common ethinyl-
estradiol/levonorgestrel formulation and found that mus-
cle glycogen concentrations were similarly elevated in the
purported mid-follicular and mid-luteal phases [96]; other
formulations have not been investigated [82]. Finally, for a
female athlete consuming a relatively low-calorie diet (e.g.,
2000 kcal day™!), carbohydrate loading can be challenging:
for a 55 kg athlete, consuming 8 g kg~! day™' carbohydrate
would be 88% of her daily caloric intake. In light of these
data, it is likely that the biggest benefit of the one-time pasta
party the night before competition is for team bonding and
relaxation prior to competition.

4.2.3 Fat

The role of fats in the diets of all athletes has long been
debated and the high carbohydrate/low fat vs. low carbo-
hydrate/high fat debate is outside the scope of this paper;
readers are directed to a recent review by Louise Burke
[97]. Athletes are encouraged to consume at least 20% of
their calories in the form of fats [15]; failure to do so can
lead to deficiencies in essential fatty acids and fat soluble
vitamins (vitamins A, D, E, and K) as well as frank caloric
insufficiency [98]. Contrary to popular opinion, increasing
fat intake has not been shown to lead to increased adipos-
ity in athletes [99, 100]. Furthermore, decreased fat intake
has been correlated with higher rates of injury in female
runners [101]. Omega-3 fatty acids are a commonly sup-
plemented fat in the general public and may have a role in
athlete health and performance. Omega-3 fatty acids may
be protective against bone catabolism [102—104]. Currently,
there are no specific recommendations for female athletes
for omega-3 fatty acid intake and the Institute of Medicine
recommends 1.2 g day~! for women [105]. In the absence
of specific recommendations for fat intake and composition,
we recommend that female athletes consume at least 20% of
their calories of fats from diverse sources to ensure repletion
from a variety of fatty acids.

4.2.4 Micronutrients

Once primary macronutrient needs have been addressed,
optimizing micronutrients can occur. In the setting of low
EA, micronutrient deficiencies can occur due to overall
inadequate nutritional intake. Deficiencies in iron, vitamin
D, and calcium are common in female athletes; nutritional
strategies should be adapted to prevent these deficiencies.

4.2.5 Iron

Estimates of iron deficiency prevalence vary from 15 to 35%
[106-108] of female athletes to some studies suggesting

rates > 50% [36, 109, 110]. Non-medical stakeholders,
including the athlete herself, coaches, and parents, often
misunderstand the interpretation of iron studies or want a
single laboratory marker of iron deficiency. Often, ferritin
is the first test in evaluation of iron deficiency. Ferritin is
an iron-storing protein; however, it is also an acute-phase
reactant, and values can be falsely elevated in the setting of
illness or stress, masking a diagnosis of iron deficiency. A
full iron panel includes a complete blood count with retic-
ulocyte count (of interest: hemoglobin, hematocrit, mean
corpuscular volume, mean corpuscular hemoglobin, mean
corpuscular hemoglobin concentration, red blood cell dis-
tribution width), ferritin, serum iron, transferrin, transferrin
saturation, and total iron binding capacity. “Iron deficiency”
and “anemia” are often used interchangeably; however, they
are not synonymous. Anemia is defined as a decreased red
blood cell mass or hemoglobin concentration. The World
Health Organization defines anemia based on hemoglobin
concentrations: for women > 15 years old, mild anemia is
a hemoglobin 11.0-11.9 ng dL~!, moderate anemia is a
hemoglobin 8.0-10.9 ng dL™, and severe anemia is a hemo-
globin <8.0 ng dL™! [111]. Proposed guidelines for defini-
tions of iron deficiency severity for athletes are shown in
Table 2 [112]. Thus, it is possible for an athlete to be iron
deficient but not anemic; this syndrome is known as “iron
deficiency” or “iron deficiency without anemia”. Athletes
who are both iron deficient and anemic have the syndrome
of “iron deficiency anemia”.

Some female athletes are at inherently higher risk than
others for iron deficiency. These athletes include those
with restrictive diets (e.g., in order of increasing risk: no
red meat, vegetarian, vegan), those with high amounts
of repetitive ground strikes (e.g., sports involving high
amounts of running) [113], endurance training causing
antioxidant depletion and erythrocyte damage [114], and
those with heavy menstrual bleeding [115]. Athletes can
also have “pseudoanemia” where iron studies indicate
anemia but the laboratory values are a result of expanded
plasma volume [116]. The most common presenting symp-
tom of iron deficiency in female athletes is poor athletic
performance [117]. Iron from meat (heme iron) is bet-
ter absorbed than plant-based iron (non-heme) [118], and
meat iron sources have other nutrients that enhance heme
iron absorption while plant iron sources have other nutri-
ents that reduce non-heme iron absorption [119]. Athletes
with restrictive diets that make adequate consumption of
iron difficult should consult a sports dietitian to optimize
their daily nutrition plans for iron intake. The current
USDA recommended daily allowance for girls 14-18 years
old is 15 mg day™' and for women 19-50 years old is
18 mg day~! [120]; however, athletes with the aforemen-
tioned risk factors should consumer higher levels of iron
on a daily basis [15]. The US Armed Forces recommends
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Table 2 Proposed guidelines by
Peeling and colleagues for iron
deficiency severity in athletes
[112]

Stage 1: Iron deficiency

Stage 2: Iron-deficient non-anemia

Stage 3: Iron-deficient anemia

Iron stores in bone marrow, liver, spleen depleted

Ferritin < 35 ng mL™!

Hemoglobin> 11.5 ng dL™!

Transferrin saturation > 16%

Erythropoiesis diminishes as the iron supply to
the erythroid marrow is reduced

Ferritin <20 ng mL ™!

Hemoglobin> 11.5 ng dL.™!

Transferrin saturation < 16%

Hemoglobin production falls, resulting in anemia

Ferritin < 12 ng mL ™!

Hemoglobin< 11.5 ng dL™!

Transferrin saturation < 16%

that female soldiers—a highly active group of women—
consume at least 22 mg day~! iron [121].

Treatment of iron deficiency requires evaluation by a phy-
sician and sports dietitian to elucidate the cause of the defi-
ciency and rule out any underlying pathophysiology. Empiric
iron supplementation initiated by a non-medical professional
could lead to continued ignorance of severe disease. Treat-
ment strategies of iron deficiency depend on the severity
of disease. As is the case with most diseases, conservative
therapy is the first step; in the case of iron deficiency, this
step is to increase dietary intake. Should increased dietary
intake fail, oral supplementation of iron can be initiated,
either in the form of liquid iron or iron tablets. A typical oral
supplementation regimen is approximately 100 mg day ™
iron in divided doses for 8—12 weeks with supplementa-
tion with iron pro-absorptives, such as vitamin C [36, 122].
Slow-release ferrous sulfate formulations are recommended
as the most effective and tolerable supplement [123]. Finally,
intravenous iron supplementation is preferred to intramus-
cular injection for parenteral replenishment, and is reserved
for special cases (e.g., severe deficiency, enteral absorption
disruption) [36]. Readers are referred to a recent in-depth
review by McCormick and colleagues for more information
on treatment of iron deficiency in athletes [124].

4.2.6 Calcium and Vitamin D

Calcium levels are difficult to measure in a clinically mean-
ingful matter for athletes because of the massive stores of
calcium in bone and high sensitivity of the parathyroid to
perturbations in calcium concentration. The best way to
assess sufficient calcium intake is through retrospective die-
tary recall. Athletes at risk for low calcium should consume
1500 mg day~! to optimize bone health [23]. Failure to do
so can reduce BMD because of continued osteoclast activ-
ity from parathyroid hormone (PTH) stimulation occurring
in response to low serum calcium. Reaching this goal often
requires exogenous supplementation for female athletes,
particularly those with lactose intolerance. The gut cannot

absorb more than 500 mg of calcium at once, so calcium
intake should be spread throughout the day to maximize
absorption [125]. Vitamin D improves intestinal absorption
of calcium (as well as renal reabsorption and bone release),
so adequate vitamin D levels are needed to achieve adequate
calcium. Most calcium supplements contain vitamin D and
many dairy products are fortified with vitamin D.

Vitamin D is another micronutrient important for main-
taining bone health, skeletal muscle health, immunity, and
injury prevention [15]. In the past decade, vitamin D has
been a fertile research topic for exercise physiologists and
consensus on optimal vitamin D levels, supplementation,
and overall function has yet to be reached; a thorough sum-
mary of the various findings is outside the scope of this
review. Vitamin D is a fat-soluble compound primarily
synthesized through exposure to sunlight. Dietary avail-
ability of vitamin D is low [126]. Athletes who are at risk
for low vitamin D include those living at northern/southern
latitudes (> 35th parallel), athletes who train indoors, and
those who aggressively cover their skin with sunscreen or
clothing while outside [15, 127]. A study of 102 National
Collegiate Athletic Association (NCAA) female athletes at
a single institution found 21.5% to have abnormal vitamin D
measures [128]; a separate study found 80% of female ath-
letes and dancers to have abnormal vitamin D values [129].
The Institute of Medicine definition of vitamin D levels is
shown in Table 3 [130]. It is reasonable for female athletes
to aim to have 25-OH-vitamin D levels > 50 nM to protect
their bones. This can be achieved with daily maintenance
supplementation of 1000-2000 IU vitamin D3, depending
on time of year and regular sun exposure.

4.3 Hydration

A complete discussion of the hydration needs of female ath-
letes is beyond the scope of this review. Briefly, female ath-
letes can think of their hydration needs in two buckets: daily
maintenance hydration and pre-, intra-, and post-exercise
hydration. Recommendations specific for female athletes are
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Table 3 Institute of Medicine levels of vitamin D concentrations
[130]

25-OH-vitamin D concentration (nM) Vitamin D status

<125 Very deficient
12.5-<30 Deficient
30-50 Inadequate
>50 Adequate

> 180 Toxic

lacking; thus, when interpreting data and guidelines from
predominately male studies, female-specific physiology
needs to be considered. Estrogen receptors and progesterone
receptors are found in the hypothalamus, cardiovascular sys-
tem, and kidney—organs all implicated in fluid balance and
necessarily susceptible to cyclic changes in sex hormones
[131]. These hormonal fluctuations, however, seem to have
minimal effects on sodium and fluid handling, suggesting
that the osmostat set point changes with the menstrual cycle
to maintain fluid volume [131, 132].

During the luteal phase, under the influence of high lev-
els of progesterone, basal body temperature can increase
0.5-1.0 °C [133]. Despite the increase in basal body tem-
perature during the luteal phase, current evidence does
not suggest an increased risk for heat illness (often sec-
ondary to dehydration) in women compared to men [134,
135]. Through a series of complex hormonal pathways, the
increased levels of estrogen and progesterone during the
luteal phase lead to increased fluid retention [136]. Perhaps
paradoxically, intravascular volume can be depleted during
the luteal phase due to extravasation [137].

Daily maintenance hydration is typically achieved with-
out directed fluid plans or goals [15, 138]. In the United
States, women are recommended to consume 2.7 L day‘1
water, with 2.2 L consumed as liquids and the remainder
coming from food [139]. This recommendation is likely suf-
ficient for the basal needs of female athletes but may not
meet the requirements for exercising athletes, especially in
extreme environments. Methods for assessing hydration sta-
tus are shown in Table 4 [138]. If an athlete is dehydrated
prior to exercise, a slow rehydration process is preferred to
rapid fluid intake [15]. This can be achieved by consum-
ing 5-10 mL kg~! water 2—4 h prior to exercise [15]. The
proper hydration strategy during exercise has been a hotly
debated topic over the past several decades. For most ath-
letes in most situations, consuming 0.4-0.8 L h~! is suffi-
cient, and this can be achieved with a “drink to thirst” (i.e.,
drinking when thirsty) strategy without loss of performance
[15, 138, 140]. Interindividual variability of sweat composi-
tion makes defining the ideal fluid composition to replenish
lost electrolytes difficult [141]. Practically, athletes should
try to consume 20—30 mmol L~! sodium and 2—-5 mmol L!

potassium; this can be achieved by drinking water and sup-
plementing with snacks or by drinking a sports beverage
[138, 142]. After exercise, women should consume fluids
at a modest rate in conjunction with sodium and potassium
to make up any fluid deficit [143]. Similar to prehydration,
rapid fluid consumption is not a recommended strategy
immediately following exercise.

There are two primary dangers for aberrant hydration
with exercise: heat illness (heat exhaustion, heat stroke,
hyperthermia) and hyponatremia. Women typically have
lower metabolic rates during exercise and less body mass
compared to men, leading to lower sweat rates and less water
loss during exercise [138]. Dehydration is a significant risk
factor for developing heat illnesses [138]. This risk is com-
pounded by hot environments and lack of acclimatization.
Readers are directed to the consensus statement for training
and competing in the heat for specific recommendations on
preventing and treating heat illness [144]. Exercise-associ-
ated hyponatremia (EAH) typically occurs when athletes
consume free water far in excess of their losses or with-
out concomitant electrolyte replenishment [145]. Risk fac-
tors for EAH include overdrinking during exercise, weight
gain during exercise, exercise duration >4 h, inexperience,
inadequate training, slow pace, high or low BMI, and read-
ily available fluids [145]. EAH is more common in women
because they possess more of these listed risk factors; after
accounting for BMI and exercise time, the sex difference is
no longer observable [145]. When partaking in events lasting
several hours, specific hydration plans may be beneficial for
preventing EAH and maintaining performance [144]. Drink-
ing to thirst is perhaps the safest strategy [145], but athletes
may prefer specific plans if they feel they are at risk for over-
or underhydration or for ease-of-mind, and they should work
with a sports dietitian to develop these plans. Readers are
further directed to the most recent EAH consensus statement
[145] for more information.

Table 4 Biomarkers of hydration status. Adapted from ACSM guide-
lines with permission [138]

Measure Practicality Validity (acute vs. EUH cut-off
chronic changes)
TBW Low Acute and chronic <2%
Plasma osmolality Medium Acute and chronic <290 mOsm
Urine specific High Chronic <1.020 g mL™!
gravity
Urine osmolality ~ High Chronic <700 mOsm
Body weight High Acute and <1%
chronic*

EUH euhydration, TBW total body water

“Potentially confounded by changes in body composition during very
prolonged assessment periods
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5 Conclusions

In this review, we have outlined the paucity of research spe-
cific to female athletes, described the medical sequelae of
inadequate nutritional intake, provided a model to satisfy
the nutritional needs of female athletes, and synthesized
many recommendations about nutrition and hydration tai-
lored to the female athlete. In brief, female athletes should
aim for EA of approximately 45 kcal kg~! FFM day~! for
optimal health and performance and maintenance of phy-
sique. Low EA can manifest as RED-S, a constellation of
many symptoms of various physiologic systems that can
be negatively affected by inadequate nutrition. Female ath-
letes should pay close attention to their menstrual cycles to
monitor for changes or irregularity that may signify nutri-
tional deficiency and are reminded that missing cycles is
not “normal for an athlete”. Female athletes are encouraged
to eat a diverse range of foods to ensure adequate micronu-
trient intake. Micronutrients that are particularly important
for female athletes include iron, calcium, and vitamin D. It
is not unreasonable for female athletes to supplement their
diets with 1000-2000 IU vitamin D pills daily. For most
athletes, drinking when thirsty will provide adequate water
intake and fluid balance. Female athletes are encouraged
to consult sports dietitians to develop individualized nutri-
tion plans and to be wary of advice pedaled by so-called
“experts” on social media.

The banality of “more research is needed”—touted at the
end of many original research articles and reviews—is no
banality when it comes to women’s sport research. The many
complexities of female physiology, including the menstrual
cycle and body composition, have yet to be fully investigated
for roles in health and performance. Well-controlled, care-
fully planned studies are needed to tease apart these com-
plexities—this comes at great financial cost.

Since the passage of Title IX in the United States in 1972
(federal legislature preventing sex-based discrimination of
funding in education programs), American women’s sports
have seen marked growth in participation levels consisting
of about 1000% increase in high school athletics and 600%
increase in collegiate athletics [146]. Exercise physiology,
performance, and nutrition research specific for women
has lagged behind this explosion of participation. As such,
women are subjected to potentially suboptimal recommen-
dations from coaches, trainers, physicians, and others due
to erroneous application of the results of studies of men.
Few female professional sports associations have the power,
money, or public reach that male sports associations have;
consequently, there are few financial stakeholders in the suc-
cess of female athletes to drive investment into research.
The number of athletes who achieve professional success,
however, is vanishingly low: investment should occur at all

levels of age and ability equally across sexes to keep athletes
on the field, having fun, performing at their peaks, and fos-
tering a lifelong love of sport.
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