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Preface 

In the late 1970s, medical science was beginning to understand that exercise training, 
while normally an extremely positive physiological stimulus, could also have some 
drawbacks. Landmark research studies by scientists such as Dr. Barbara Drinkwater, 
Dr. Anne Loucks, and Dr. Michelle Warren, as well as others, demonstrated that 
exercise training could be a causative factor in disrupting the endocrine control of a 
woman’s reproductive system leading to the development of “athletic amenorrhea” 
(secondary amenorrhea). This medical condition is now recognized as part of the 
conditions associated with the Female Athlete Triad. 

The basic premise of the research work on the development of athletic amenorrhea 
in women can be conceptualized as follows: 

Exercise → Female Reproductive Hormones → Physiologic Consequences 
(negative) 

That is, aspects of exercise and exercise training modulate the functioning of the 
female reproductive hormones. This modulating influence can be highly negative, 
leading to low estrogen and progesterone states and disruption of normal ovary func-
tion and menstruation. Contemporary research has demonstrated that the critical 
aspects initiating the sequence of such events are energy availability (i.e., devel-
opment of a low energy availability state; recently designated as part of the Rela-
tive Energy Deficiency in Sports condition [RED-S] by an International Olympic 
Committee Medical Commission). 

As a young professional, I found the research on athletic amenorrhea an exciting 
and fascinating aspect of exercise endocrinology. But my curiosity also caused me 
to think about the relationship in a different fashion and ask the question—if exer-
cise affects reproductive hormones, could the reproductive hormones have physio-
logical effects unrelated to reproduction that influences the capacity of women to 
exercise? This seemed a logical question to me as many hormones have more than 
one physiological effect/impact, and structurally many reproductive hormones have
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viii Preface

chemical structures similar to many metabolic and water balance hormones. In other 
words, I wondered: 

Female Reproductive Hormones → Exercise → Physiologic Consequences 
(negative/positive?) 

After studying the research literature, it was apparent that animal researchers 
had been asking this question and seeing that the female reproductive hormones did 
affect physiological systems and processes that affected exercise capacity. At that 
time, nearly 40 years ago, the human-based literature was extremely sparse. With 
that, I and a number of other researchers began to pursue the question of whether 
the female reproductive hormones have physiological impacts on the bodily systems 
that are essential to the exercise capacity of women exercisers. 

In asking this question, to myself, the underlying premise was not to examine 
women in order to see why in some activities men are better. But, more to under-
standing the unique physiology of women and whether female sex hormones might 
account for some of the variance in physiological performance between amenorrheic 
and eumenorrheic women, and within women across the life span as they experience 
menarche to menopause. That has been my interest in pursuing this absorbing topic 
and why I wanted to develop this book. 

This book was developed with the hope that the select group of professionals 
writing the various chapters could address this last question. Like nearly all written 
works, this one could be improved and be made better, but I am extremely proud and 
thankful to the international collection of authors who contributed and put forth so 
much hard work. Each discussed topic provides current insight into the state-of-the-
art research in the respective topic area. It is hoped the reader will be as excited and 
fascinated after reading the individual topics as the authors were in writing them. I 
also hope the insights provided herein will inspire new researchers to ask questions 
about the roles of female sex hormones in exercise and pursue investigations to seek 
answers to those questions. 

Chapel Hill, NC, USA Anthony C. Hackney, Ph.D., D.Sc. 
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Prologue 

The unique beauty of sports lies in the exceptional performances which result from 
physical, psychological, and technical excellence. We cheer on our favorites, tagging 
along with the huge excitement leading up to the big events. What limits and records 
will be broken? What will we see that has never been done before? For so many, it 
is hard to picture what it is like being a top athlete, but it is almost like an obsession 
aiming for the margins that can take you further, higher, or be smarter. Often this 
leads to a game in which one pushes themselves closer and closer to the limit. The 
golden limit where you must get comfortable as an athlete in order to be competitive, 
but where it is also so very close to the small steps that can set you back. Bigtime! 

As a female elite athlete for one and a half decades, I worshiped this state of mind. 
This life surrounded by my fellow athletes, teammates, and competitors pursuing the 
same dream. This might seem like the perfect setup, living the dream with people 
fully motivated for exceeding their former limits. So, is there a problem? 

We know that intense training at this level, leading to high performances at 
elite competitions, leads to unique strength, stamina, and technical execution. Yet 
it is a paradox that the same training in some cases leads to negative hormonal 
changes, energy deficiency, injuries, or physiological drawbacks. The debate on how 
to encourage and facilitate development toward this excellency while balancing it in 
such a way that is not unhealthy both in a short- and longtime perspective is still not 
resolved and as a topic is hotter than ever before in the research community. 

While training as a top athlete, I was lucky to be able to pursue a dream of 
becoming a scientist/medical doctor. This gave me the unique chance to experience 
and reflect on the load me and my fellow athletes put on ourselves while reaching for 
the goal of performing at our best. Surprisingly, the knowledge of female physiology, 
excessive training, and both short- and long-term effects is extremely limited, which 
unfortunately has led to the loss of talent, health, and unredeemed potential. Looking 
ahead, we need more knowledge, understanding, awareness, and increased research 
about female athletes and their physiology to both increase their performance and 
support them in a long-term perspective. This way we might facilitate both winners 
in sports and winners in life.
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x Prologue

With this book, world leading scientists provide their insights into the unique 
physiology of women and the effect of their reproductive hormones, leading to a better 
understanding of the conditions related to the responses and adaptations of women 
to exercise. For everyone working with and around female athletes and women who 
exercise, in my opinion, this should be mandatory reading. Congratulations to the 
authors and the editor for their excellent efforts. 

Astrid Uhrenholdt Jakobsen 
Olympic Champion Cross-Country 

Skiing 
Medical Doctor, University of Oslo 

Oslo, Norway
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Chapter 1 
The Hypothalamic–Pituitary–Ovarian 
Axis, Menstrual and Oral Contraceptive 
Cycles: Regulation and Function 
in the Context of Exercise and Sport 

Ritva S. Mikkonen, Johanna K. Ihalainen, Hope C. Davis-Wilson, 
and Anthony C. Hackney 

Introduction 

Over the past few generations, female* participation in sports and exercise has 
continued to increase resulting in a greater need for research in female physiology. 
More specifically, work is still needed regarding the benefits and consequences 
of exercise on reproductive endocrinology as well as the effects of reproductive 
hormones on exercise and performance. The female reproductive system is a complex 
physiological system consisting of several hormonal and regulatory components. 
Thus, it is imperative for exercise scientists who wish to study females to have 
a strong knowledge base of the controlling regulatory system, referred to as the 
hypothalamic–pituitary–ovarian (HPO) axis. The intent of this chapter is to provide 
background information about female sex steroids as well as the endocrine basics 
of the female reproductive system. This chapter focuses on providing a brief review
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of the essential endocrinology of the menstrual cycle, menstrual dysfunction, and 
hormonal contraceptive (HC) use as well as brief information regarding the effects 
of the menstrual cycle and HC use on exercise. In addition, a summary of “best prac-
tice” methodology for taking into consideration the menstrual cycle and HC in sport 
and exercise, both research and practice, is included. *Nota Bene: In this chapter, 
we use the terms “women” or “female” as they are used in the studies presented. 
However, we encourage the reader to consider that transgender and gender-diverse 
individuals may also menstruate and/or have unique hormonal profiles. 

Female Sex Steroids 

The female life cycle is associated with several hormonal milestones in which 
estrogen and progesterone play significant roles including menarche, pregnancy, 
perimenopause, and the transition into menopause, as well as the use of exogenous 
sex hormones including hormonal contraceptives and hormonal replacement therapy. 
All these events and interventions alter the levels and fluctuations of sex hormones 
and are discussed in this book. Female sex steroids (hormones), including estrogen 
and progesterone, have typically been defined by their role in reproductive function. 
Previously, it was assumed that the targets for these hormones were limited to the 
reproductive system including the breast, uterus, and ovary in women (Turgeon et al. 
2006). Relatively recently, however, the functions of sex steroid hormones have 
been recognized to target tissues in the vascular system, central nervous system, 
gastrointestinal tract, immune system, skin, kidney, and lung (Wierman 2007). This 
information has changed our understanding of normal physiology and has influenced 
research regarding the potential sex-based differences in responses to exercise. 

Estrogens 

Estrogens are a group of similarly structured steroid hormones that are produced 
primarily in the ovaries of females. Three estrogens are present in significant quanti-
ties in the plasma of the human female: estradiol-β-17, estrone, and estriol. Estradiol-
β-17 is the principal estrogen produced and released due to HPO-axis activity at the 
ovaries and has a higher relative estrogenic potency than other estrogens. Estradiol-
β-17 is the estrogen responsible for primary and secondary female sex characteristics 
and contributes reproductive function (Wierman 2007). As such, estradiol-β-17 is the 
main estrogen discussed in this chapter. Briefly, estrone is the primary estrogen in a 
woman’s body after menopause, while estriol is the primary estrogen during preg-
nancy. Estrone and estriol are produced locally in target tissue (peripheral conversion) 
such as adipose cells. 

Estrogens have physiological roles in both males and females, including soft 
tissue, skeletal muscle, and the epidermis (Wierman 2007). In general, estrogens
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promote proliferation and growth of specific cells. During childhood, only minimal 
quantities of estrogens are secreted. At puberty, a significant increase in pituitary 
gonadotropic hormones is observed (Apter 1980). During this time, the size of 
the ovaries, fallopian tubes, uterus, and vagina increases remarkably. Estrogens 
inhibit osteoclast activity in the bones and stimulate bone growth, thus estradiol-
β-17 also plays an essential role in maximizing and maintaining bone density, 
which is why estradiol-β-17 deficiency can have detrimental consequences for a 
woman’s bone health (Väänänen and Härkönen 1996). Estrogens cause the depo-
sition of increased quantities of fat in the subcutaneous tissue, and as a result, the 
fat percentage of females is considerably higher than in males. Estrogens increase 
whole-body metabolic rate slightly but only about one-third as much as testos-
terone. Research indicates that resting and exercise metabolism (lipolysis, glycogen 
sparing) are affected by estradiol-β-17. For example, physiological estradiol-β-17 
can increase lipolysis and inhibit glycogen utilization during rest and acute exercise 
(Hackney 1999, 2021; Hackney et al. 2022). It is thought that estradiol-β-17 may 
also directly alter enzymatic activity or indirectly affect insulin sensitivity thereby 
affecting glycogen usage (Bunt 1990). 

With aging, estrogen levels begin to decline. During the first year of menopause, an 
average decrease in estrogens of 80% occurs (Viña et al. 2006), which is accompanied 
by a loss of strength and muscle mass (Phillips et al. 1993). Declines in estrogen are 
also associated with decreased cardiovascular health, and estrogen has been studied 
extensively for its potential cardioprotective activity (Iorga et al. 2017). Importantly, 
estrogens regulate several other functions throughout female and male target tissues 
through direct and indirect impacts on other neuroendocrine agents (Bunt 1990). 
Importantly, decreases in basal estradiol-β-17 are associated with several negative 
physiological outcomes in athletes (Pirke et al. 1985), non-athletic women of repro-
ductive age (Golden and Carlson 2008; Klein et al. 2019), and menopausal/post-
menopausal women (Phillips et al. 1993; Sirola and Rikkonen 2005). These observa-
tions emphasize the importance of estrogens for health, performance, and functional 
capacity. 

Progestogen 

Progesterone is the major progestogen (steroid hormone classification) and is 
produced predominantly by the ovaries, but it is also produced locally in some tissues. 
The term “progestin” is often used to denote a synthetic progesterone (Sitruk-Ware 
and El-Etr 2013). As such, to differentiate the synthetic hormones from natural 
progesterone, we will use progestin in the present chapter for all synthetic molecules 
as opposed to the natural hormone progesterone. The name progestin can be used 
interchangeably with progestogen, progestagen, gestogen, and gestagen. 

Progesterone acts through binding to intracellular progesterone receptors (PRs) 
that have been identified in several tissues both in and outside of the female reproduc-
tive tract (Conneely and Lydon 2000). The function of progesterone is primarily to
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prepare the uterus for pregnancy by stabilizing the endometrial lining and preparing 
the breast for lactation (Filicori 1999). In addition, progesterone has important effects 
on the central nervous system, vascular, and other target tissues (Mani et al. 1997) 
(please see other chapters in this book for details). Moreover, progesterone has the 
potential to effect energy metabolism by increasing fat oxidation (Redman et al. 
2005). When progesterone concentrations are high, progesterone can inhibit the 
binding of estrogen to an estrogen receptor (ER) by blocking the binding site. This 
causes the conversion of estradiol-β-17 to estrone, a less active form of estrogen 
(Erickson et al. 1985). 

Hypothalamic–Pituitary–Ovarian Axis 

The hypothalamus is a small region of the brain located near the pituitary gland 
at the base of the brain, while the ovaries are located on either side of the uterus 
against the pelvic wall. Together, the hypothalamus, pituitary, and ovaries make up 
the hypothalamic–pituitary–ovarian (HPO) axis (see Fig. 1.1). Regulation of the 
female reproductive system consists of complex and dynamic interactions between 
neuroendocrine feedback loops of the hypothalamus, pituitary, and ovary. Although 
there is debate about whether the hypothalamus or pituitary is the most important 
regulator of the female reproductive system, there is no denying that all three neuroen-
docrine glands must work together to ensure proper functioning (Sam and Frohman 
2008). 

Fig. 1.1 Female hormonal system known as the hypothalamic–pituitary–ovarian axis
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The HPO-axis feedback loops are dependent on sufficient energy and nutrients 
and are regulated by stress (Veldhuis et al. 1985) (emotional and/or physical) and/or 
the conditions such as low energy availability (an imbalance in energy consumed vs. 
energy expended) (Elliott-Sale et al. 2018; Hakimi and Cameron 2017). Disruptions 
to normal hormone concentrations may be observed even after only a few days of 
decreased energy intake (Loucks and Thuma 2003), acute stress (Chrousos and Gold 
1992), or a combination (Strock et al. 2020). Prolonged exposure to stress and low 
energy intake may ultimately be manifested as menstrual dysfunction (discussed 
later). Briefly, proper functioning of the reproductive system is critical not only to 
reproductive health, but overall health in women as evidenced by the myriad of 
health-related issues that often accompany decreased levels of estrogens that occur 
with amenorrhea and menopause (female reproductive senescence). 

Hypothalamic Hormones 

Current research suggests that a set of brain peptides (i.e., neuropeptides) encoded by 
the Kiss1 gene, known more commonly as kisspeptin, may be an important upstream 
regulator of where gonadotropin-releasing hormone (GnRH) release (Skorupskaite 
et al. 2014). Indeed, the kisspeptin system is reported to serve as a “gatekeeper” for 
the secretion of gonadotropins, ovulation, and the metabolic regulation of fertility 
as well as the onset of puberty (Pinilla et al. 2012; Roa et al. 2008). Kisspeptin 
neurons in the hypothalamus modulate the prepubescent LH surge that occurs in 
females as well as the actions of sex steroids on GnRH neurons (Skorupskaite et al. 
2014). Metabolic disruptions (e.g., inadequate nutrition) can decrease kisspeptin 
expression, which in turn can suppress reproductive functioning (Castellano et al. 
2005; Fernandez-Fernandez et al. 2006). 

The signaling process for the menstrual cycle begins in the hypothalamus, where 
gonadotropin-releasing hormone (GnRH) is released into the bloodstream and travels 
to the pituitary gland. The pituitary responds by releasing gonadotropin hormones, 
specifically luteinizing hormone (LH) and follicle-stimulating hormone (FSH). In 
healthy women, GnRH is released in a pulsatile manner, and consequently, FSH and 
LH are released in a similar pulsatile pattern from the anterior pituitary (Herbison 
2018). 

Pituitary Hormones 

The pituitary release of FSH and LH results in binding to the ovarian receptors for 
these hormones, which stimulates the production and secretion of both estrogen and 
progesterone (Ferin 1996). Specifically, within the ovary, LH binds to LH receptor 
sites on the thecal cells. When stimulated, thecal cells convert available cholesterol 
into androgens (McNatty et al. 1979). These androgens are then transported to the
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granulosa cells where FSH binds to FSH receptors, thus stimulating the conversion of 
androgens into estrogen (specifically estradiol-β-17) via aromatase enzymes (Hillier 
1987). 

Ovarian Hormones 

As noted, the processes described above result in the release of sex steroid hormones 
progesterone and estradiol-β-17 at the ovary as well as the designation of which 
follicle will complete ovulation. Follicular maturation and development occur via 
complex processes involving interconnected intra- and extra-ovarian events. These 
events initiate ovulation of a mature oocyte and transformation of the ruptured 
follicle into a corpus luteum. The changes in progesterone and estradiol-β-17 that 
are typically observed during the menstrual cycle are described later in this chapter. 

Other Key Regulators of the HPO Axis 

The HPO axis is also influenced by the hypothalamic–pituitary–adrenal (HPA) 
axis, which plays a critical role in regulating stress via glucocorticoids, and energy 
balance (Elliott-Sale et al. 2018). Similarly, the activin–follistatin–inhibin axis (AFI) 
influences HPO-axis function. Granulosa cells produce inhibin and activin. Inhibin 
inhibits FSH secretion in remaining non-dominant follicles, while activin stimulates 
FSH and increases the sensitivity of FSH at the ovary (Kitaoka et al. 1988). Follistatin 
inhibits activin and is released by the anterior pituitary (Muttukrishna et al. 2004). 
In addition to pituitary and ovarian regulation, follistatin and inhibin also have roles 
in physiological processes including bone metabolism and hematopoiesis (Makanji 
et al. 2014). 

The Menstrual Cycle 

Cyclic ovarian function spans the time between puberty (and the onset of menarche) 
and menopause. Both puberty and the time spanning perimenopause through 
menopause are transitional periods of increasing or decreasing ovarian activity, 
respectively, that occur over several years. The age of menarche is genetically deter-
mined, controlled by the central nervous system, and may be correlated with attaining 
a critical body weight (Karapanou and Papadimitriou 2010). The fluctuating produc-
tion and release of reproductive hormones over approximately 28 days and ranging 
from 21 to 35 days is known as the menstrual cycle. The menstrual cycle can be 
divided into two basic phases: the low-estrogen (follicular) and high-estrogen (luteal)
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phases, which are divided by ovulation (~mid-cycle). The menstrual cycle can also 
be divided into four more distinct phases, as shown in Fig. 1.2 and defined below: 

Phase 1: The cycle begins with menses (menstrual bleeding or bloody discharge), 
and this phase lasts an average of 5 days (Elliott-Sale et al. 2021). During this phase, 
estrogen and progesterone levels are low, but FSH and LH levels begin to rise slowly, 
causing new follicle growth and estrogen release from the ovaries (Hall and Guyton 
2006). Menses mark the first day of the menstrual cycle and are the start of the 
follicular phase. As the follicular phase progresses, the dominant follicle is selected. 
FSH increases and estrogen remains low due to regression of the corpus luteum from 
the previous cycle. With the increased sensitivity of FSH due to FSH receptors on 
the granulosa cells, a dominant follicle is selected and begins to secrete estrogen. 

Phase 2: Just before ovulation, the highest estrogen levels of the menstrual cycle are 
observed, while a significant increase in LH levels occurs (Elliott-Sale et al. 2021). 
This surge in LH levels is essential for ovulation (Hall and Guyton 2006). 

Phase 3: Ovulation occurs and a mature egg is released from the ovary and travels 
down the fallopian tube, while the formation of the corpus luteum occurs (Hall and 
Guyton 2006). Next, a positive feedback loop emerges as increasing estrogen levels 
from the follicle stimulate the LH surge characteristic of the luteal phase. Following 
ovulation, progesterone is released in a pulsatile manner from the follicle in response 
to LH. The follicle then becomes the corpus luteum within the uterus (Vande Wiele 
et al. 1970). If fertilization occurs, the embryo remains in the endometrium and 
develops into a fetus.

Fig. 1.2 Key regulatory hormone changes associated with the menstrual cycle in a healthy 
eumenorrheic woman, including the identified phases of the menstrual cycle 
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Phase 4: The corpus luteum begins to secrete estrogen and progesterone. Estrogen 
levels are relatively high and accompanied by the highest levels of progesterone 
observed during the cycle (Elliott-Sale et al. 2021). High concentrations of estrogen 
and progesterone inhibit and reduce the secretion of FSH and LH from the pituitary 
gland (Hall and Guyton 2006). Toward the end of the cycle, if fertilization does not 
occur, the corpus luteum begins to atrophy and its hormone secretion decreases. This 
is accompanied by a fall in estrogen and progesterone and the onset of menstruation 
(bleeding/bloody discharge). Simultaneously, this triggers the secretion of hormones 
by the hypothalamus and pituitary gland a few days before the start of a new cycle 
(Hall and Guyton 2006). Figure 1.2 gives an illustrative display of the major circu-
lating hormonal changes over the menstrual cycle and highlights these specific and 
hormonally unique phases. It should be noted that this “textbook” hormonal profile 
can be affected by several factors and that measuring hormonal profiles in a cohort 
of “naturally menstruating women” is likely to reveal individual hormonal profiles 
that may not be identical from cycle to cycle (MacNutt et al. 2012). 

Menstrual cycle, sport and exercise 

Exercise performance (both strength and endurance) may be slightly reduced during 
the early -follicular phase of the menstrual cycle in comparison with the other phases 
(McNulty et al. 2020). This might be explained by premenstrual and menstrual symp-
toms that are linked to the late luteal phase (phase 4) and early-follicular phase (phase 
1). Unfortunately, the existing literature on this topic is relatively limited and lacking 
in quality (McNulty et al. 2020), particularly in elite athletes (Meignié et al. 2021). 
Solli et al. (2020) used questionnaires to investigate how elite Norwegian endurance 
athletes experience their menstrual cycle with regard to athletic performance. Of 140 
athletes, 50–71% reported changes in performance over the menstrual cycle. Most 
of these athletes reported performance decrements 1–4 days prior to menstruation or 
during menstruation. This was accompanied by several symptoms including stomach 
pain, bloating, and mood changes. Although 80% of athletes reported menstrual pain, 
only 20% of athletes indicated that they changed their planned training due to this 
pain, while roughly half of the athletes used pain medications (Solli et al. 2020). 

In addition to the bleeding phase, another “critical” phase associated with nega-
tive experiences on exercise performance is the second half of the menstrual cycle 
also known as the luteal phase. Premenstrual syndrome (PMS), which may begin 
7–10 days before menstrual bleeding, is characterized by several possible symptoms 
including mood disturbances, difficulty sleeping, muscle, and joint pain, bloating, 
constipation, diarrhea, headache, etc. Some 85–90% of women are affected by at least 
one symptom (Halbreich et al. 2003), while the daily activities of some 15–20% of 
women are affected by PMS symptoms (Yonkers et al. 2008). For some women, PMS 
symptoms are more severe and/or debilitating in nature. Premenstrual dysphoric 
disorder (PMDD) affects between 2 and 8% of the population (Matsumoto et al. 
2013). Symptoms associated with PMS may be present during menstrual bleeding
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including stomach pain, cramps, headache, and back pain that can negatively influ-
ence or impede training (Martin et al. 2018), whereas subjective experiences of these 
symptoms are variable. Menstrual cramps/pain and heavy menstrual bleeding may 
be present during a “regular” or “normal” cycle; however, if these symptoms affect 
daily life, they should be discussed with a healthcare professional. It is important 
to note that not all women experience negative symptoms related to their menstrual 
cycle. 

Menstrual Dysfunction 

The menstrual cycle is a sign of health and homeostasis in women of reproductive 
age that are not using hormonal contraceptives and are not pregnant or nursing. As 
discussed in more detail in later chapters, physical and psychological stress as well 
as other conditions including poor nutritional status can affect the menstrual cycle. 
Maintenance of a regular menstrual cycle requires a healthy and normally func-
tioning hypothalamic–pituitary–ovarian axis and uterus. A healthcare professional 
can/should be consulted with questions about the menstrual cycle, irregularities, and 
related symptoms. Table 1.1 summarizes the most common menstrual cycle-related 
terminology.

The lack of a menstrual cycle, a long cycle, or an irregular cycle may indicate 
energy imbalance (low energy availability or obesity), lack of recovery, or other 
gynecological illness. Low energy availability and lack of recovery in sports are often 
associated with impaired HPO-axis function and low estrogen (Allaway et al. 2016). 
Over time low-estrogen (and other hormonal changes associated with menstrual 
dysfunction) affects bone and muscle health as well as endothelial function ulti-
mately affecting performance and functional capacity. It is important that coaches 
and practitioners working with female athletes recognize that the negative symptoms 
of low energy availability may not be present immediately. As such, it is important to 
discuss the characteristics of a normal menstrual cycle as well as signs of menstrual 
dysfunction and to encourage athletes to seek help if signs of menstrual dysfunction 
arise. Ultimately, the underlying cause or causes of menstrual dysfunction should 
always be investigated by a healthcare professional. 

Elite athletes as well as recreational athletes who are training with high training 
volume quantities are at risk for menstrual disturbance due to their high training 
volume and associated high level of energy expenditure, which may be accompanied 
by low energy intake (Mountjoy et al. 2014). Although the absence of menstruation 
(amenorrhea) is usually correctable by factors such as increasing energy availability, 
amenorrhea can have long-term health effects on, for example, bone health (Mountjoy 
et al. 2014). Because amenorrhea is one of the most easily identifiable signs of relative 
energy deficiency in sport (RED-S) in women (Mountjoy et al. 2014), it is important 
that the atmosphere in each coaching relationship and team allows for discussion on 
the topic. A Swedish study found that coaches still communicate to young endurance 
athletes that missing a period is a sign of a lean elite athlete or a sufficiently strenuous
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Table 1.1 Menstrual cycle-related terms and their recommended definitions in research (modified 
from (Elliott-Sale et al. 2021)) 

Term Definition 

Eumenorrhea Menstrual cycle length is 21–35 days resulting in ≥ 9 consecutive 
periods per year. There is evidence of LH surge and correct 
hormonal profile and no HC use 3 months prior 

Primary amenorrhea Failure to reach menarche by age 15 years when the development of 
secondary sexual characteristics is evident or failure to reach 
menarche by age 14 years when no secondary sexual characteristics 
are present 

Secondary amenorrhea Absence of more than three consecutive periods in non-pregnant 
women with past menses that may be caused by gynecological 
illness or low energy availability 

Oligomenorrhea Menstrual cycle length is > 35 days 

Polymenorrhea Menstrual cycle length is < 21 days 

Anovulation Menstrual bleeding without ovulation 

Luteal phase deficiency Menstrual cycles with < 16 nmol·L−1 of progesterone based on a 
single luteal phase progesterone measurement 

Primary dysmenorrhea Menstrual bleeding is accompanied by significant pain from the first 
menstrual period (concomitantly other symptoms may be present 
such as nausea, vomiting, diarrhea, fatigue, fever, irritability, muscle 
pain, dizziness, and/or headache) 

Secondary dysmenorrhea Previously unpainful menstrual bleeding that typically is secondary 
to gynecological illness (concomitantly other symptoms may be 
present such as nausea, vomiting, diarrhea, fatigue, fever, irritability, 
muscle pain, dizziness, and/or headache) 

Menorrhagia Menstrual bleeding that is abnormally heavy (>80 ml) or prolonged 
(> 7 days) and negatively affects daily function

workout(s) (Höök et al. 2021). On the contrary, a regular menstrual cycle is a sign of a 
woman’s homeostasis (if the woman is not pregnant/breastfeeding or using hormonal 
contraception) and amenorrhea should always be taken seriously. 

Hormonal Contraceptives 

Two kinds of hormonal contraception exist: One prevents fertilization and the other 
prevents implantation and pregnancy. Importantly, several other reasons exist for 
hormonal contraceptive use, both gynecological and otherwise. From a pharmaco-
logical point of view, hormonal contraceptive methods utilize either a combination 
of estrogen (typically ethinyl estradiol, natural estradiol, or one of its derivatives) 
and progestin or progestin only. The route of administration for hormonal contra-
ceptives can be oral, intramuscular, subcutaneous, transdermal, intravaginal, and
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intrauterine. The most commonly used reversible methods of HC are oral contracep-
tives (OCs, pills); however, the most effective reversible methods of contraceptives 
are intrauterine devices (IUDs) and capsules, as they do not involve user errors, i.e., 
forgetting a pill or insertion/removal of a hormonal ring. In addition to the effective-
ness of hormonal contraception methods (Lopez et al. 2013), contraceptive users are 
generally interested in information regarding safety, side effects, and cost. Impor-
tantly, users are often interested in ease of use and effectiveness for the treatment of 
menstrual disorders rather than preventing pregnancy alone (Westhoff et al. 2007). 

The choice of contraceptive method (hormonal or otherwise) should be based 
on a realistic evaluation of an individual’s health, needs, and wishes. This deci-
sion should be made in consultation with a healthcare professional with whom the 
individual feels safe sharing personal information. Understanding the reasons why 
women use contraceptives is important to accurately inform an individual’s deci-
sion to start, stop, or switch between different contraceptive options. The suitability 
of a contraceptive method, including subjective experience of possible side effects, 
improves the continuity of use and effectiveness. 

It is important to note that the bleeding that occurs during inactive, pill, or ring-
free days in individuals using HCs is not actually considered “menstrual bleeding” 
or a “period”. This bleeding is referred to as withdrawal bleeding and is caused by a 
drop in exogenous hormone levels that causes the endometrium to shed. As such, the 
bleeding that occurs in individuals using hormonal contraceptives is not an indicator 
of health and homeostasis in the same way as menstrual bleeding (Menses Requires 
Energy: A Review of How Disordered Eating, Excessive Exercise, and High Stress 
Lead to Menstrual Irregularities 2020). Notably, HCs may be used to help “recover” 
a cycle in cases of menstrual dysfunction, but HC use does nothing to treat or address 
low energy availability or associated comorbidities such as decreased bone health 
(Cobb et al. 2007). When addressing menstrual dysfunction, low energy availability 
and management of both physical and psychological stress are essential; however, 
it is also important to exclude other gynecological or endocrinological illnesses 
(Southmayd et al. 2017). 

Oral Contraceptives 

Most oral contraceptives (OCs) are composed of at least one estrogen and one 
progestin (synthetic progestogens), although the types and concentrations vary from 
pill to pill. These combined OCs can be monophasic or multiphasic. In combined 
OCs, progestin causes a decrease in pituitary gonadotropin secretion, which is 
enhanced by estrogen. Progestins prevent pregnancy by preventing ovulation, while 
estrogens control menstrual bleeding (Baird and Glasier 2010; Cooper et al. 2022). 

Monophasic OCs deliver a constant amount of estrogen and progestin each day for 
21–24 days. This is followed by 4–7 days with no pill or a placebo, to promote compli-
ance. Alternatively, monophasic OCs can be used without breaks for a prolonged 
duration, if so indicated or desired. There are no known disadvantages to prolonged
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use of monophasic OCs in terms of effectiveness in preventing pregnancy or side 
effects (Kroll et al. 2010; Machado et al. 2010). In fact, the US Food and Drug Admin-
istration (FDA) approved the 24/4, 84/7, and 365-day regimens in 2003 (Sitruk-Ware 
and El-Etr 2013). In addition to monophasic OCs, intramuscular, subcutaneous, 
transdermal, intravaginal, and intrauterine HCs are classified as monophasic. 

Multiphasic oral contraceptives alter the ratio of progestin to estrogen in pills 
during the 21-day cycle, which reduces the total monthly dose of progestin in each 
cycle, but may require a higher dose of estrogen (Baird and Glasier 2010). Multiphasic 
pills are either biphasic or triphasic. Biphasic OCs deliver a different amount of 
estrogen and progestin over two phases; e.g., for days 7–10 and days 11–14. The final 
seven days of the cycle included no pill or a placebo to improve efficacy. Triphasic 
OCs deliver a different amount of estrogen and progestin for each week of your cycle 
thus “mimicking” a natural cycle. Different formulations dictate the length of each 
phase. Like monophasic and biphasic OCs, the final week (seven days) includes no 
pill or a placebo to improve efficacy. 

Depending on the specific HC and individual situation, there may be slight varia-
tions in instructions for use. As such, it is best to consult your healthcare professional 
for instructions and advice regarding specific HC formulations. 

Estrogens 

Most combined HCs contain ethinyl estradiol (EE), which has a stronger effect 
than natural estrogen (estradiol). Compounds such as estradiol valerate and estradiol 
hemihydrate are metabolized into natural estrogen. The estrogens in HCs inhibit 
follicular development through negative feedback on the anterior pituitary, which 
results in blunted FSH secretion although the effects of progesterone on this nega-
tive feedback are stronger (Cooper et al. 2022). Thus far, no differences have been 
observed between the efficacy or contraindications of different estrogens used in 
HCs. 

Progestins 

There are four generations of progestins that are classified based on when they first 
became available and as well as their different estrogenic, pregestational, and andro-
genic characteristics, i.e., their affinity for estrogen, androgen, and progesterone 
receptors. For example, hormonal contraceptives containing anti-androgenic prop-
erties reduce the effect of the endogenous androgen that are effective in treating 
polycystic ovary syndrome, hirsutism, and acne (Powell 2017). Progestin from HCs 
induces a negative feedback loop at the hypothalamus by decreasing the pulse 
frequency of gonadotropin-releasing hormone, which decreases the secretion of FSH
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and LH. A lack of developing follicles results in no increase in estradiol levels (typi-
cally produced by the follicle). This negative feedback is accompanied by a lack 
of positive feedback by estrogen to stimulate LH secretion and effectively prevents 
ovulation (release of the follicle) (Cooper et al. 2022). The types of progestin used in 
HCs are more variable than that of estrogens, and the side effects associated with HCs 
are often attributed to the progestin they contain. As such, switching to a different 
progestin may be indicated in the case of undesired HC-induced side effects. It is 
important to note that newer progestins are not necessarily better than older progestins 
(Cooper et al. 2022) although third- and fourth-generation progestins are associated 
with fewer side effects than earlier generation progestins. 

Progestogen-Only Hormonal Contraceptives 

As the name would suggest, progestogen only hormonal contraceptives, colloquially 
known as “mini pills”, contain only progestin (e.g., norethindrone or levonorgestrel) 
and do not contain estrogen (Baird and Glasier 2010). The primary mechanism for 
progestin only HC in preventing pregnancy is its ability to change cervical mucus 
and make it hostile to the transport of sperm (Baird and Glasier 2010; Grimes et al.  
2013). It is important that progestogen only hormonal contraceptives are taken at 
the same time of day and without any breaks (or forgotten pills) to maintain efficacy 
(Grimes et al. 2013). Progestin only pills may be less effective than combination 
OCs as ovulation is not consistently inhibited (Grimes et al. 2013; Spencer et al. 
2009). Nevertheless, when used according to instructions, progestogen only OCs are 
equally as effective as combined OCs (Trussell 2011). 

Intrauterine Devices (IUDs) 

Intrauterine devices (IUDs) are effective in preventing pregnancy, and their use does 
not require remembering to take a daily pill. The hormonal IUD contains progestin 
only. An IUD can be inserted at any time during the menstrual cycle, although 
checking for pregnancy prior to insertion may be indicated (Bergin et al. 2012). 
The hormonal IUD contains progestin only and it makes the cervical mucus thicker 
rendering it difficult for sperm to pass through the uterine organs. Changes in the 
lining of the uterus prevent implantation, while ovulation itself may be inhibited 
to varying degrees (Apter et al. 2014; Lewis et al. 2010; Overview | Long-Acting 
Reversible Contraception | Guidance | NICE 2019). A non-hormonal copper IUD is 
also available and discussed briefly later in this chapter.
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Possible Side Effects and Adverse Effects of Hormonal 
Contraceptives 

As with all medications, HC use may be accompanied by adverse side effects. These 
adverse side effects typically diminish with continued use of the same method within 
three to five months (Barr 2010). Most women (76%) report side effects including 
breast tenderness, decreased sexual desire, depressive symptoms, and mood swings 
while using hormonal contraceptives (Tiihonen 2012). The most common side effects 
include irregular bleeding or spotting, especially during the first months of HC use 
(Gallo et al. 2013). 

Combined HC use may affect mood. For example, sexual desire may be impacted, 
although research indicates that changes in sexual desire due to combined HC use 
are individual and may be related to desire before the commencement of combined 
HC use (Burrows et al. 2012). A causal link between combined HCs and depression 
has not been established, although patients should be evaluated individually for risk. 
Migraine with aura is an absolute contraindication for combined HC use. If the 
incidence of migraine without aura increases or becomes worse with combined HC 
use, discontinuation is recommended (Champaloux et al. 2017). 

There are some potentially more severe adverse side effects associated with HC 
use. An increased risk for venous thrombosis, for example, is associated with the use 
of combined OCs; however, this risk is lower than the risk of pregnancy-related 
venous thrombosis. For women using combined HCs containing levonorgestrel, 
norethisterone acetate, or norgestimate, venous thromboembolism (deep vein throm-
bosis) risk is relatively small, although previous deep vein thrombosis or a first-degree 
relative who has had deep vein thrombosis is considered an absolute contraindica-
tion to combined HC use. Likewise, previous myocardial or cerebral infarction is 
an absolute contraindication for combined HC use. Combined HCs do not increase 
the risk of ischemic stroke and myocardial infarction in non-smokers under 35 years 
of age although combined HC use may increase the metabolic risk factors for these 
diseases (Piltonen et al. 2012; Sitruk-Ware and Nath 2011). Indeed, being over-
weight, obesity, and smoking increase the risk for deep vein thrombosis and stroke 
as well as metabolic risk. As such, IUDs or condoms may be recommended for these 
populations. 

Combined HCs are associated with a slight increase in risk for breast cancer. This 
risk decreases to baseline within 5 years of combined HC cessation (Gierisch et al. 
2013). A meta-analysis revealed that cervical cancer risk is increased after 5 years 
of combined HC use (Moreno et al. 2002); however, these results did not take into 
account other contributing factors such as smoking and should be interpreted with 
caution. 

Progestin-only oral HCs are associated with slightly different adverse side 
effects in comparison with combined HCs. For example, breakthrough bleeding 
and prolonged withdrawal bleeding is more common with progestin-only oral HCs 
compared to combined HCs (Grimes et al. 2013; Spencer et al. 2009). Changes in 
mood may be associated with progestin-only oral HCs. Like combined HCs, sexual
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desire may be affected by progestin-only HCs, whereas the effect appears to be indi-
vidual and research on this topic is limited (Burrows et al. 2012; Ford et al.  2012). 
A causal link between progestin-only oral HCs and depression has not been estab-
lished, although it is recommended that patients be evaluated individually for risk. 
Additional side effects reported with progestin-only HCs include skin oiliness and 
acne (Spencer et al. 2009), breast tenderness, and headache (Chi 1993). Research 
regarding progestin-only HCs and cancer risk does not, to our knowledge, exist. 

In terms of hormonal IUDs, the first 6 months of hormonal IUD use may be accom-
panied by breakthrough bleeding, bloating, breast tenderness, mild acne, and oily 
hair (Overview | Long-Acting Reversible Contraception | Guidance | NICE 2019). In 
addition, functional (spontaneous) ovarian cysts may occur although these typically 
resolve on their own (Inki et al. 2002; Nahum et al. 2015). Copper IUDs may increase 
bleeding volume and duration in addition to pain associated with menstrual bleeding 
(Overview | Long-Acting Reversible Contraception | Guidance | NICE 2019). 

Most of the adverse side effects associated with HC use are minor, and HCs remain 
an easy, noninvasive, reversible, and relatively low-risk way to prevent unwanted 
pregnancy and treat several gynecological issues. Some medications may interfere 
with or interact with HCs, and several contraindications to HC use exist that should 
be taken into consideration in cooperation with a qualified healthcare professional. 
Indeed, a thorough evaluation of each individual situation is necessary when selecting 
and prescribing hormonal contraceptive doses and delivery methods. 

Non-contraceptive Benefits of HCs 

Most women use HCs to prevent pregnancy, but approximately 14% use HCs 
for non-contraceptive reasons only (Jones 2011). Indeed, HCs have considerable 
non-contraceptive benefits including reduction in heavy menstrual bleeding and 
fibroids; reduced dysmenorrhea and pelvic pain from endometriosis; decreased risk 
of endometrial, ovarian, and colorectal cancer; reduced risk of pelvic inflammatory 
disease and ectopic pregnancy; and reduced physical and emotional symptoms asso-
ciated with premenstrual dysphoric disorder (PMDD). Additional benefits include 
improvement in suffering from menstrual migraines; treatment of hyperandrogenism 
that may be related to polycystic ovarian syndrome (PCOS); treatment of endome-
trial hyperplasia and carcinoma; endometrial protection during estrogen replacement; 
and promotion of healthy vaginal flora (Bahamondes et al. 2015; Brant et al. 2017; 
Cooper et al. 2022; Maguire and Westhoff 2011; Schindler 2013). Furthermore, iron 
deficiency anemia is less common since HC users tend to bleed less (Milman et al. 
1992). The non-contraceptive benefits associated with HCs can improve the health 
and well-being of users. Furthermore, after cessation of combined HC use, a natural 
cycle of normal duration typically returns (Duijkers et al. 2005).
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Non-hormonal Contraceptive Methods 

Hormonal contraceptives may not be indicated or desired by all women. Fortunately, 
non-hormonal options for contraception are available including male and female 
condoms, the diaphragm, spermicides, and vaginal gels. These methods do not influ-
ence HPO-axis function. A long-term hormone-free option for contraception is the 
copper IUD. A copper IUD is a small piece of flexible plastic in the shape of the 
letter “T” that has copper wrapped around it. Copper IUDs locally release copper 
ions, which change the lining of the uterus and cervical mucus to prevent sperm from 
reaching the egg, prevent sperm from fertilizing the egg, or alternatively may prevent 
implantation (Overview | Long-Acting Reversible Contraception | Guidance | NICE 
2019). Copper IUDs do not, however, affect ovulation. Typically, copper IUDs (with 
varying amounts of copper) work effectively for 5 years after insertion; however, the 
FDA (U.S. Food and Drug Administration has approved a copper IUD with 380 mm2 
copper that can be used for 10 years and up to 12 years in women of all ages (Espey 
and Ogburn 2011; Practice Bulletin No. 121: Long-Acting Reversible Contraception: 
Implants and Intrauterine Devices 2011). Copper IUDs do not influence HPO-axis 
function. 

Hormonal Contraceptives and Exercise—Sport 

The prevalence of HC use is 35–45% in the general population (Lindh et al. 2017) 
and 40–70% in elite athletes (Brynhildsen et al. 1997; Martin et al. 2018; Torstveit 
and Sundgot-Borgen 2005; Lindh et al. 2017). As implied earlier, the reasons for 
HC use extend beyond preventing pregnancy and may include a desire to decrease 
symptoms related to the menstrual cycle, decrease menstrual bleeding, or a need to 
modify the timing of withdrawal bleeding. Regardless of the reason for using or not 
using HCs, the choice to use should be up to the individual and should be made with 
a healthcare professional providing information regarding the risks and benefits of 
different doses and delivery methods. The family planning benefits of all forms of 
contraception are important. 

The influence of HC use on exercise performance and training adaptations requires 
additional research. Several studies report that HCs may have a small effect on 
training responses and adaptations, but individual differences are apparent (Elliott-
Sale et al. 2020; Knowles et al. 2019; Martin et al. 2018). Likewise, it is difficult to 
determine whether or not the reasons for HC use (e.g., cramping. bleeding, mood 
swings) might have been more detrimental to exercise participation or training than 
the possible side effects of HC use. Solli et al. (2020) reported that approximately 
25% of HC users had at some point stopped using and/or changed their HC because 
they had experienced negative side effects or effects on their performance (Solli et al. 
2020). Martin et al. (2018) reported that the most common reasons to change the type 
of HC or to stop using HC were weight gain, changes in mood, changed the need for
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contraception, headache, forgetting to take pills, and increased or increased bleeding 
(Martin et al. 2018) 

There are no fit-for-purpose recommendations regarding what kind of HC should 
be used for athletes, while the effects of HC on performance and body composition 
are variable and quite possibly individual. Different formulations, reasons for use, 
and sports requirements make it difficult to weigh the potential harms and benefits 
regarding possible side effects and performance on a group level. A meta-analysis by 
Elliott-Sale et al. reports that HC may have a small negative effect on performance 
at the group level. This finding is echoed by Knowles et al. who found that HC users 
tended to have smaller gains in strength and muscle mass (Knowles et al. 2019). 
Even so, the performance of women taking OC does not appear to vary significantly 
during different phases of the cycle (Elliott-Sale et al. 2020). Ultimately, the quality 
and quantity of current research do not support the avoidance of HC in athletic 
populations. 

Information regarding the effects of both hormonal and copper IUDs on athletic 
performance is non-existent (Henderson and Scribbans 2020). It can be hypothesized 
that the non-contraceptive benefits of hormonal IUDs may support exercise and sports 
participation in populations where negative symptoms associated with the menstrual 
cycle would otherwise be a barrier to exercise or sports participation. 

Female Hormones in the Laboratory and on the Field 

Female sex steroids are important for health and performance, while stimuli such as 
exercise, nutrition, and stress influence the endogenous hormonal milieu of females. 
While a significant amount of work has already been done to investigate the effects 
of the menstrual cycle and hormonal contraceptive use on exercise and perfor-
mance, additional high-quality and well-controlled research is required in order to 
more clearly elucidate the effects of endogenous hormonal milieu and exogenous 
hormone use (i.e., hormonal contraceptives), particularly on training responses and 
adaptations. 

Recording and monitoring the menstrual cycle in research and the field (see 
Fig. 1.3) will improve our understanding of the influence of endogenous hormonal 
profiles on exercise and performance. Inclusion of hormonal analyses, particularly in 
research settings, is imperative. Open communication about menstrual cycle charac-
teristics and symptoms needs to be normalized in sports, whereas educating coaches 
and athletes about menstrual cycles and HC use is essential. Furthermore, facilitating 
discussions between sports and health professionals may help in the selection of the 
best possible HC for each individual athlete. In addition, communicating about the 
potential individual risks and benefits of HC use as well as alternative methods for 
contraception should be openly discussed as family planning is also an important 
part of physically active and athletic female lives.



18 R. S. Mikkonen et al.

Fig. 1.3 How to assess the menstrual status of a female. When hormonal contraception is not used, 
the possible use of a copper IUD should be checked. * = contains both estrogen and progestin. 
Modified from (Elliott-Sale et al. 2021) 

Summary and Conclusions 

The HPO axis is the major regulator of the female reproductive system and health that 
also has a significant influence on the performance and overall well-being of active 
women. This regulation begins when GnRH is released from the hypothalamus at the 
onset of puberty, which stimulates LH and FSH production at the anterior pituitary. 
These hormones then bind to ovarian receptors, stimulating the release of the female 
reproductive hormones including estrogen and progesterone. This regulation process 
is quite precise and complicated, and several upstream regulators (e.g., brain peptide) 
such as kisspeptin control it. 

Regulation of the reproductive axis can also be influenced by HCs, which are used 
by females worldwide to prevent unwanted pregnancy or treat various gynecological 
illnesses. HCs work by increasing estrogen concentrations during the follicular phase 
of a female’s cycle. High-estrogen levels then prevent the mid-cycle gonadotropin 
surge necessary for ovulation. HCs are still considered somewhat controversial due 
to potentially adverse side effects (as well as due to some societal and cultural 
issues), and more research should be conducted on HC use in the future to learn more 
about these side effects. Lastly, endogenous hormone profile and use of exogenous 
hormones should always be considered in exercise and performance-related research, 
while discussions about menstrual cycles and HC use should be normalized in sports 
settings.
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Abbreviations 

AMPC Cyclic adenosine monophosphate 
AMPK Adenosine monophosphate-activated protein kinase 
ANP Atrial natriuretic peptide 
β-HAD β-Hydroxy acyl-CoA dehydrogenase 
CPT-I Carnitine palmitoyletransferase I 
CS Citrate synthase 
CHO Carbohydrates 
E2 17β-Estradiol 
EE Ethinyl estradiol 
ER Estrogen receptors 
FFA Free fatty acids 
FFM Fat-free mass 
FP Follicular phase 
GH Growth hormone 
GLUT4 Glucose transporter type 4 
GMPC Cyclic guanosine monophosphate 
HRT Hormone replacement therapy 
IGF-1 Insulin-like growth factor 1 
IMCL Intramyocellular lipid 
LP Luteal phase 
LPL Lipoprotein lipase 
MCAD Medium-chain acyl-CoA dehydrogenase
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MLOR Maximal lipid oxidation rates 
mRNA Messenger ribonucleic acid 
OC Oral contraceptives 
OC+ Oral contraceptive users 
OC- Oral contraceptive non-users 
PDK4 Pyruvate dehydrogenase kinase isozyme 4 
PGC-1α Peroxisome proliferator-activated receptor- γ coactivator 1α 
PPAR Peroxisome proliferator-activated receptor 
Ra Rate of appearance 
Rd Rate of disappearance 
RER Respiratory exchange ratio 
SREBP-1c Sterol regulatory element-binding protein-1c 
VO2max Maximal oxygen consumption 

Introduction 

Carbohydrates (CHO) and fat are the main energy sources mobilized to meet the 
energy demands during muscle contraction, whereas protein contribution is lower. 
Their relative implication is modulated by different parameters. Although exercise 
intensity and duration are the main determinants of fuel selection, age, diet, physical 
activity level, weight status, and sex also can influence their use (Brooks and Mercier 
1994; Jeukendrup and Wallis 2005). All these variables have been extensively studied 
in athletes for performance enhancement and also in people with chronic diseases 
with the aim of improving health and quality of life (Lambert et al. 1997; Bordenave 
et al. 2008). 

Today, sex-related differences, due to the presence of sex-specific steroids, in 
substrate utilization during exercise are widely acknowledged. Indeed, estrogen and 
progesterone interact directly and/or indirectly with the tissues and organs involved 
in energy metabolism, such as muscle, liver, and adipose tissue. In women, the natural 
ovarian hormone fluctuations during the menstrual cycle and pregnancy, the drastic 
decrease in steroid concentrations at menopause, and the use of oral contraceptives 
(OC) or hormone replacement therapy (HRT) can all influence substrate metabolism 
during endurance exercise (Isacco et al. 2012a, b; Boisseau and Isacco 2021). 

This chapter aims to present an overview of the sex differences in substrate 
metabolism during endurance exercise and to specifically discuss the effects of the 
menstrual cycle, OC, pregnancy, menopause, and HRT on these adaptations.
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Sex Differences in Substrate Metabolism During Endurance 
Exercise 

To avoid any bias, before any comparison of exercise-induced metabolic responses 
between men and women, the populations’ age and training status should be matched 
and the diet and time since the last training bout must be controlled. The maximal 
oxygen consumption (VO2max) can be used to match the groups’ cardiorespiratory 
fitness level; however, VO2max should be expressed relative to fat-free mass (FFM) 
and not per kilogram of body mass because women have approximately 5 to 8% more 
body fat than men (Carter et al. 2001a, b; Tarnopolsky 2008). If all these variables 
are not taken into account, conflicting results may be obtained, as already reported 
(Costill et al. 1976; Froberg and Pedersen 1984; Blatchford et al. 1985). Another 
inherent issue is the potential heterogeneity of the hormonal status in the women’s 
group. Different variables, such as the menstrual cycle phase, oligo-amenorrhea, 
amenorrhea, OC use and type, menopause, and HRT type (to mention just a few), 
have to be finely controlled to avoid intra-group discrepancies. Therefore, it is easy 
to understand why research on exercise-induced health improvement or performance 
enhancement is predominantly performed in men and why results obtained in men 
are frequently applied also to women. 

Carbohydrate Metabolism 

Many studies investigated sex differences in substrate oxidation rates during 
moderate-intensity endurance exercise, most of the time in young subjects (~18– 
30 year old). Overall, through respiratory exchange ratio (RER) measurement, they 
revealed that, at a given relative work intensity, reliance on whole-body CHO oxida-
tion to support energy demands is lower in women than men (Tarnopolsky et al. 
1990a, b; Tarnopolsky et al. 1995; Romijn et al. 2000; Carter et al. 2001a, b; Devries  
et al. 2006; Tremblay et al. 2010). Similarly, stable isotope-based measurement of 
hepatic glucose turnover showed that women rely less on CHO stores than men, 
as indicated by the lower glucose rate of appearance (Ra), disappearance (Rd), and 
metabolic clearance (Carter et al. 2001a, b; Devries et al. 2006). The origin of this 
adaptation is still unknown and could be explained by the lower liver glycogenolysis 
and/or gluconeogenesis in women than in men. Conversely, it is not clear whether 
skeletal muscle glycogen stores are spared in women during moderate-intensity 
endurance exercise. Some studies did not find any sex difference in muscle CHO 
utilization after a single bout of cycling exercise (Tarnopolsky et al. 1995; Roepstorff 
et al. 2002; Zehnder et al. 2005), whereas others observed higher net (from muscle 
biopsies) or estimated glycogen use in men during a running exercise (Tarnopolsky 
et al. 1990a, b; Carter et al.  2001a, b). Studies on glycogen repletion following exer-
cise showed that post-exercise CHO supplementation leads to a similar increase in 
muscle glycogen in both sexes (Kuipers et al. 1989; Tarnopolsky, Bosman et al.
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1997). However, from a practical point of view, the amount of CHO needed to simi-
larly optimize the muscle glycogen stores in men and women (12 g kg−1 d−1) would 
induce a weight gain in women and would be antinomic with performance (James 
et al. 2001). 

Fat Metabolism 

For the same relative exercise intensity, women show greater reliance on fat than men, 
as indicated by their lower RER (Tarnopolsky 2008). In their recent meta-analysis, 
Cano et al. (2022) highlighted some controversial findings concerning sex-related 
differences in fuel oxidation during moderate aerobic exercise. This may be explained 
by poor control of the basal fat mass percentage, training, and nutritional status among 
studies, but also by differences in the used methods and population characteristics. 
Cano et al. confirmed the sexual dimorphism in substrate utilization when considering 
sedentary/recreationally active individuals, but highlighted controversial findings in 
athletes. The lack of difference sometimes observed between men and women athletes 
in fat oxidation during prolonged exercise could be explained by the increased ability 
of men athletes to oxidize lipid sources per minute (Cano et al. 2022). Overall, as the 
body fat is generally higher in women, it could theoretically lead to greater free fatty 
acid (FFA) availability and fat oxidation than in men. However, a decrease in body 
fat mass favors lipolytic sensitivity. Therefore, lipolytic responsiveness is enhanced 
in subjects with low body fat mass (Klein et al. 1994) and decreased in people with 
obesity (Wolfe et al. 1987). 

While stable isotope-based methods show higher lipolysis (i.e., higher glycerol 
Ra) in women than in men during moderate-intensity prolonged exercise (Carter 
et al. 2001a, b), it is not possible to accurately estimate the specific role of FFA or 
intramyocellular lipids (IMCL) in the total fat oxidation rates. IMCL concentrations 
at rest are higher in women than in men (Roepstorff et al. 2002, 2006; Devries  
et al. 2007; Tarnopolsky et al. 2007) due to the higher lipid droplet content and 
not due to their larger size (Tarnopolsky et al. 2007). However, it is still unclear 
whether IMCL utilization is higher (Roepstorff et al. 2002, 2006; Steffensen et al. 
2002), lower (Zehnder et al. 2005) or similar (White et al. 2003; Devries et al. 2007) 
in women and men during moderate-intensity prolonged exercise. FFA utilization is 
not different in endurance-trained women and men at 25%, 65%, and 85% of VO2max 

(Romijn et al. 2000) and also in untrained subjects during a single bout of exercise 
(90 min) performed at 45% VO2max (Burguera et al. 2000). Only Roepstorff et al. 
(2002) found a greater amount of oxidized FFA in women than in men after 1 h of a 
90-min cycling exercise performed at 60% VO2max. 

In a population of sedentary individuals with overweight or obesity, the absolute 
peak fat oxidation rate was higher in men than women; however, the difference 
between sexes disappeared when values were compared relative to FFM. In addition, 
the peak fat oxidation and the corresponding relative exercise intensity were lower
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in sedentary individuals with overweight than in leaner and/or physically active 
individuals (Bogdanis et al. 2008). 

Estrogen-Induced Sex Differences in Substrate Metabolism 

Studies in rodents and humans suggest that estrogens have a significant role in regu-
lating substrate metabolism at rest and during endurance exercise (Sladek 1974; 
Kendrick et al. 1987; Tarnopolsky 2008; Maher et al. 2010; Vieira-Potter et al. 2015). 

Animals supplemented with 17β-estradiol (E2) showed a higher activity of 
lipoprotein lipase (LPL) (Ellis et al. 1994), carnitine palmitoyl transferase I (CPT-
I), and short-chain β-hydroxy acyl-CoA dehydrogenase (β-HAD) (Campbell and 
Febbraio 2001) in skeletal muscle and reduced hepatic glycogen utilization compared 
with untreated controls (Kendrick et al. 1987; Hatta et al. 1988; Campbell and 
Febbraio 2001). However, no difference is observed in β-HAD (McKenzie et al. 
2000), CPT-I (Berthon et al. 1998) or LPL (Kiens et al. 2004) activities between men 
supplemented with E2 and women. 

E2 administration to men (Carter et al. 2001a, b; Devries et al. 2005; Hamadeh et al. 
2005) or to women with amenorrhea (Ruby et al. 1997) decreases RER, CHO kinetics, 
and oxidation rates and increases plasma FFA concentrations and fat oxidation rates 
during moderate-intensity prolonged exercise (Ruby et al. 1997; Carter et al. 2001a, 
b; Devries et al. 2005; Hamadeh et al. 2005). No effect is observed on whole-body 
lipolysis (Ruby et al. 1997; Carter et al. 2001a, b) or on muscle glycogen utilization 
(Tarnopolsky et al. 2001; Devries et al. 2005). Pharmacological suppression and 
replacement of ovarian hormones in women showed that E2 decreases CHO oxidation 
rates by reducing muscle glycogen utilization and Rd (muscle uptake) (D’Eon et al. 
2002). 

E2 increases the messenger ribonucleic acid (mRNA) expression of peroxi-
some proliferator-activated receptor < and β (PPAR-<, PPAR-β), sterol regula-
tory element-binding protein-1c (SREBP-1c), CPT-I, glucose transporter type 4 
(GLUT4), and glycogen synthase (Tarnopolsky 2008). E2 supplementation in men 
upregulates peroxisome proliferator-activated receptor-γ coactivator 1 α (PGC-1α) 
and the microRNA miR-29b (predicted to regulate PGC-1α), leading to increased 
mitochondrial gene expression of medium-chain acyl-CoA dehydrogenase (MCAD) 
that is involved in lipid utilization (Maher et al. 2010) (see Table 2.1).

Protein Metabolism 

It has been demonstrated that urea nitrogen excretion in urine (a marker of protein 
catabolism) increases only in men after exercise (treadmill running for 15.5 km) 
(Tarnopolsky et al. 1990a, b). Similarly, the results of studies using isotopic markers 
(L-[1-13C]-leucine) indicate that in protracted exercise, amino acid (at least leucine)
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Table 2.1 Effects of 17β-estradiol (E2) on substrate metabolism in human and rodent models 

E2 supplementation and substrate metabolism 

Population/model Effects References 

Amenorrheic women ↓ RER during exercise Ruby et al. (1997) 

Men ↓ RER during exercise Carter et al. (2001a, b), 
Devries et al. (2005), 
Hamadeh et al. (2005) 

Men ↓ CHO oxidation during exercise Hamadeh et al. (2005) 

↑ Fat oxidation during exercise Hamadeh et al. (2005) 

↑ FFA during exercise Ruby et al. (1997) 

↓ Ra of glucose during exercise 
(also in women)  

Carter et al. (2001a, b), 
Devries et al. (2005), Ruby 
et al. (1997) 

↓ Rd of glucose during exercise Carter et al. (2001a, b), 
Devries et al. (2005) 

↓ Resting adipose tissue activity Ellis et al. (1994) 

Rats ↑ LPL activity in muscle during 
exercise 

Ellis et al. (1994) 

↑ CPT-I, β-HAD Campbell and Febbraio 
(2001) 

Female rats ↑ Glycogen synthase, citrate 
synthase 

Beckett et al. (2002) 

Sex differences 

Tissue Effects References 

Muscle CPT-I |= ~ Berthon et al. (1998) 

β-HAD |= ~ Carter et al. (2001a, b) 

Muscle LPL activity |= ~ Kiens et al. (2004) 

E2 supplementation in men 

Tissue Effects References 

Muscle RNA levels ↑ PPAR-α, PPAR-β Tarnopolsky et al. (2008) 

↑ CPT-I, SREBP-1c Tarnopolsky et al. (2008) 

↑ GLUT4 Tarnopolsky et al. (2008) 

Muscle protein and RNA 
levels 

↑ MCAD (↑ PGC-1α mRNA, ↓ 
microRNA miR-29b) 

Maher et al. (2010)

utilization is higher in men than women (Lamont et al. 2001), even after 38 days 
of endurance training (McKenzie et al. 2000). Glycogen sparing in the liver might 
explain the difference in amino acid utilization between sexes because no sex-specific 
difference in the activity of branched-chain 2-oxoacid dehydrogenase, the enzyme 
that limits the oxidation of branched amino acids, has been reported (McKenzie et al. 
2000). Specifically, in women, glycogen sparing might reduce tricarboxylic acid
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cycle activity and consequently decrease amino acid oxidation via an anaplerotic 
effect. 

Menstrual Cycle and Substrate Metabolism During 
Endurance Exercise 

Fluctuations of Ovarian Hormones During the Menstrual 
Cycle 

Female sexual maturity is characterized by an increase in ovarian hormone concen-
trations leading to the appearance of the menstrual cycle and secondary sexual char-
acteristics. The menstrual cycle is one of the most important biological rhythms in 
women. Estrogen (17β-estradiol, estrone, and estriol) and progesterone are the two 
main ovarian hormones of the menstrual cycle, and they fluctuate predictably during 
23–35 days (Reilly 2000). They are mainly secreted by the ovaries and to a lesser 
extent by the adrenal glands (Lebrun 1994). 

The menstrual cycle is divided into two distinct phases: follicular phase (FP) (early, 
mid, and late) and luteal phase (LP) (early, mid, and late) separated by ovulation. The 
FP begins on the first day of the menses and continues until ovulation. The LP begins 
after ovulation and lasts, on average, fourteen days until the next menses (Constantini 
et al. 2005). The estrogen/progesterone ratio is different across the menstrual cycle: 
(i) low-estrogen and progesterone concentrations in the early FP, (ii) high-estrogen 
and low progesterone concentrations during ovulation, and (iii) high-estrogen and 
progesterone concentrations in the mid LP (Constantini et al. 2005). 

Natural Ovarian Hormones and Substrate Metabolism During 
Endurance Exercise 

Although the main function of ovarian hormones is to support reproduction, they 
also influence directly or indirectly other physiological systems, particularly energy 
metabolism at rest and during exercise where estrogen and progesterone may have 
antagonistic functions (Constantini et al. 2005; Oosthuyse and Bosch 2010). 

As previously discussed (see “Estrogen-induced sex differences in substrate 
metabolism” section), studies in animals and humans on estrogen effect on substrate 
metabolism suggest that the hormonal fluctuations during the menstrual cycle could 
influence substrate metabolism in women. 

In humans, most studies did not find any difference in substrate metabolism at 
rest between FP and LP (Heiling and Jensen 1992; Jensen et al. 1994; Piers et al. 
1995; Horton et al. 2002; Uranga et al. 2005; Magkos et al. 2006). However, Hackney 
(1990) reported that the resting muscle glycogen content in the vastus lateralis is
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higher in mid-LP than in mid-FP, suggesting a glycogen sparing effect during LP 
(Hackney 1990). Conflicting results have been obtained when studying the menstrual 
cycle effect on CHO and fat metabolism during exercise in humans (Hackney 2021). 
In the late 1980s, Nicklas et al. reported higher muscle glycogen content in LP than 
FP after depletion exercise (Nicklas et al. 1989). Similarly, muscle glycogen sparing 
effect during cycling at approximately 70% VO2max for 60 min was observed during 
the LP compared with the FP (Hackney 1999). 

In regularly menstruating women, glucose Ra and Rd and CHO oxidation rates 
were lower and fat oxidation rates higher in LP than FP during a 25-min cycling 
exercise performed at 90% of the lactate threshold (Zderic et al. 2001). Similarly, 
women displayed lower glucose Ra and Rd and lower total glycogen utilization in 
LP than FP during endurance exercise (90-min cycling at 65% VO2max) (Devries  
et al. 2006). Thus, according to these studies, the higher E2 plasma levels in LP 
promote muscle glycogen storage and sparing during exercise (Devries et al. 2006; 
Oosthuyse and Bosch 2010). This is strengthened by the finding that E2 increases 
muscle glycogen synthase activity (Beckett et al. 2002). Glycogen sparing during the 
LP could be associated with and explained by enhanced reliance on lipid metabolism 
(Dombovy et al. 1987; Hackney 1999; Oosthuyse and Bosch 2010). Recently, Willett 
et al. showed that young eumenorrheic physically active women use more fat and 
less CHO in the LP than the FP during running sessions at 65% of VO2max. They  
directly associated these results with changes in resting E2 concentrations (Willett 
et al. 2021). 

However, other studies did not find any difference in substrate metabolism between 
FP and LP during endurance exercise (De Souza et al. 1990; Kanaley et al. 1992; 
Horton et al. 2002, 2006; Suh et al. 2002, 2003; Hulton et al. 2021). Similar RER 
values were obtained in FP and LP during maximal and submaximal exercises (De 
Souza et al. 1990), and the different menstrual cycle phases did not have any effect on 
substrate metabolism during a treadmill run performed at 70% VO2max until exhaus-
tion (Bailey et al. 2000). Similarly, neither menstrual cycle phase nor menstrual 
status (amenorrheic vs eumenorrheic women) influenced CHO and fat oxidation rates 
during a 90-min run performed at 60% VO2max (Kanaley et al. 1992). However, phar-
maceutically manipulated sex hormone concentrations may influence fuel utilization 
during exercise in eumenorrheic and oligomenorrheic women. In this population, 
high circulating sex steroid concentrations resulted in enhanced fat oxidation and 
reduced CHO oxidation during endurance running (60 min at 65% VO2max) compared 
with low hormonal concentrations (Hackney et al. 2000). However, the naturally 
occurring fluctuations in estrogen and progesterone during the menstrual cycle did 
not affect peak fat oxidation rate and maximal fat oxidation intensity (measured 
during a graded exercise test) in fasting young eumenorrheic women (Frandsen et al. 
2020). 

Using stable isotopic tracers, no difference was found in whole-body substrate 
oxidation rates between FP and LP (Horton et al. 2002, 2006; Suh et al. 2002, 
2003; Jacobs et al. 2005). Likewise, RER and glucose kinetics (Horton et al. 2002), 
as well as glycerol and FFA rates (Horton et al. 2006), were comparable between 
menstrual cycle phases during a 90-min cycling exercise at 50% VO2max. Finally,
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similar substrate oxidation rates, glucose, and lipid kinetics were observed in LP and 
FP during cycling at 45% and 65% VO2max for 60 min (Suh et al. 2002, 2003; Jacobs 
et al. 2005). 

The Estrogen/Progesterone Ratio 

As noted earlier, the results of studies on the effect of the menstrual cycle on fuel 
metabolism during endurance exercise are often contradictory (Hackney 2021). 
This could be partially explained by the complex balance between estrogen and 
progesterone concentrations, their direct and indirect activities, and their fluctua-
tions during the menstrual cycle. Some authors emphasized that estrogen inhibits 
gluconeogenesis (Matute and Kalkhoff 1973), favors glycogen storage, increases 
lipolysis, and promotes fat oxidation (Constantini et al. 2005). Progesterone antag-
onizes estrogen pro-lipolytic effects but also shifts substrate metabolism toward fat 
utilization via its CHO-sparing effects (Constantini et al. 2005). Accordingly, D’Eon 
et al. (2002) hypothesized that the decreased glucose kinetics in women is most likely 
an estrogen-associated effect and progesterone seems to potentiate it. However, more 
than the individual and isolated effects of estrogen and progesterone on substrate 
metabolism, their interaction seems to be critical. Indeed, in 2002, D’Eon et al. 
proposed that the estrogen/progesterone ratio and the magnitude of the increase in 
estrogen from FP to LP need to be sufficiently elevated (i.e., twofold or more) to 
lead to metabolic changes. Jacobs et al. (2005) and Horton et al. (2006) empha-
sized that the magnitude of estrogen upregulation and particularly the increase in the 
estrogen/progesterone ratio are important factors in determining the final effect of 
these ovarian hormones on fat metabolism. This was later confirmed by Oosthuyse 
and Bosch (2010) who also suggested that intra- and interindividual variations in 
ovarian hormones could partially explain the discrepancies among studies (Oost-
huyse and Bosch 2010). Recently, Hackney et al. reported that in eumenorrheic 
women, the changes in estrogen/progesterone ratio along the menstrual cycle (from 
early FP to LP) influence fat oxidation during endurance exercise. Specifically, the 
estrogen/progesterone ratio variation was positively correlated with the fat oxida-
tion variation during 1-h running at 65% VO2max. This means that in eumenorrheic 
women, a higher increase in sex steroid hormone concentrations from early FP to LP 
is associated with a greater reliance on fat during endurance exercise (Hackney et al. 
2022). The hormonal fluctuations may differ in the same woman from one cycle to 
the other and also among women. Some women have important hormonal changes 
during the menstrual cycle, whereas others have small fluctuations (i.e., respon-
ders vs. non-responders) (Hackney 2021). In addition, as highlighted by Elliott-Sale 
et al., it is crucial to propose a clear and definitive terminology on the menstrual 
status and to standardize the methods to accurately define and identify the different 
menstrual cycle phases (i.e., early FP, late FP, etc.) (Elliott-Sale et al. 2021). Overall, 
the hormonal change magnitude should be considered when studying the menstrual 
cycle effects on substrate metabolism (Boisseau and Isacco 2021). Nevertheless,
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more work is needed to better understand the complex interactions between ovarian 
hormones and their effect on energy metabolism during prolonged exercise. 

Non-Ovarian Hormones 

Natural ovarian hormones not only directly influence substrate metabolism during 
endurance exercise, but also have some indirect effects through complex interac-
tions with non-steroid hormones, such as insulin, catecholamine, growth hormone 
(GH), and cortisol (McKerns et al. 1958; Reinke et al. 1972; Matute and Kalkhoff 
1973; Sladek 1974; Bunt 1990; Bonen et al. 1991; Bemben et al. 1992). For instance, 
estrogen supplementation in rats increases sensitivity to catecholamine and hormone-
sensitive lipase activity (Benoit et al. 1982). Moreover, according to Bonen et al. 
(1991), the most significant effect of estrogen on substrate metabolism is through an 
estrogen-mediated decrease in insulin sensitivity. Therefore, the effects of ovarian 
hormones on non-steroid hormones during the menstrual cycle may partially explain 
the substrate oxidation differences observed between FP and LP in some studies. 
Indeed, the increase in cortisol (Genazzani et al. 1975) and GH concentrations 
(Horton et al. 2002) as well as in sympathetic activity (Minson et al. 2000) asso-
ciated with the reduction in insulin action (Escalante Pulido and Alpizar Salazar 
1999) observed in LP could favor higher fat oxidation and lower CHO oxidation 
during endurance exercise. 

Exercise Intensity 

Exercise intensity is the main factor affecting substrate oxidation during exercise 
(Brooks and Mercier 1994). The menstrual cycle-dependent effects of female steroid 
hormones on fuel metabolism are also influenced by exercise intensity. For instance, 
the lower CHO and higher fat oxidation rates observed in mid-LP (compared with 
mid-FP) at low and moderate exercise intensities (10-min treadmill run at 35% and 
60% VO2max) disappear at higher exercise intensity (75% VO2max) (Hackney et al. 
1994). On the other hand, the effect of estrogen on hepatic glucose output was 
detected only when the exercise intensity was sufficiently elevated to increase the 
demand of glucose utilization above a certain level (Horton et al. 2002). Thus, at 
approximately 50% VO2max (25.1 ml min−1 kg−1), plasma glucose kinetics and CHO 
oxidation rates are lower in LP than in FP. Conversely, no difference is observed when 
individuals cycle at 42% VO2max (20.2 ml min−1 kg−1) (Zderic et al. 2001). Likewise, 
glucose Ra is not different between menstrual cycle phases at 20.2 ml min−1 kg−1 

(Horton et al. 2002). Conversely, it is significantly higher in early FP than in mid-LP 
at 70% VO2max (36.8 ml min−1 kg−1) (Campbell et al. 2001) and at 65% VO2max 

(25.4 ml min−1 kg−1) (Devries et al.  2006). As highlighted by Oosthuyse and Bosch 
(2010), substrate metabolism differences during the menstrual cycle partially depend 
on the energy demand, and higher intensity exercise leads to increased endogenous 
glucose production.
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As blood lactate levels are a frequently used marker of exercise intensity and/or 
performance, a major question was whether its blood concentration in response to 
exercise varies between menstrual cycle phases. In 1981, Jurkowski et al. found 
higher blood lactate concentrations in the FP than LP after heavy (66% of maximal 
power output) and exhaustive (90% of maximal power output) exercise (Jurkowski 
et al. 1981). However, in their review, Smekal et al. (2007) highlighted the inconsis-
tency concerning the menstrual cycle effects on blood lactate among studies. This 
could be mainly due to study design differences, such as exercise intensity, nutritional 
status, and sample characteristics (Berend et al. 1994). 

The nutritional status also affects substrate oxidation rates and may contribute 
to regulating the cross talk between ovarian hormones and exercise intensity/energy 
demands; see next section (Oosthuyse and Bosch 2010). 

Nutritional Status 

When investigating substrate metabolism during exercise, nutritional status is an 
important variable because fed conditions could blunt differences in substrate utiliza-
tion between menstrual cycle phases; however, most studies are performed after an 
overnight fast, possibly due to protocol standardization (Campbell et al. 2001; Zderic 
et al. 2001; Devries et al. 2006). 

In women depleted in CHO, plasma glucose concentrations are maintained during 
submaximal bicycle exercise (90 min at 63% VO2max) in FP, while they progressively 
decrease (70 and 90 min of exercise) in LP (Lavoie et al. 1987). Conversely, CHO 
loading can overcome glucose kinetic and muscle glycogen sparing differences in 
LP and FP (McLay et al. 2007). Similarly, lower CHO and higher fat oxidation 
rates in LP than in FP at rest and during exercise (cycle ergometer at 30, 50, and 
70% VO2max) are observed after a low CHO diet in comparison with a high CHO 
diet for three days (Wenz et al. 1997). According to Oosthuyse and Bosch (2010), 
glucose kinetics varies during the menstrual cycle when exercise is high enough to 
influence endogenous glucose production. Energy intake may modify this relation-
ship. For instance, Campbell et al. (2001) showed that consumption of energy drinks 
during exercise masks differences in glucose Ra between FP and LP. The authors 
suggested that upon energy drink ingestion, glucose Ra is mostly determined by 
exogenous glucose absorption and this could blunt menstrual cycle-related differ-
ences (Campbell et al. 2001). Accordingly, no difference in substrate metabolism 
between menstrual cycle phases is observed when exercise is performed in postpran-
dial conditions (Suh et al. 2002). Similarly, a study on the effects of menstrual cycle 
phases and diet (CHO loading compared with isoenergetic normal diet: 8.4 g kg−1 d−1 

CHO versus 5.2 g kg−1 d−1 CHO for three days) on muscle glycogen content and 
substrate oxidation rates during exercise (75-min cycling at 45% to 75% VO2max 

followed by a 16 km time trial) showed lower resting glycogen concentrations 
in mid-FP than mid-LP. Conversely, substrate utilization during exercise was not 
affected by the menstrual cycle phases (McLay et al. 2007). Thus, CHO loading 
leads to similar substrate utilization during exercise, despite lower glycogen storage
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in mid-FP. Interestingly, in a recent study, Hulton et al. (2021) did not observe 
any difference in hormonal, metabolite, or substrate utilization patterns between 
menstrual cycle phases in eumenorrheic women during moderate prolonged exer-
cise in hyperglycemic conditions (i.e., supraphysiologic glucose dose) (Hulton et al. 
2021). Overall, Moore and colleagues suggested that it is too early to recommend 
sex-specific guidelines concerning CHO and protein requirements, but emphasized 
the need for additional research in which energy intake and hormonal status in women 
are rigorously controlled (Moore et al. 2021). 

Discrepancies remain concerning the effect of menstrual cycle-related hormone 
fluctuations on substrate oxidation rates during endurance exercise. They could be 
explained by differences in the experimental protocols (mainly, exercise duration and 
intensity), but also by the many variables that can influence substrate metabolism 
during exercise (Jeukendrup 2003; Jeukendrup and Wallis 2005). Although some of 
them have been discussed here (exercise intensity, diet), studies on the effect of the 
prior physical activity level or weight status are still scarce. 

Oral Contraceptive Effects on Substrate Metabolism During 
Endurance Exercise 

Oral Contraceptive Formulations 

Many adult women of childbearing age use hormonal agents to regulate menstrual 
cycles and for birth control. Different contraceptive options are available to women, 
and OC remains one of the most popular forms of birth control (de Melo et al. 
2004). OC’s primary aim is to avoid pregnancy, but they can also be used to control 
the menstrual cycle and premenstrual symptoms and to improve bone health (Snow-
Harter 1994; Bennell et al. 1999; Burrows and Peters 2007). Three different OC types 
(monophasic, biphasic, and triphasic) that usually combine ethinyl estradiol (EE) 
and progestin are currently available. Monophasic OCs provide constant synthetic 
steroid hormone concentrations and are easy to use. In triphasic OC, synthetic steroid 
hormone concentrations change three times to mimic the natural menstrual cycle. 
Biphasic OCs (two different hormone concentrations) are less frequently prescribed 
and do not present any real advantage compared with monophasic and triphasic OCs 
(Bennell et al. 1999; Burrows and Peters 2007). For women sensitive to estrogen, 
progestin-only OC is an option. 

EE concentrations have drastically changed since OC’s introduction in the early 
1960s. In the beginning, they were close to 150 μg and progestin components could 
reach 250 μg. Rapidly, EE concentrations decreased to 50 μg to offset the  negative  
effects (insulin resistance and dyslipidemia). Today, low-dose (EE: 20–30 μg) OCs 
are mostly prescribed (Benagiano et al. 2008). Recently, more natural compounds, 
such as estradiol and estradiol valerate, have been introduced (Sitruk-Ware and 
Nath 2011), but studies on their effect on substrate metabolism during exercise are
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not available yet. Progestin concentrations are more variable, and the compounds 
currently used in OC have different estrogenic, progestogenic, and androgenic effects 
(Constantini et al. 2005). New-generation progestin compounds have been devel-
oped in the last few years to minimize their side effects on insulin resistance, 
glucose intolerance, plasma cholesterol, and triglycerides. The effects of synthetic 
progestin compounds currently vary depending on their androgenicity. Norgestrel 
and levonorgestrel show the highest androgenic activities, while norethindrone is 
weaker (Constantini et al. 2005). Newer OC formulations with reduced EE and 
progestin doses and novel molecules with safer profiles are now available on the 
market (Shufelt and Bairey Merz 2009). 

Synthetic Ovarian Hormone Affects on Substrate Metabolism 
During Endurance Exercise 

Due to the specific hormone nature and concentrations, OC may affect energy 
metabolism (Fig. 2.1). Surprisingly, although weight gain is one of the most common 
side effects reported by women using OC, data on OC influence relative to energy 
balance, and specifically on substrate metabolism at rest and/or during exercise, are 
scarce (Metz et al. 2022). Jensen and Levine (1998) did not find any difference 
in lipolysis and substrate oxidation rates at rest and during epinephrine infusion 
between eumenorrheic women (OC−) and women taking OC (OC+) (Jensen and 
Levine 1998). However, other authors observed substrate metabolism alterations in 
OC+. For instance, during 30 min of treadmill exercise at 40% VO2max, OC+  women  
showed higher FFA and lower glucose plasma concentrations without any difference 
in RER compared with OC- women (Bonen et al. 1991). Likewise, OC+ women 
exhibited lower glucose levels and CHO oxidation rates during a 90-min treadmill 
run at 50% VO2max, suggesting increased CHO sparing in OC + women (Bemben 
et al. 1992).

A comparison of two OC with 35 μg EE and different progestin concentrations 
(low-progestin concentrations: 500 μg; and high-progestin concentrations: 1000 μg 
of norethisterone) showed no difference in metabolic parameters at rest. Conversely, 
RER was significantly lower in women using the high-progestin OC than in women 
using the low-progestin OC throughout the steady-state exercise test (20 min at 75% 
VO2max) (Redman et al. 2005). The authors proposed that high-progestin level is 
associated with insulin resistance, glucose intolerance, and reduced muscle glycogen 
utilization (Sutter-Dub and Vergnaud 1982; Campbell and Febbraio 2002; Picard 
et al. 2002). Moreover, progestin could increase fat oxidation rates by reducing the 
availability of glucose-6-phosphate for glycolysis (Redman et al. 2005). It should be 
noted that norethisterone binds to progesterone receptors but also androgen receptors 
(with low affinity) and therefore exerts both progestogenic and androgenic effects 
(Redman et al. 2005).
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Fig. 2.1 Direct and indirect effects of oral contraceptives on substrate metabolism during endurance 
exercise. ANP = atrial natriuretic peptide; GH = growth hormone; OC = oral contraceptives; ? 
denotes additional studies are needed

Analysis of the effect of triphasic OC (4-month treatment) on lipid mobiliza-
tion and utilization during endurance exercise (60-min cycling at 45% VO2max and 
65% VO2max) showed that in OC+ women, lipid mobilization increases during exer-
cise without any change in fat oxidation rates (Casazza et al. 2004). The authors 
suggested that FFA re-esterification could explain these results (Jacobs et al. 2005). 
They also demonstrated that OC use decreases glucose flux without any change in 
CHO and fat oxidation rates during prolonged cycling (Suh et al. 2003). Similarly, 
Isacco and collaborators did not find any difference in RER, CHO, and fat oxidation 
rates between OC users and non-users during endurance exercise (45-min cycling at 
65% VO2max) (Isacco et al. 2012a, b). They also reported that OC use increases fat 
mobilization; however, this effect is blunted when lipolytic activity is stimulated by 
exercise (Isacco et al. 2014). 

Due to their specific nature and concentrations, the synthetic ovarian hormones 
contained in OC may influence substrate metabolism during exercise. More studies 
are necessary, but it seems that OC use may increase lipolytic activity during 
endurance exercise without any effect on substrate utilization (Bonen et al. 1991; 
Suh et al. 2003; Casazza et al. 2004; Isacco et al. 2012a, b; Isacco et al. 2014).
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Oral Contraceptive Effects on Non-ovarian Hormone Responses 

Some specific non-ovarian hormone changes may be involved in the substrate 
metabolism differences observed in OC users and non-users (Fig. 2.1). 

Growth hormone (GH) 

Like natural ovarian hormones, synthetic steroids can exert their effects directly or 
indirectly through non-steroid hormone actions. In the early 1990s, it was suggested 
that hormones contained in OC may affect plasma GH concentrations and thus 
substrate metabolism. Indeed, higher plasma GH concentrations were observed in 
OC+ than in OC- women during exercise (Bonen et al. 1991). Similarly, GH concen-
trations increase at 10 and 20 min of exercise in OC + women (Bemben et al. 1992). 
GH concentrations are also higher during continuous (20 min at 60% VO2max) and 
intermittent cycling (higher than 80% VO2max for the same duration) in OC + women 
(Bernardes and Radomski 1998). Finally, GH concentrations are higher from the 15th 
minute of exercise (30-min cycling at 60% VO2max) in OC  + than in OC- women 
without any difference in glucose tolerance (Boisseau et al. 2001). 

As GH reduces glucose uptake and favors lipolysis (Norrelund 2005), it was 
proposed that such differences in plasma GH concentrations in OC+ and OC-women 
may lead to opposite substrate metabolism activity (Bonen et al. 1991; Bemben et al. 
1992; Boisseau et al. 2001). However, no or little effect of OC use was observed 
in substrate utilization, although higher GH concentrations have been associated 
with increased plasma FFA levels (Bonen et al. 1991) and reduced plasma glucose 
concentrations (Bonen et al. 1991; Bemben et al. 1992). Bonen and coworkers (1991) 
suggested that reduced GH efficiency, lower receptor sensitivity, and/or transport 
bias in OC+ women could explain these results. Thus, the increase in plasma GH 
concentrations observed in OC users seems not to be associated with changes in GH 
activity. 

On the other hand, like Casazza et al. (2004), Isacco et al. (2014) did not find any 
difference in plasma GH concentrations between OC + and OC- women, despite 
higher plasma glycerol and FFA concentrations in OC + women, suggesting greater 
lipid mobilization during prolonged cycling (Isacco et al. 2014). The authors hypoth-
esized that as GH requires 2 to 3 h to promote  lipolysis, its  effect  is  most  likely  
negligible during the exercise trial (45 min) and the recovery period (2 h), and the 
difference in lipolytic activity between groups cannot be explained only by OC effect 
on GH. 

Atrial natriuretic peptide (ANP) 

ANP has an important lipolytic action through a specific pathway (cyclic guanosine 
monophosphate—GMPc—and protein kinase G) that is independent of the signaling 
cascade regulated by catecholamines and insulin (cyclic adenosine monophos-
phate—AMPc—and protein kinase A) (Sengenes et al. 2003; Moro et al.  2004; 
Lafontan et al. 2005; Sengenes et al. 2005; Koppo et al. 2010). Studies in animals 
reported that E2 can affect plasma ANP concentrations. Specifically, the combined 
administration of estradiol and progesterone enhances ANP gene expression in a
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dose-dependent manner in ovariectomized female rats (Hong et al. 1992). More-
over, estradiol administration in follitropin-receptor knockout mice, in which the 
ANP system is impaired, increases ANP synthesis (Belo et al. 2008). In humans, 
ANP concentrations are higher in women than in men, mainly due to ovarian 
hormones (Clark et al. 1990). Similarly, three months of HRT increases plasma 
ANP concentrations in postmenopausal women, thus emphasizing the role of female 
steroids in plasma ANP level regulation (Maffei et al. 2001). As the biological activ-
ities of synthetic ovarian hormones in OC are more potent than those of natural 
hormones, OC could increase plasma ANP concentrations. Indeed, Davidson et al. 
reported greater ANP concentrations in OC + than in OC- women (Davidson 
et al. 1988). Noradrenaline and ANP concentrations are higher also in women 
taking new-generation OC compared with non-users, whereas plasma insulin, GH, 
and adrenaline levels are comparable between groups (Isacco et al. 2014). These 
hormonal responses, and particularly the higher ANP concentrations at baseline and 
throughout exercise, may partly explain the difference in lipid mobilization between 
groups (Isacco et al. 2014). 

Nutritional Status 

As already mentioned, nutrition is an important factor for fuel selection during 
endurance exercise. Most studies have investigated the effects of OCs in fed or 
fast conditions (Bonen et al. 1991; Bemben et al. 1992; Suh et al. 2003; Casazza, 
et al. 2004; Jacobs et al. 2005; Redman et al. 2005) and only one in both conditions 
(Isacco et al. 2012a, b). 

Analysis of the effect of a high CHO diet (80% of CHO) and glucose inges-
tion (2 g kg−1) on substrate oxidation rates during cycling (120 min at 57% VO2max) 
showed that the high CHO diet and glucose ingestion favor CHO utilization. However, 
no difference was observed in fuel selection between OC + and OC- women (Trem-
blay et al. 2010). Some studies reported higher lipid mobilization in OC+ than in 
OC-women during exercise performed in postprandial conditions (Bonen et al. 1991; 
Casazza et al. 2004). However, these studies did not take into account the potential 
effects of food intake and daytime variations that may influence hormonal responses 
and energy metabolism. Consequently, Isacco et al. investigated the interaction of 
OC use and nutritional status on substrate metabolism in women during prolonged 
cycling exercise (45 min at 65% VO2max). Lipid mobilization and utilization were 
increased in the fasting condition compared with the fed state, without any effect on 
the hormonal status (Isacco et al. 2012a, b). OC use favors lipolysis in the postpran-
dial state, but this effect is blunted when lipolytic activity is stimulated by exercise. 
Thus, it seems that exercise per se masks the OC-induced greater postprandial lipid 
mobilization (Isacco et al. 2014). In conclusion, the nutritional status must be spec-
ified when interpreting OC effects on substrate metabolism, and more studies are 
needed to clarify this interaction.
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Maximal Lipid Oxidation Rate 

Increased lipid oxidation favors body weight management and glycogen sparing, 
thus delaying fatigue during endurance exercise (Romijn et al. 1993; Kelley 2005). 
This is particularly important both for performance and health strategies. Higher 
lipid mobilization (Bonen et al. 1991; Casazza et al. 2004; Jacobs et al. 2005; Isacco 
et al. 2014) without any difference in fat oxidation rates during endurance exercise 
(Bemben et al. 1992; Isacco et al. 2012a, b) has been reported in OC+ compared with 
OC-women. Moreover, in each individual, the maximal lipid oxidation rate is elicited 
by a specific exercise intensity. This could be used to individualize training programs 
for people wishing to maximize their lipid utilization and/or to identify subjects with 
metabolic impairments (Perez-Martin et al. 2001; Achten et al. 2002). OC + women 
display higher maximal lipid oxidation rates at higher intensity of exercise than OC-
women (Isacco et al. 2015). Therefore, as the synthetic steroids currently used in OC 
formulations could affect the maximal lipid oxidation rate and the intensity at which 
it occurs, the exercise intensity that elicits the maximal lipid oxidation rate has to be 
targeted to highlight potential metabolic differences in OC + and OC-women (Isacco 
et al. 2015). It is worth noting that anthropometric measures and body composition 
(total fat mass, fat mass localization, FFM) could not explain the difference between 
groups that were matched for these characteristics, age, and physical activity level. 
To explain the differences in maximal lipid oxidation rates and the corresponding 
intensity between OC+ and OC- women, it has been hypothesized that EE has a more 
potent effect than E2. Moreover, the activities of natural and synthetic estrogens 
are mediated by the two major isoforms of estrogen receptors (ERα and ERβ) that 
elicit antagonist effects on metabolism. Increased glucose tolerance, as well as lipid 
mobilization and utilization, is associated with ERα activity, while ERβ stimulation 
leads to lipogenesis and insulin resistance (Oosthuyse and Bosch 2012). EE binds 
with a high affinity to ERα and with a twofold lower affinity to ERβ. Conversely, 
natural estrogen displays comparable binding affinities for both ERs (Tremollieres 
2012). 

Pregnancy 

In the first weeks/months of pregnancy, many women (athletes and also active 
women) often perform physical activity. However, few data have been published 
on energy metabolism and substrate utilization during exercise in pregnancy, due to 
the many variables that must be taken into account (e.g., type of exercise, training 
level, diet, gestation duration) (Bessinger and McMurray 2003). 

In pregnant women, the resting metabolic rate increases progressively 
due to pregnancy-related changes (higher ventilation, cardiovascular activity, 
uterine/placental modifications, and fetal growth) (McMurray et al. 1993). Liter-
ature data suggest that substrate (CHO/fat) utilization and RER during exercise are 
comparable in pregnant and non-pregnant women (Bessinger et al. 2002). In addition,
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no difference in RER values (treadmill walk at 65% of the predicted maximal heart 
rate for 30 min at the same time of the day) was observed in women at different gesta-
tion times (22 and 33 weeks) and after delivery (14 weeks postpartum) (Bessinger 
et al. 2002). Other studies suggested that RER is higher in pregnant women (versus 
non-pregnant controls), possibly due to higher CHO utilization in pregnancy (Artal 
et al. 1986). These differences could be linked to the fact that metabolic acidosis is 
more frequent in pregnant women who perform exercise at levels above the onset of 
blood lactate accumulation (Wolfe et al. 1998). In this condition, RER might not be a 
good marker of muscle metabolism due to the higher CO2 output and the consequent 
“artificial” increase of the VCO2/VO2 ratio, particularly at high exercise intensity. 
Therefore, without data obtained using methods not based on RER quantification, it 
is not possible to draw firm conclusions about the effect pregnancy has on substrate 
utilization during exercise. 

During pregnancy, blood glucose concentration, liver glucose release, and 
insulin levels are increased, whereas liver glycogen storage is decreased (Bo et al. 
2016). However, very little information is available on glucose homeostasis during 
prolonged exercise in pregnancy. Several groups found that blood glucose concentra-
tion decrease is faster and more important in pregnant than in non-pregnant women 
(Soultanakis et al. 1996). This decrease in blood glucose (in the absence of RER 
changes) may be explained by a disparity between glucose production and uptake, 
possibly because skeletal muscle glucose uptake is too high relative to glucose 
production in the liver or because glucose production in the liver is reduced during 
pregnancy (Bessinger and McMurray 2003). In agreement, Bessinger et al. (2002) 
suggested that glycogenolysis and gluconeogenesis in the liver cannot meet the 
exercise-induced energy demand during pregnancy. 

Menopause Affects on Substrate Metabolism During 
Endurance Exercise 

Menopause 

Menopause signals the end of the fertile phase in women and is defined retrospec-
tively after 12 months of amenorrhea. The transition to menopause corresponds to 
a decrease in sex steroid hormones, and plasma estrogen reaches similar levels as 
in men (i.e., 6–24 ng l−1) (Simpson et al.  2002). Menopause changes also favor 
adiposity gain. The Study of Women’s Health Across the Nation (SWAN), in which 
800 women were followed for six years through the menopausal period, reported an 
average increase of 3.4 kg in fat mass and 5.7 cm in waist circumference (Sowers 
et al. 2007). Estrogen and body fat mass changes in postmenopausal women might 
also alter substrate metabolism during endurance exercise.
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Sex Differences in Substrate Metabolism During Endurance 
Exercise in Older Individuals 

The RER and fat oxidation rates adjusted for VO2 are not different in 70-year-old 
men and 66-year-old (menopausal) women during a 30-min cycling bout at 45% 
VO2max (Toth et al. 1998). This indicates that the higher reliance on fat as substrate 
in premenopausal women than in men decreases after menopause, mainly due to the 
reduction in plasma E2 and, to a lesser extent, progesterone levels. However, during 
a 40-min cycling exercise at 50% VO2max, RER is lower and fat oxidation rates 
(adjusted for FFM) are higher in postmenopausal women with obesity than in men 
with obesity (aged 57± 1 years) (Numao et al. 2009), despite similar E2 resting serum 
concentrations in both groups and higher plasma FFA levels in men. The exercise-
induced higher increase in E2 plasma concentrations observed in premenopausal 
women compared with men (Horton et al. 1998) might still occur in postmenopausal 
women with obesity, and this could explain the higher fat oxidation rates (Numao 
et al. 2009). 

Menopause and Substrate Metabolism During Endurance 
Exercise: Comparison Between Pre- and Postmenopausal 
Women 

As menopause leads to a significant decrease in estrogen circulating levels, it is 
not surprising that menopause is associated with lower whole-body fat oxidation 
rates at rest (Lovejoy et al. 2008). Moreover, postmenopausal women show lower 
fat oxidation rates (g.min−1 kg FFM−1) and energy expenditure (kcal min−1) during 
a cycling exercise (45 min at 50% VO2max) than premenopausal women. This could 
further contribute to reducing the capacity of substrate utilization by skeletal muscle 
after menopause (Abildgaard et al. 2013). The reduction in lean body mass seems 
to be a critical factor to explain the lower fat oxidation rates and energy expenditure 
in postmenopausal women because they are closely correlated. Interestingly, differ-
ences in whole-body fat oxidation rates are not reflected in the mRNA expression 
levels at rest, or factors involved in fat oxidation rates and energy expenditure regu-
lation, such as CPT-I, citrate synthase (CS), PPARα, β-HAD, PGC-1, and pyruvate 
dehydrogenase kinase isozyme 4 (PDK4) (Abildgaard, Pedersen et al. 2013). Also, 
the activity of important oxidative enzymes (β-HAD and CS) is unchanged by the 
menopausal status. However, the same authors found that exercise-induced adeno-
sine monophosphate-activated protein kinase (AMPK) phosphorylation in skeletal 
muscle is lower in postmenopausal women than in premenopausal women. Although 
it was only a trend, this finding is compatible with earlier results showing that AMPK 
is activated by estrogen (D’Eon et al. 2005, 2008).
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Exercise training is one of the most effective approaches to counteract the adverse 
effects of menopause. Dupuit et al. noted that in postmenopausal women, moderate-
intensity continuous training and high-intensity interval training (combined or not 
with resistance training) significantly increase fat oxidation rates during an acute 
moderate-intensity prolonged exercise and also during recovery (Dupuit et al. 2020). 

Menopause, Hormone Replacement Therapy, and Substrate 
Metabolism During Endurance Exercise 

HRT, also commonly known as hormone replacement therapy (i.e., 0.625– 
1.250 mg.day−1 of estrogen), is widely used for controlling menopausal symptoms 
and for preventing bone loss (Yasui et al. 2003). 

Different studies showed that HRT increases exercise-induced fat oxidation rates 
in postmenopausal women due to its action on the concentration and activity of 
lipolytic hormones (Bjorntorp 1996;Kohrt et al.  1998; O’Sullivan et al. 1998). During 
endurance exercise, plasma levels of lipolytic hormones, such as cortisol or GH, 
are higher in postmenopausal HRT users than in non-users (Johnson, et al. 1997; 
Kraemer et al. 1998). However, in response to an acute running exercise (30 min 
on a treadmill) performed at 80% VO2max, no difference in fat oxidation rates was 
observed between women taking (aged 53 ± 3 years) or not (aged 49 ± 3 years) HRT 
(Johnson et al. 2002). The higher exercise intensity of this protocol may probably 
explain the difference from the other studies because lipid metabolism decreases with 
exercise intensity (Brooks and Mercier 1994). Thus, an exercise session performed at 
80% of VO2max (or greater) may blunt the difference in exercise-induced fat oxidation 
rates in women either taking or not HRT. 

The estrogen administration route (oral or transdermal) also could affect energy 
metabolism and fuel selection (O’Sullivan et al. 1998; dos Reis et al. 2003; Lwin  
et al. 2008). In a crossover design study involving postmenopausal women (aged 57± 
1 years), oral HRT was associated with decreased fat oxidation rates, increased body 
fat mass, and decreased lean body mass at rest compared with transdermal HRT (both 
for 24 weeks) (O’Sullivan et al. 1998). In addition, 24-h indirect calorimetry measure-
ments clearly showed a decrease in fat oxidation rates at rest in postmenopausal (aged 
51 ± 4 years) women who received oral estrogen treatment (0.625 mg.day−1 conju-
gated equine estrogen) for two months (Lwin et al. 2008). Oral estrogens could thus 
increase fat deposition by reducing fat oxidation, explaining why HRT generally 
causes weight/fat gain. Upon exposure to high-estrogen concentrations, the produc-
tion of enzymes involved in fat oxidation is decreased (Weinstein et al. 1986; Gower  
et al. 2002) and that of enzymes involved in lipogenesis is increased in the liver 
(Mandour et al. 1977). Data from studies in rodents also show that pharmacolog-
ical doses of estrogen inhibit both mRNA and protein expression of CPT-I (Lwin 
et al. 2008) and may limit hormone-sensitive lipase activity (Gower et al. 2002). 
In contrast, transdermal estrogen administration does not affect fat oxidation rates
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(O’Sullivan and Ho 1995; O’Sullivan et al. 1998; dos Reis et al. 2003). The liver 
accounts for approximately 25% of whole-body resting metabolism (Konarzewski 
and Diamond 1995) and oxidizes more fat than skeletal muscle. Estrogens pass 
through the liver upon oral, but not transdermal administration, thus increasing GH 
and GH-binding protein levels and decreasing insulin-like growth factor 1 (IGF-1). 
This alters substrate metabolism and, indirectly, body composition (Hoffman et al. 
1995; O’Sullivan et al. 1998). It could also explain why fat oxidation rates increase 
in postmenopausal women who take transdermal estrogen and decrease in women 
taking oral estrogen (dos Reis et al. 2003). Unfortunately, to date all studies inves-
tigating the influence of the administration route have been performed at rest and 
never during endurance exercise. 

Recent data indicate that HRT does not really protect postmenopausal women 
against cardiovascular diseases and may even increase the risk of stroke (Boardman 
et al. 2015). Furthermore, HRT favors breast cancer development (Lupo et al. 2015), 
which led to a reduction in its use (Kocjan and Prelevic 2003). However, these results 
should be interpreted with caution, because in most of these studies women took 
conjugated estrogen rather than low E2 concentrations by transdermal administration. 
Thus, the estrogen type also could explain the different HRT effects on substrate 
metabolism. 

In conclusion, more studies are required on HRT administration route and formu-
lation (estrogen type and content) to precisely determine the risk/benefice ratio in 
postmenopausal women. 

Conclusion 

Sexual dimorphism in fuel metabolism during endurance exercise has been exten-
sively studied in view of improving performance or health; however, data only on 
women are scarce. This is mainly due to the hormonal fluctuations throughout the 
women’s life span and thus to the difficulties in standardizing research protocols. 

The current literature findings indicate that sex and menopause affect substrate 
metabolism during endurance exercise. Results on the effects of the menstrual cycle, 
OC, and pregnancy are less consistent. Methodological differences in exercise modal-
ities (intensity, duration), ovarian hormone concentrations, OC type, diet, physical 
activity level, and weight status may partially explain these discrepancies. More-
over, the activities of natural and synthetic ovarian hormones are complex and 
tissue specific and may have direct and indirect effects on substrate metabolism. For 
instance, we recently reported that the hormonal status may influence fat mass local-
ization in women and that depending on the women’s characteristics (e.g., weight 
status), fat mass localization may in turn modulate fat oxidation during endurance 
exercise (Isacco et al. 2020, 2021). 

In a society where physical activity promotion is becoming a health challenge, 
it is relevant to pursue research focused on women. Investigating the impact of 
sex, menstrual cycle, OC, pregnancy, and menopause (including HRT) on metabolic
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parameters during endurance exercise will lead to better performance management 
and health benefits for this population. 
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Chapter 3 
Effects of Sex Hormones and Exercise 
on Adipose Tissue 

Victoria J. Vieira-Potter 

Overview of Functions of Adipose Tissue 

In the human body, adipose (i.e., fat) tissue makes up between five and upward of 50 
% of total body mass. In severe cases of obesity, adipose tissue can make up over 80 
% of body mass. However ~20 % of the mass of an average adult male constitutes 
adipose tissue, this percentage is much greater among age-matched females, who 
have an average body fat mass of ~28 % (Thompson et al. 2012). The major function 
of adipose tissue is energy storage in the form of lipid as triacylglycerol (TAG), 
which is the most efficiently stored source of energy. Indeed, total body adipose 
tissue supplies up to ~800,000 kcal of energy, whereas energy stored as glycogen in 
skeletal muscle and liver combined supplies only a fraction of that amount of energy. 
If the amount of energy stored in adipose tissue was to be stored as glycogen, it 
would take up ~500 % more volume (Frayn et al. 2003). Thus, energy storage in 
adipose tissue allows for survival over relatively long periods of inadequate energy 
intake and is therefore a key evolutionarily advantageous feature. 

While it has long been thought that the total number of adipocytes over the course 
of a lifetime is constant, newer evidence suggests that cell turnover does occur, albeit 
not at the rate of some other human cell types. Estimates are that the half-life of an 
adipocyte is ~300–400 days (Strawford et al. 2004) but more studies are necessary 
to validate that estimate. What is evident is that turnover does occur, counter to 
previous belief. Because of the body’s almost constant reliance on a shift between 
adipocyte storage and lipolysis, the adipocyte cell is one that is plastic (adaptability) 
throughout its life and has tremendous capacity to expand and shrink depending on 
the circumstance. This plasticity requires considerable remodeling to accommodate 
these cycles of expansion and shrinking. This remodeling is achieved with the help
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of resident and acquired immune cells, such as macrophages. This may help explain, 
teleologically, why adipose tissue is a major site of immune cell localization, a topic 
to be discussed in more detail later. 

Aside from its important energy storage role, adipose tissue serves many 
other essential functions such as organ structural support and temperature regula-
tion/insulation. Moreover, it is now appreciated that the adipose tissue plays impor-
tant roles in immune and endocrine function and serves as an important mediator of 
immunity and energy balance. These more recently discovered functions of adipose 
tissue have led to its classification as an endocrine organ and the emergence of a 
new field of study called “immunometabolism”, which investigates these interactions 
between the immune and endocrine systems (Ferrante 2013). Exercise and female sex 
hormones, as well as a variety of other biological and behavioral factors, profoundly 
affect the endocrine functions of adipose tissue. While the implications of this are 
only beginning to be investigated, it is quite possible that the influence of various 
factors (e.g., exercise, aging, sex hormones) on systemic metabolic health may be 
driven by changes that occur in the adipose tissue. Moreover, the sex differences that 
exist in age-related metabolism and metabolic responses to exercise training may be 
at least partially explained by sex hormone-mediated differences in adipose tissue 
metabolism. 

The adipose tissue is a heterogeneous organ that is broadly classified as either 
“white” (i.e., WAT), accounting for ~95–99 % of total body fat mass and serving 
the main functions of energy storage and lipid mobilization, or “brown” (i.e., BAT), 
accounting for only a fraction of total body fat mass and functioning mainly to 
regulate body temperature via adaptive thermogenesis (Peirce et al. 2014). Unlike 
WAT, the major role of BAT is not in energy storage, but rather, energy dissipation 
as heat. The distinguishing characteristic of BAT is that it is mitochondria-dense and 
contains a multi-locular phenotype such that lipid is stored as tiny droplets throughout 
the cell rather than as the one large droplet which is characteristic of adipocytes from 
WAT. The mitochondria found in brown adipocytes are unique in that they contain 
a high concentration of uncoupling protein-1 (UCP-1), a protein that uncouples 
oxidative phosphorylation from energy (i.e., ATP) production. This allows the brown 
adipocyte to produce heat rather than trapping substrate energy in a utilizable form. 
However, intriguing new research suggests that there is a great deal of plasticity in 
the major adipose tissue depots, such that some resident cells in WAT have the ability 
to take on a phenotype reminiscent of adipocytes from BAT; these cells have been 
classified as “brite” or “beige” adipocytes. This phenotype change, characterized in 
part by increased UCP-1 expression, may enhance fat metabolism, facilitate weight 
loss, and improve insulin sensitivity. On the other hand, it is likely that cells with 
similar plasticity are present in BAT such that they may, under certain environmental 
conditions (e.g., chronic energy overload as in obesity), take on a phenotype more 
similar to adipoctyes from WAT. This process in BAT, whereby adipocytes store 
more lipid and take on characteristics more similar to white adipocytes, has been 
described as “whitening” (Shimizu et al. 2014). Notably, both exercise and female 
sex hormones are among the growing list of factors that may influence “beigeing” of
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WAT. On the other hand, physical inactivity, obesity, and estrogen loss may trigger 
“whitening” of BAT, which may have negative effects on overall metabolic health. 

Effects of Exercise and Estrogen on Adipocyte Lipolysis 

Given its primary role in lipid energy storage, WAT is particularly important during 
fasting and exercise, especially when glycogen becomes limited. It is during fasting 
and endurance exercise that the process of adipocyte lipolysis becomes highly acti-
vated. Lipolysis is the major process that occurs uniquely in adipose tissue whereby 
the energy stored as lipid can be mobilized for use by other tissues. It is largely 
hormone driven and is dependent upon the specific physiological condition (Fig. 3.1). 
During the fed state, the hormone insulin potently suppresses adipose tissue lipolysis, 
whereas during the fasted state, when insulin levels are low and glucagon levels are 
high, lipolysis occurs unabated, resulting in an increase in circulating non-esterified 
free fatty acids (NEFAs) which serve as an important fuel for the energy-requiring 
skeletal and cardiac muscle cells. The mechanism of lipolysis involves increased 
activity of hormone sensitive lipase (HSL), an enzyme potently inhibited by insulin 
and activated by glucagon. On the other hand, during the fed state, insulin promotes 
fat storage in adipocytes by activating the enzyme lipoprotein lipase (LPL) (Wang 
and Eckel 2009) and inhibiting HSL. Not only does insulin increase TAG storage via 
LPL, but it also potentiates an increase in re-esterification of fatty acids in adipocytes 
for reasons that are not entirely clear (Frayn et al. 1994). In addition to being 
inhibited by insulin, adipocyte lipolysis is stimulated strongly by catecholamines 
(e.g., epinephrine and norepinephrine) which are released during exercise and which 
result in beta-adrenergic receptor (AR)-mediated mobilization of lipid (Hjemdahl 
and Linde 1983). Briefly, catecholamines bind to adipocyte cell surface adrenergic 
receptors, triggering intracellular signaling events culminating in the phosphorylation 
of HSL by protein kinase A (PKA); phosphorylated HSL mediates the hydrolysis 
of TAG molecules, resulting in the release of NEFAs and free glycerol from the 
adipocyte. Lipid droplet proteins such as perilipin are also important regulators of 
lipolysis and, when active, allow for the hydrolysis of lipid droplets within adipocytes. 
Other important players in the stimulation of lipolysis are adipose triglyceride lipase 
(ATGL) and comparative gene identification-58 (CG158). ATGL is a TAG hydrolase 
and the rate-limiting enzyme that promotes the catabolism of fat in both adipose and 
non-adipose tissues. Efficient ATGL activity requires activation by CG158, and upon 
stimulation of ATGL, release of fatty acids is increased. Alternatively, insulin, which 
decreases during exercise, deactivates both HSL and lipid droplet proteins, thereby 
inhibiting lipolysis.

In addition to stimulating lipolysis, beta3 AR stimulation in particular is a potent 
stimulus for browning of WAT (i.e., increased UCP-1 and mitochondrial biogenesis). 
During exercise, there is a strong positive relationship between adipocyte lipolysis 
and systemic fatty acid oxidation. In fact, net whole-body fat oxidation is determined 
by many factors that regulate both WAT lipolysis and skeletal muscle oxidative
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Fig. 3.1 Hormonal regulation of adipocyte lipolysis. Hormones released during exercise (i.e., 
catecholamines) and fasting (i.e., glucagon) bind to and activate membrane-bound ARs which trigger 
an AC-mediated increase in cAMP. cAMP activates PKA which phosphorylates and activates HSL 
to catalyze the hydrolysis of TAG stored in the lipid droplet; cAMP also activates perilipin allowing 
it to dissociate from the lipid droplet and thus facilitate lipolysis. During the fed state, insulin allows 
the adipocyte to take up fatty acids for storage via the activation of LPL and suppresses adipocyte 
lipolysis via activation of IRS, which leads to reduced cAMP/HSL activation. Insulin also inhibits 
ATGL which is another important lipase located in the lipid droplet which works closely with CGI-
58. AR adrenergic receptor, AC adenylate cyclase, cAMP cyclic AMP, PKA protein kinase A, HSL 
hormone sensitive lipase, IR insulin receptor, IRS insulin receptor substrate, TAG triacylglycerol, 
DAG diacylglycerol, FA fatty acid, NEFA non-esterified fatty acid, and LPL lipoprotein lipase.

capacity. With a net negative energy balance, fatty acid utilization increases to meet 
energy demands, and adipocytes shrink. As blood glucose levels become limited (e.g., 
during endurance exercise), WAT lipolysis increases as the body relies more heavily 
on fatty acid oxidation (Thompson et al. 2012). Thus, WAT lipolysis and skeletal 
muscle fatty acid oxidation are tightly linked such that WAT lipolysis increases the 
plasma NEFA concentration, and NEFAs are taken up by exercising muscles in a 
concentration-dependent manner. NEFA oxidation is dependent on both the intensity 
and the duration of the exercise. Given its near constant reliance on endocrine factors 
which regulate the flux between storage and lipolysis, and its primary role in secreting 
NEFAs into the circulation for transport throughout the body, it is not surprising that 
adipose tissue is among the most highly vascularized tissues in the human body. In 
fact, during resting conditions, blood perfusion is even greater in adipose tissue than in 
skeletal muscle (Thompson et al. 2012). During exercise, blood flow to both adipose
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tissue as well as skeletal muscle increases significantly. Undeniably, increased blood 
flow to adipose tissue during exercise is critical for neuroendocrine control of lipid 
kinetics and NEFA mobilization to exercising skeletal muscle (Lambadiari et al. 
2015). 

Exercise training may facilitate adaptations in adipose tissue lipolysis (Ogasawara 
et al. 2015) and fat oxidation to maximize fat utilization and preserve glycogen 
stores (Vicente-Salar et al. 2015). The importance of exercise-mediated regulation 
of adipocyte lipolysis is illustrated by evidence in rodents, which suggests that exer-
cise training-induced cardiac tissue adaptations do not occur when adipose tissue 
lipolysis is prevented via genetic knockdown of ATGL (Foryst-Ludwig et al. 2015). 
And, acute and chronic exercise may differentially affect lipolysis. For example, the 
cellular machinery associated with adipose tissue lipolysis undergoes significant and 
unique molecular changes with both acute and chronic exercise training (Ogasawara 
et al. 2015). There have been limited studies on how different types and intensities 
of exercise affect these changes. However, in one study of eumenorrheic women 
who were examined for substrate metabolism during a submaximal exercise bout 
at two different menstrual cycle phases (i.e., mid-folicular characterized by higher 
estrogen levels and mid-luteal characterized by lower estrogen levels), significant 
differences in substrate utilization were noted. Specifically, carbohydrate oxidation 
was higher during the follicular (i.e., high estrogen) phase compared to luteal (i.e., 
lower estrogen) phase. Correspondingly, lipid oxidation was higher during the luteal 
phase. Interestingly, at a greater exercise intensity, there were no longer signifi-
cant differences in fuel utilization during menstrual phases suggesting that female 
sex hormones may affect fuel utilization during moderate but not intense exercise 
(Hackney et al. 1994). 

Although sex differences have been appreciated, how estrogen affects adipose 
tissue-specific exercise training adaptations is completely unknown. While one study 
in humans failed to demonstrate significant sex differences between fatty acid and 
glycerol mobilization during rest or moderate-intensity exercise (Bulow et al. 2006), 
another study investigating the effects of short-term submaximal exercise on lipid 
mobilization showed that women have a more pronounced exercise-driven lipid 
mobilization response (Hellstrom et al. 1996). Although estrogen has been shown 
to enhance adipocyte lipolysis and fatty acid oxidation, postmenopausal women 
develop dyslipidemia, which may be related to an increase in basal lipolysis. Wohlers 
and Spangenburg, in mice, showed that loss of ovarian function results in increased 
ATGL protein content and decreased perilipin content, these differences compared to 
control, sham-operated animals associated with increased NEFA and glycerol levels, 
suggestive of increased basal lipolysis. Those differences were partially normalized 
with estrogen treatment, but not by exercise (Wohlers and Spangenburg 2010). In 
addition, premenopausal females have greater sensitivity to insulin’s antilipolytic 
effect in adipose tissue causing them to be more resistant to adipose tissue loss 
(Luglio 2014). Interestingly, during endurance exercise, females may actually have 
a greater preference toward fat oxidation than males, which associates with greater 
glycogen preservation. That is, females may be more metabolically flexible than 
males. Along those same lines, there is also some evidence that females have greater
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skeletal muscle intramyocellular lipid (IMCL) content and that a greater percentage 
of their IMCL stores associate directly with mitochondria following exercise, sugges-
tive of a greater capacity to utilize those lipid stores (Devries 2016). Mechanisti-
cally, some data suggest that women are more sensitive to the lipolytic action of 
epinephrine compared to men (Katzer et al. 2021), which may be due to ARs being 
affected by sex and/or estrogen. Some studies show that estrogen affects AR density 
on adipocytes. Catecholamine-stimulated lipolysis occurs through activation of beta 
ARs, whereas alpha AR activity inhibits lipolysis (Fig. 3.1). In fact, at least one 
human study showed that the greater rate of lipolysis in women upon epinephrine 
stimulation was due to lower alpha AR-mediated inhibition of lipolysis. Other studies 
have shown that estrogen, via estrogen receptor alpha (ERα) signaling, upregulates 
the expression of alpha AR, thus attenuating lipolysis and potentiating fat storage in 
the absence of beta AR stimulation. More detail on how ERs may affect AR signaling 
will be described later on. In sum, definitive data on whether sex differences exist in 
exercise-mediated adipose tissue lipolysis are inconclusive and require further study. 

Factors Affecting Adipose Tissue Distribution 

WAT is classified broadly as subcutaneous and visceral depots. Visceral WAT 
describes that surrounding the internal organs, whereas subcutaneous lies just beneath 
the skin throughout the body. Subcutaneous WAT is stored primarily around the 
hips and buttocks. The visceral intra-abdominal depot is most metabolically detri-
mental in that it associates strongly with insulin resistance and dyslipidemia. Estrogen 
appears to drive subcutaneous adipose tissue storage and estrogen-mediated adipose 
tissue distribution is thought to explain why females characteristically store fat in 
subcutaneous (e.g., hip, gluteal regions), whereas males tend to store fat viscerally. 
Other evidence that estrogen increases subcutaneous fat storage is that male-to-
female transsexual individuals receiving estrogen therapy increase subcutaneous but 
not visceral fat deposition (Luglio 2014). This estrogen-dependent fat distribution 
pattern is considered metabolically protective and likely explains why premenopausal 
women are less likely to experience adverse obesity-associated metabolic outcomes 
compared to age-matched men (Lapid et al. 2014). Mechanistically, this might be due 
to the fact that subcutaneous fat is more insulin sensitive and thus serves an impor-
tant blood glucose regulatory role. Equally important, this sex difference dissipates 
with age, when postmenopausal females begin to accumulate more visceral fat in 
the abdominal region concomitant with the natural cessation of ovarian hormones, 
including 17-β-estradiol (to be referred to simply as “estrogen” throughout this 
chapter). Also, in postmenopausal women who experience gains in adiposity with 
cessation of ovarian hormone production, estrogen replacement reduces visceral, 
but not subcutaneous fat storage (Mattiasson et al. 2002). Interestingly, despite 
increasing adipose tissue blood flow similarly in visceral and subcutaneous depots, 
catecholamine-driven lipolytic activation is greater in intra-abdominal compared to 
subcutaneous WAT (Enevoldsen et al. 2000). For this reason, exercise is particularly
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beneficial in reducing visceral fat and thus improving metabolic syndrome symptoms, 
such as dyslipidemia. The sex difference in adipose tissue distribution may also help 
explain why women compared to men are less responsive to exercise training in 
terms of body fat reduction. 

As indicated above, the major sex difference in lipid metabolism and adipose tissue 
distribution is that lipid metabolism in females drives fat storage in subcutaneous 
WAT depots with the majority being deposited in lower body regions, whereas males 
tend to favor central storage of lipid where it can be oxidized more readily (Varlamov 
et al. 2014). The earliest reports that ovarian hormones, particularly estrogen, can 
directly affect body fat levels via signaling specifically in adipocytes were from 
1978 by Wade and Gray, who found that estrogen binds to a protein receptor in the 
cytosolic fraction of both white and brown adipose tissue depots (Wade and Gray 
1978). It has also been appreciated since the 1980s that estrogen acts directly in the 
brain to augment food intake and stimulate voluntary exercise and acts directly in 
adipocytes to decrease LPL activity and therefore limit excess lipid storage in adipose 
tissue (Wade et al. 1985). The aromatase knockout mouse supports the notion that 
estrogen loss causes visceral WAT accumulation. In that rodent model in which 
endogenous estrogens cannot be synthesized, obesity is characterized by significant 
adipose accumulation in central (i.e., gonadal and intrarenal) depots (Endlich et al. 
2013). 

The sex difference in body fat content and distribution really begins to manifest 
during puberty, when increasing estrogen drives accretion of adipose tissue mass in 
females. Mechanistically, this may be due to an estrogen-mediated stimulation of pre-
adipocyte differentiation in adipose tissue (Lapid et al. 2014). This effect of estrogen 
on adipose tissue development is not surprising since adipose tissue is essential 
for female reproductive capabilities. The increase in adipose tissue during pubertal 
development in females is a key factor which determines when reproductive maturity 
is reached. Notably, whereas a critical adiposity threshold needs to be reached in order 
for females to reach sexual maturity, this is not true for males. Leptin, a hormone 
produced and secreted by adipose tissue to be discussed in greater detail later, appears 
to be critical in this regard and is a powerful example of the importance of adipose 
tissue as an endocrine organ (Chehab et al. 1997). There is also sexual dimorphism 
in the effects of excess adipose tissue during development such that it potentiates 
early pubertal development in young females, whereas the opposite is true in young 
males where excess adiposity delays puberty (Crocker et al. 2014). 

The important role of adipose tissue on female reproductive capabilities is also 
demonstrated by the fact that even moderate weight loss of 10–15 % of ideal body 
weight induces amenorrhea. Higher body fat percentage (26–28 %) in mature women 
has been thought to be necessary for regular ovulatory cycles and may influence 
reproductive ability in three major ways: (1) directly as adipose tissue is a source of 
estrogen via aromatization of androgen to estrogen by the aromatase enzyme present 
in adipose tissue; (2) shifting estrogen metabolism in such a way that influences 
its potency; (3) indirectly by changing the binding affinity of sex hormone binding 
globulin which binds estrogen, thus limiting its biological activity (Frisch 1991). 
It appears that ~22 % body fat is necessary to maintain a regular menstrual cycle
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although some have reported regular cycles in athletes with <17 % body fat (Ramos 
and Warren 1995). 

These sex differences in the relationship between adiposity and reproductive 
development are clearly related to differences in several endocrine factors, arguably 
the most important of which being estrogen. This is illustrated by the enhancement 
of body fat gain in the subcutaneous region in early pregnancy (even in the absence 
of caloric increase), a period characterized by high levels of estrogen (O’Sullivan 
2009). Estrogen’s ability to enhance efficient fat storage in women is metabolically 
beneficial in preparation for fertility, fetal development, and lactation. Estrogen’s 
ability to drive efficient fat storage may be in part due to its effect to suppress post-
prandial lipid oxidation (O’Sullivan et al. 2001). Taken together, estrogen promotes 
efficient fat storage, especially in subcutaneous depots, and potentiates lower rates 
of lipid oxidation, thus favoring energy retention in adipose tissue. Estrogen also 
appears to suppress visceral adipose tissue accumulation by suppressing de novo 
lipogenesis in this depot. The alpha form of the ER directs the feminizing effects 
of estrogen, and likely, the propensity toward subcutaneous over visceral fat accu-
mulation. Because this is the potent reproductive form of the ER, it is more highly 
expressed in female adipose tissue compared to male adipose tissue, whereas ERβ is 
equally expressed in adipose tissue between sexes. Unfortunately, ERα also mediates 
the cancer-promoting effects of estrogen (e.g., breast, uterine, and ovarian cancers 
may be triggered by chronically elevated ER alpha activation). We will now discuss 
the important and divergent roles played by these specific ER forms. 

Role of Estrogen Receptors in Adipose Tissue Metabolism 

The multitude of estrogen’s effects on physiological and endocrine processes is 
virtually all mediated via its specific receptors. The best characterized receptors 
are the alpha and beta forms which are both classical nuclear receptors; it is estrogen 
receptor alpha (ERα) that is most heavily expressed in adipose tissue and likely 
modulates some of estrogen’s metabolic effects on this tissue. But ERs α and β are 
expressed throughout the body and brain and ERα is thought to drive many global 
effects of estrogen, including adipose tissue deposition and fuel partitioning (Rettberg 
et al. 2014). Although the classical (i.e., genomic) pathway is thought to mediate 
most of estrogen’s actions in the body, it is now known that non-genomic signaling 
also occurs. Via activation of membrane-bound ERs, estrogen (and possibly other 
ER ligands) can trigger a signaling cascade including PKA and mitogen-activated 
protein kinase (MAPK) cascades, which may facilitate cellular nitric oxide produc-
tion and/or increase glucose transporter (i.e., GLUT4) translocation, thus improving 
insulin signaling (Wehling et al. 2006). The important role of adipose tissue ERα 
in mediating effects of estrogen is illustrated by rodent studies involving mice null 
for this receptor, which experience significant adiposity gains and disturbances in 
metabolic health. Studies of mutant mice with ERα selectively knocked out of adipose 
tissue recapitulates the adverse metabolic phenotype induced by removing ovarian
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estrogen production, suggesting that many of the adipose tissue-specific adverse 
effects of estrogen loss are mediated through loss of signaling through this receptor. 
Indeed, rodent models lacking ERα are more susceptible to obesity, inflammation, 
and insulin resistance. Moreover, one study showed in aged female mice, that whole-
body ERα knockout mice, although fatter than age-matched wild-type and ER beta 
knockout mice before surgery, did not gain weight following ovariectomy, much 
unlike the wild-type and ER beta knockout counterparts (Zidon et al. 2020). In terms 
of mechanism, it was recently shown that ERα is protective on adipocyte mito-
chondrial function (Zhou et al. 2020), an important component of adipocyte health 
that protects against adipose tissue inflammation and insulin resistance. Unfortu-
nately, though, as noted above, this form of the ER also mediates estrogen’s cancer-
promoting actions. Together, these studies demonstrate the metabolically protective 
role of estrogen, signaling through ERα, in adipose tissue. The well-known sex differ-
ence in systemic insulin sensitivity, where premenopausal women have significantly 
greater sensitivity than age-matched men, is likely driven by enhanced insulin sensi-
tivity of adipose tissue in females; and this is likely mediated, at least in part, by ERα 
(Davis et al. 2013). Indeed, isolated adipocytes from the intra-abdominal region of 
females have been shown to have greater sensitivity to insulin compared to those 
from the same region in males (Kim et al. 2014). 

While the vast majority of research attention over the past few decades has 
been focused on ERα, ERβ is also expressed in adipose tissue. However, unlike 
ERα, ERβ appears to be expressed at equal abundance in both male and female 
adipose tissue. Only recently has it been studied for its actions in adipose tissue. 
This is likely due to early studies showing no robust phenotype secondary to genetic 
ablation of ERβ. However genetic deletion of ERα, or even fat pad-specific down-
regulation, causes obesity and adipocyte hypertrophy (Davis et al. 2013), genetic 
ablation of ERβ did not seem to robustly affect susceptibility to obesity or cause 
insulin resistance. However, there may have been technical problems with early 
ERβ knockout mouse models, which may have prevented conclusive determinations 
about its physiological role from being made. Since 2010, several animal studies 
have shown that selective ERβ ligands have obesity-reducing effects (Yepuru et al. 
2010; Ponnusamy et al. 2017; Miao et al. 2016; Sasayama et al. 2017; González-
Granillo et al. 2020). Together, these preclinical studies indicate that antiobesity 
effects of selective ERβ ligands may be mediated by enhanced mitochondrial activity 
in adipocytes. It is possible that, among females, ERβ becomes even more important 
metabolically following menopause, when estrogen levels are low. That hypothesis 
is supported by recent rodent work, which demonstrates that lack of ER beta exac-
erbates the metabolic effects of estrogen depletion (i.e., rodent ovariectomy). It is 
probable that more emphasis will be placed on targeting ERβ to safely and effectively 
improve adipocyte health, but the research on this is still in its infancy. 

It is well established that exercise training is among the most effective strategies 
to improve systemic insulin sensitivity. Given the role of ERα in enhancing insulin 
sensitivity, one study investigated the effect of exercise training on ERα expression in 
skeletal muscle. Interestingly, that study showed that exercise increased muscle ERα 
expression, but only in female rats; later work showed this effect to be muscle cell
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type specific with increases being most evident in gastrocnemius muscle (Lemoine 
et al. 2002). Interestingly, even in adult men, exercise has been shown to increase 
skeletal muscle ERα (Wiik et al. 2005). Whether exercise-mediated changes in ERs 
are related to its insulin-sensitizing effects has not been addressed but is an intriguing 
idea. While exercise is thought to mostly improve skeletal muscle insulin sensitivity, 
data also suggest that exercise enhances adipocyte insulin sensitivity. More studies are 
necessary to determine if the effects of exercise on adipocyte ERα and ERβ expression 
are mechanistically linked to its beneficial effects on adipocyte insulin sensitivity and 
metabolism. One published study performed on male rodents only did not show an 
increase in adipose tissue ERα (Metz et al. 2016), but a more recent study in male 
mice showed that, while exercise did not affect adipose tissue ERα, it did significantly 
increase adipose tissue ERβ beta expression, yet had no effect on ERβ in skeletal 
muscle or liver (Winn et al. 2019). This may be due to exercise-mediated lipolysis, 
since other studies have since shown that the lipolytic stimulator and beta3 AR ligand, 
CL316, 243 also increase ERβ protein expression in adipose tissue (Queathem et al. 
2021). While skeletal muscle-specific insulin-sensitizing effects of exercise are well 
known, the effects of exercise on adipose tissue insulin sensitivity have received less 
attention. However, there is evidence in female rodents that aerobic fitness improves 
adipose tissue sensitivity across WAT and BAT depots. Remarkably, the adipose 
tissue insulin sensitivity difference between high and low-aerobically fit rats in that 
study was even more robust than that observed in skeletal muscle (Park et al. 2016). 
The extent to which adipose tissue estrogen signaling affects the insulin-sensitizing 
role of exercise training on adipose tissue remains largely unknown. But, given the 
evidence that exercise increases ER expression on adipocytes, and the evidence of 
the critical role ERs play in adipocyte mitochondrial activity, lend support for an 
important role of estrogen signaling in exercise-mediated adaptations. 

Effects of Exercise and Estrogen on Brown Adipose Tissue 
(BAT) 

While the vast majority of adipose tissue in the human body is WAT, as mentioned 
earlier, BAT also exists and has received significant attention recently. Until around 
2007, it was thought that adult humans did not have physiologically relevant amounts 
of BAT. However, with new technologies allowing for BAT metabolic detection, now 
it is known that we do harbor some BAT. Further, although making up only a frac-
tion of total adipose tissue mass, it appears to be very relevant from a metabolic 
standpoint. Due to its reliance on mitochondrial fatty acid oxidation that occurs 
in its specialized adipocytes to produce heat, BAT contributes to energy expendi-
ture. In addition, studies have demonstrated that BAT activity also improves glucose 
homeostasis. While the major stimulus for BAT activity is cold, since the realization 
that functional BAT exists in adult humans, a growing body of research has investi-
gated alternative mechanisms to activate BAT. This new research emphasis has been



3 Effects of Sex Hormones and Exercise on Adipose Tissue 65

partially driven by the possibility of targeting BAT as an obesity-mitigating thera-
peutic. The mechanism behind the classic BAT stimulus, cold exposure, involves 
activation of the sympathetic nervous system (SNS). Upon SNS activation, nore-
pinephrine (NE) is released into the circulation and binds to β-adrenergic receptors 
on the surface of brown adipocytes. This binding triggers an activation cascade 
involving G-proteins and adenylate cyclase activation, which ultimately results in 
lipolysis; the fatty acids released activate UCP-1, which then uncouples oxidative 
phosphorylation, and produces heat. Simultaneously, NE stimulates BAT glucose 
uptake—it is the stimulation of glucose uptake that allows positron emission tomog-
raphy/computed tomography (PET/CT) scan technology to detect BAT activity and 
it is this technology that allowed for the discovery that human adults have functional 
BAT. 

Falling under the physiological adaptationprinciple of hormesis, low levels of 
reactive oxygen species (ROS) have been shown to be, not only not detrimental, 
but necessary for the proper thermogenic functioning of BAT (Ro et al. 2015). 
When chemical antioxidants are over-expressed in BAT adipocytes, UCP-1 expres-
sion, and the associated thermogenesis, is suppressed. On the other hand, exces-
sive ROS caused by dysfunctional mitochondria lead to oxidative damage, which 
impairs proper BAT function. Exercise may act to enhance “mitohormesis.” Mito-
hormesis applies the definition of hormesis (i.e., the process by which exposure to a 
low dose of a mild stressor promotes adaptive changes which enhance the capacity 
to tolerate subsequent stressors) specifically to the mitochondria, suggesting that 
mitochondrial stress leads to healthy adaptations allowing the mitochondria to main-
tain cellular homeostasis upon subsequent stress (Merry and Ristow 2015). Exer-
cise may promote this process by inducing low levels of ROS that then enhance 
oxidative metabolism. Since exercise stimulates the SNS and catecholamine release 
(i.e., NE and epinephrine), it has been hypothesized that exercise may activate BAT. 
That hypothesis was tested in rodent studies. In one such study, mitochondria were 
harvested from BAT of trained and untrained rats both before and after an exhaustive 
exercise bout (Gohil et al. 1984). What was found was that exercise actually reduced 
the oxidative capacity of BAT. However, early animal studies revealed that exercise-
trained rats have greater capacity for NE-stimulated BAT thermogenesis (Hirata 
1982a, b); that is, those findings suggested that exercise may not activate BAT per se, 
but may increase its sensitivity to stimulated activity. However, this line of research 
has produced conflicting results. In fact, several studies using a variety of exercise 
modalities have reported that exercise training reduces the SNS response in BAT 
(Richard et al. 1992; Nozu et al. 1992; Yamashita et al. 1993; Larue-Achagiotis et al. 
1995). This is quite the opposite of what happens with exercise training in skeletal 
muscle (Joseph et al. 2006). While some investigators who have reported that BAT 
thermogenic activity increases following exercise training in mice (Oh-ishi et al. 
1996), others have reported an exercise-mediated reduction in BAT thermogenesis 
(Leblanc et al. 1982). This latter finding perhaps makes more physiological sense, 
as the authors speculate that an exercise-mediated reduction in thermogenesis would 
prevent energy wasting. Recent studies have confirmed that latter theory that exercise 
is more likely to reduce than activate BAT activity. While there is a noticeable gap
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in the animal literature on the metabolic effects of BAT between ~1990 and 2007, 
there has been a resurgence of basic animal studies on BAT activity following the 
discoveries between the years 2007 and 2009 that human adults indeed harbor ther-
mogenically active BAT (Sanchez-Delgado et al. 2015). It has since been discovered 
that BAT activity decreases with age, correlates inversely with BMI and obesity, and 
is greater among premenopausal women compared to age-matched men (Sanchez-
Delgado et al. 2015). In a cross-sectional study of adult males, cold-induced BAT 
activation was significantly lower among exercise-trained compared to weight and 
sex-matched sedentary controls (Vosselman et al. 2015). A renewed interest in the 
potential effect of exercise to increase non-exercise thermogenesis came about after 
a comprehensive study led by Speigelman and colleagues in 2012, in which it was 
found that exercise induced skeletal muscle secretion of a hormone (irisin) that was 
shown to increase UCP-1 expression in WAT in humans and animals (Bostrom et al. 
2012). 

A very interesting observation was made that adipocytes from BAT express ERα 
and that this receptor is essential for brown adipogenesis. A study of human fetal BAT 
demonstrated that it expresses both ERα and β, with ERα being the predominant form. 
This not only suggests that, like WAT, BAT is regulated by estrogens but also impli-
cates estrogen as playing a role in BAT development (Velickovic et al. 2014). Thus, 
it is perhaps not surprising that females have more BAT than males and that estrogen 
regulates BAT thermogenesis (Martinez de Morentin et al. 2014). It also appears that 
there is sexual dimorphism in mitochondrial function of BAT such that female BAT 
has greater mitochondrial content and is less susceptible to oxidative stress (Nadal-
Casellas et al. 2012); these protective characteristics are lost with ovariectomy in 
rodents and only partially restored with estrogen replacement, suggesting estrogen 
as well as other ovarian hormones may protect BAT mitochondrial function (Nadal-
Casellas et al. 2011). It has been hypothesized that post-ovariectomy weight gain 
in rodents, and possibly, weight gain postmenopause in humans, is due in part to 
reduced BAT activity. Interestingly, early evidence cited that estrogen may increase 
energy expenditure independent of increased physical activity by increasing adaptive 
thermogenesis in BAT. While not all preclinical studies have supported this hypoth-
esis (Nigro et al. 2014), it is possible that estrogens regulate BAT thermogenesis and 
that loss of estrogen signaling affects energy homeostasis in part by reducing non-
activity energy expenditure via BAT activity (Martinez de Morentin et al. 2014). It is 
also important to note that estrogen is an antioxidant and increases gene expression 
of natural antioxidant molecules which may protect adipocytes from mitochondrial 
oxidative stress. This point will be discussed further in the section to follow.
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Mitochondrial Function and Browning of WAT (Can 
Exercise and Estrogen Make Fat Cells Fit?) 

While BAT is characteristically the mitochondria-dense depot, all adipocytes contain 
mitochondria. In fact, mitochondria are essential for many adipocyte functions 
including lipolysis, triglyceride re-esterification and storage, and adipokine produc-
tion. And, it has been appreciated since the early 1990s that exercise training induces 
mitochondrial adaptations in WAT that are similar to those that occur in skeletal 
muscle (Stallknecht et al. 1991). It appears that the exercise-mediated increase in 
mitochondrial biogenesis in adipose is driven by catecholaminergic mechanisms. 
Moreover, “healthy” adipoctyes are known to have highly functional mitochondria, 
whereas “unhealthy” adipocytes are characterized by a profile of high inflamma-
tory/oxidative stress associated with dysfunctional mitochondria (Vieira-Potter et al. 
2015). Thus, it is possible that exercise training enhances adipocyte function in part 
via its positive effects on adipocyte mitochondria. This may help explain the evidence 
that exercise training mitigates metabolic dysfunction by enhancing adipocyte differ-
entiation in BAT and/or increasing WAT browning (Xu et al. 2011). A recent elegant 
study showed that the transplantation of subcutaneous WAT from exercise-trained 
rodents into sedentary, insulin-resistant rodents led to remarkable improvements in 
insulin sensitivity in the recipient rodents (Stanford et al. 2013). Moreover, that study 
showed the increased insulin-stimulated glucose disposal in the recipient mice was 
not due to increased glucose uptake into the transplanted fat; rather, those mice expe-
rienced increased glucose uptake into skeletal muscle and BAT, strongly suggesting 
an exercise-induced endocrine effect of the WAT. This suggests that exercise may 
affect the endocrine function of brown and WAT to facilitate systemic metabolic 
enhancements. 

It is well established that exercise upregulates skeletal muscle peroxisome 
proliferator-activated receptor gamma coactivator 1 alpha (PGC1-α), which is linked 
to mitochondrial biogenesis, angiogenesis, and fiber-type switching. Moreover, in 
individuals with type 2 diabetes, skeletal muscle PGC-1α mRNA levels are reduced 
(Patti et al. 2003), whereas the attenuated levels are restored by various types 
of exercise ranging from acute to chronic endurance (Summermatter and Hand-
schin 2012). In one study, mice with upregulated PGC-1α were not only resis-
tant to obesity and diabetes but also had a prolonged lifespan (Bostrom et al. 
2012). Human white adipocytes transfected with PGC-1α present increased levels of 
UCP-1, suggesting PGC-1α can remodel WAT into BAT (i.e., browning of WAT) 
(Tiraby et al. 2003). Importantly, exercise may also increase adipose tissue PGC-1α. 
One study (Sutherland et al. 2009) demonstrated that 2 h of daily swimming exercise 
training for a month led to increases in markers of WAT mitochondrial biogenesis 
such as cytochrome-C oxidase (COXIV) and Core1 expressions and citrate synthase 
activity, which are all driven by increased PGC-1α and mitochondrial transcrip-
tion factor A (Tfam). Recently, the newly identified “exercise hormone”, irisin (as 
described above) has received much attention due to its potential browning effect 
on WAT. The Fndc5 gene stimulated by PGC1-α in exercising muscle forms irisin,
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which is secreted into circulation, and stimulates a biological program making WAT 
more like BAT via upregulated PGC-1α and UCP-1 expression. Spiegelman and 
Bostrom (Bostrom et al. 2012) demonstrated that exercise (i.e., voluntary wheel 
running and swimming) in mice drives the subcutaneous and visceral fat pads into 
a thermogenic gene program (e.g., enhanced mitochondrial content and increased 
levels of UCP-1 gene expression) via triggering an increase in circulating irisin. 
Exercise-mediated adaptations in adipose tissue mitochondria appear to require nitric 
oxide (NO) signaling via an endothelial NO synthase (eNOS)-dependent mechanism. 
Moreover, it has been suggested that an exercise-mediated increase in eNOS activity 
may explain its protective effects on adipose tissue immunometabolism (i.e., reduced 
inflammation, enhanced mitochondrial function, increased sensitivity to antilipolytic 
effect of insulin), although eliminating eNOS per se does not increase adipose tissue 
inflammation under sedentary conditions (Jurrissen et al. 2016). 

Estrogen may have similar effects on adipocyte mitochondria as those induced by 
exercise. ERα plays an important role in eNOS regulation (Sun et al. 2016) and may 
explain estrogen’s role in increasing mitochondrial biogenesis (Zhou et al. 2020) 
and protecting against mitochondrial stress (Duckles and Krause 2011). The newly 
appreciated effect of exercise to increase adipose tissue ER beta expression, combined 
with studies showing that activation of ER beta induces adipocyte browning and 
mitochondrial activity, suggests that both ERs may play important roles, and that 
estrogen and exercise may work synergistically to improve adipocyte health. In fact, 
early evidence that genetic manipulation of the ERs using mouse models affects 
the responsiveness to beta3 AR ligand-induced browning supports this idea. Further, 
the fact that there are newly appreciated sex differences in the sensitivity to adipose 
tissue browning, and that these sex differences are dependent on adipose tissue depot 
(where there are also differences in ER expression levels), further supports a critical 
role of ER expression in responsiveness to lipolytic stimulation, whether it be through 
catecholamine or beta3 AR agonist-induction. The relationships between estrogen 
availability and adaptations to exercise in adipose tissue, and how such relationships 
may affect sex-specific effects of exercise on adipose tissue health, is an area of 
investigation that certainly required further exploration. 

Roles Played by Exercise and Estrogen in Adiposity 
Reduction 

The importance of exercise and total physical activity on adiposity reduction in 
states of energy surplus (e.g., obesity) is controversial. Although epidemiological 
data from the National Weight Control Registry demonstrate that exercise at the 
quantity of at least 1 h per day is a strong predictor of successful long-term weight 
loss, some researchers argue that calorie reduction is more effective in inducing an 
energy deficit resulting in weight loss. Some researchers suggest that exercise in 
the absence of dietary restriction results in compensatory dietary intake, thereby
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mitigating exercise-mediated weight loss (Thomas et al. 2012). From an energy 
balance standpoint, any net energy deficit (i.e., due to dietary or exercise-mediated 
deficit) will result in a reduction in adipose (and lean) mass. Accordingly, in order 
for exercise to reduce total adiposity, it must induce an energy deficit that is not 
replaced by dietary energy. The direct versus indirect effects of exercise on adiposity 
are difficult to separate. That is, it is possible that exercise affects adipose tissue both 
by inducing an energy deficit that triggers mobilization to satisfy that need and by 
more directly affecting adipocyte metabolism. It does appear that adipocyte lipolysis 
and skeletal muscle fat oxidation are higher, even during the resting state, following 
endurance exercise and that protein degradation is downregulated (Vicente-Salar 
et al. 2015). This suggests that training adaptations may occur in adipose tissue that 
are unique from the energy deficit effects of exercise. The mitochondrial adaptations 
in adipose tissue, and enhanced sensitivity to hormone-regulated lipolysis, described 
in the above sections, would certainly serve as examples of these exercise-specific 
effects. 

In general, exercise training significantly reduces mean adipocyte size and 
adipocyte lipid content, as well as increases WAT gene expression of important 
metabolically protective proteins such as GLUT4 and PGC1-α, suggesting that exer-
cise may facilitate exercise-mediated fat mobilization which is necessary for fat loss. 
On the other hand, in many cases, adipocyte molecular changes that occur with exer-
cise training are independent of any exercise-mediated weight loss (Stanford et al. 
2015). One study even showed that exercise training led to significantly greater gene 
expression changes in subcutaneous WAT compared to exercise-induced changes in 
skeletal muscle (Stanford et al. 2013). Thus, an important consideration in evalu-
ating the literature on the role of exercise in weight loss is that exercise affects the 
“quality” of adipose tissue even in instances when exercise training does not lead to 
total adipose tissue reduction. In this next section, the idea that adipose tissue is an 
endocrine organ will be discussed in greater detail to allow for a more in-depth inves-
tigation of how exercise might affect the “quality” (e.g., regulatory function, insulin 
sensitivity, inflammation, endocrine role, etc.) of adipose tissue. Further, the idea 
that sex differences may exist in these attributes of adipose tissue will be discussed, 
along with a discussion of how the effects of exercise may differ depending on sex 
and other factors. 

Adipose Tissue as an Endocrine Organ Susceptible 
to Inflammation 

Research over the past two decades has revealed the adipose tissue as an immune 
site harboring a unique collection of cells (Giordano et al. 2014). In fact, mature 
adipocytes make up only ~50 % of WAT and that the remaining ~50 % comprises 
the stromal vascular cell (SVC) fraction which includes pre-adipocytes, fibroblasts, 
immune cells, endothelial cells, and smooth muscle cells (van Harmelen et al. 2005;
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Gesta et al. 2007) allowing WAT to serve functions to maintain vascular, metabolic, 
endocrine, and immunological homeostasis, in addition to energy storage and mobi-
lization. The idea that WAT is little more than a storage depot was challenged in 1994 
with the groundbreaking discovery of the hormone leptin (Halaas et al. 1995). Leptin 
is produced and secreted by adipocytes, and its major role is in regulating whole-body 
energy balance through its interaction with receptors in the ventral medial region of 
the hypothalamus (Campfield et al. 1996). While the major role of leptin is to act 
as a lipostat both suppressing appetite and increasing thermogenesis, it also has a 
multitude of other effects that span many physiological processes. Importantly, leptin 
is also at the interface between the body’s energy reserves and reproduction, high-
lighting the vital role that adipose tissue plays in female reproduction (Thong et al. 
2000). The first indication of the importance of adipose-derived leptin in reproduction 
came with the discovery that the few humans born with a genetic defect preventing 
them from producing leptin are not only obese due to disturbed energy balance regu-
lation, but do not reach sexual maturity. It is now known that leptin receptors are 
expressed not only in brain but also in human ovaries (Thong et al. 2000) and other 
tissues. There is also a sexual dimorphism in circulating leptin such that women have 
greater levels than men, even when the greater total adiposity in women is accounted 
for. In healthy women, leptin increases during the luteal phase of the menstrual 
cycle (Thong et al. 2000). Moreover, this rise in leptin parallels ovarian hormones, 
suggesting a relationship between sex hormones and leptin production, although 
mechanisms remain unknown. Interestingly, exercise-induced amenorrhea, which is 
very common among reproductive-aged females undergoing intense training, asso-
ciates with an absence of diurnal leptin rhythm (Thong et al. 2000) which is accom-
panied by reduced basal metabolic rate. In amenorrheic athletes, it has been hypoth-
esized that their significantly lower circulating leptin levels are attributed to their 
low body fat content; however, studies have demonstrated that the lower leptin levels 
during amenorrhea are not fully accounted for by lower percent body fat, suggesting 
that another factor is responsible for leptin suppression in these individuals. Other 
factors that may play a role are low total energy intake and low circulating insulin 
(which has been shown to increase adipose tissue leptin gene expression). Impor-
tantly, exogenous leptin administration alone is not effective in restoring reproductive 
function in amenorrheic women unless sufficient glucose is available. Clearly, the 
relationships between reproductive capabilities, metabolism, and leptin are complex 
and not fully understood. 

While low leptin levels associate with amenorrhea, obesity results in high leptin 
levels which has been shown to be a causative feature of obesity-related breast cancer 
(Schmidt et al. 2015). Since aromatase enzyme is present in adipose tissue, adipose 
tissue produces estrogen, which is produced from an androgen precursor. For this 
reason, adipose tissue is the major tissue responsible for estrogen production post-
menopause. Moreover, excess local estrogen production in mammary tissue of obese 
women is thought to contribute to the increased risk of breast cancer among obese 
women (Howe et al. 2013). 

In addition to leptin, many adipose tissue-derived hormones, cytokines, 
and chemokines have been discovered and are collectively called “adipokines”. The
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immunometabolic processes which occur in adipose tissue directly affect somatic 
metabolic function (Ferrante 2013). Because of this rich immune cell composition 
which includes adaptive (e.g., B and T lymphocytes) as well as innate immune cells 
(e.g., macrophages, dendritic cells, mast cells, eosinophils), adipose tissue is now 
classified as an immune organ, the latest organ to be classified as such (Bloor and 
Symonds 2014). Modulating adipose tissue inflammation can independently affect 
whole-body metabolic function (Xu et al. 2013; Ko et al.  2014; Miao et al. 2014). 

Chronic inflammation in WAT links obesity with insulin resistance and obesity-
related metabolic disease (Osborn and Olefsky 2012). This relationship was first 
recognized with the discovery that WAT produces and secretes the pro-inflammatory 
cytokine, tumor necrosis factor (TNF)-α in rodent models of obesity (Hotamisligil 
et al. 1993). Although, there is evidence of immune cells in WAT as far back as the 
1950s (Laqueur and Harrison 1951), with the adipose-derived TNF-α discovery, it 
was learned that inflammation actually causes insulin resistance in adipose tissue 
through a mechanism involving inhibition of serine/threonine phosphorylation of 
the docking protein, insulin receptor substrate (IRS)-1 (Hotamisligil et al. 1993). 
Other immune cells arising from the WAT including interleukin (IL)-6 (Kern et al. 
2001), resistin (Cherneva et al. 2013), IL-1β (Gao et al. 2014), and interferon 
(IFN)-γ (O’Rourke et al. 2012) also directly modulate insulin sensitivity locally 
and systemically. Also noteworthy is that adipose tissue secretes not only inflam-
matory cytokines but also anti-inflammatory and insulin-sensitizing proteins such as 
adiponectin (Yamauchi et al. 2001) and IL-10 (Speaker et al. 2014). These secretions 
arise from the adipocytes themselves (e.g., adiponectin, leptin, resistin, visfatin), as 
well as from other infiltrating and resident immune cells including adipose tissue 
macrophages (e.g., IL-10, TNF-α) and T lymphocytes (e.g., IFN-γ). It is thought that 
macrophages , mostly recruited from blood monocytes, are mostly responsible for 
the inflammatory cytokines present in obese WAT (Weisberg et al. 2003). Research 
in this area of adipose tissue immune cell production and release has been reviewed 
extensively (Fain 2006), and it can be concluded that a diverse array of immune 
cell interactions occurs in WAT that are orchestrated by a growing list of adipose 
mediated secretions. One of the major conclusions from that body of work is that 
adipose tissue macrophage phenotype is a key determinant of the inflammatory status 
of the tissue. Thus, it is important to briefly summarize the concept of macrophage 
phenotype. 

Macrophages have been classically classified into two broad classes based on their 
secretion profile and surface markers: M1 or “classical” and M2 or “alternative”. 
Newer findings suggest that there are actually many more subgroups (Natoli and 
Monticelli 2014). It is recognized that macrophages can readily change state based 
on the local tissue environment (Sorisky et al. 2013). Especially under nutrient dense 
conditions, inflammatory (i.e., M1) macrophages infiltrate WAT and, like the inflam-
matory cytokines they secrete, negatively affect insulin resistance. Macrophages 
and monocytes are present in obese as well as lean WAT (Feuerer et al. 2009), 
although the prevalence increases with WAT expansion (Weisberg et al. 2003). In 
fact, it is estimated that ~10 % of the SVC fraction from lean WAT may be made 
up of macrophages, whereas this number increases to ~40–50 % in obese WAT
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(McNelis and Olefsky 2014). The M1 macrophage plays a central role in host 
defense against bacterial and viral infections (i.e., innate immunity), while the M2 
macrophage is associated with anti-inflammatory reactions and plays roles in tissue 
remodeling, fibrosis, and tumor progression (Natoli and Monticelli 2014); these 
classical macrophage roles also dictate their function in WAT. While the majority of 
macrophages present in obese WAT are of the classical M1 phenotype, those present 
in lean WAT tend to M2 (Feuerer et al. 2009). 

Effects of Exercise and Estrogen on Adipose Tissue 
Inflammation 

Certainly, by way of reducing total WAT, exercise can serve to counter obesity-
associated WAT inflammation (Tchernof and Despres 2013). However, the anti-
inflammatory effects of exercise go beyond simply reducing total adiposity since 
weight loss-independent, exercise-mediated reductions in WAT inflammation have 
been documented in humans (Bruun et al. 2006) and rodents (Bradley et al. 2008; 
Vieira et al. 2009). One study investigated the effects of a 15-week exercise inter-
vention (i.e., 2–3 h of moderate-intensity walking, swimming, or aerobics, 5 days 
per week) on weight loss, insulin sensitivity, and inflammation (systemic, as well 
as gene expression in WAT and skeletal muscle biopsy samples) in severely obese 
subjects (Bruun et al. 2006). Those subjects experienced improvements in insulin 
sensitivity and reduced systemic inflammation (Bruun et al. 2006). Importantly, 
that study also found that WAT inflammation decreased with exercise, an effect 
that was not found in the skeletal muscle. In a similar study with animals, a 
reduction in WAT gene expression of CD68 and CD14 (macrophage markers) and 
TNF-α were observed in morbidly obese rats exposed to acute swimming exercise 
for 12 weeks (Oliveira et al. 2013). Similarly, in obese mice, moderate exercise 
training (6 or 12 weeks of treadmill running) lowered systemic and as well 
as WAT inflammation, anti-inflammatory effects that predicted improvements in 
insulin resistance and hepatic steatosis (Vieira et al. 2009). Another group showed 
that 6 weeks of voluntary wheel running exercise decreased WAT inflammation 
in obese mice, even in the presence of high fat diet (Bradley et al. 2008). Like-
wise, in genetically obese rats, endurance exercise training in combination with 
the drug, metformin positively altered WAT secretion and plasma concentrations of 
leptin and IL-10, shifting the WAT toward an anti-inflammatory phenotype (Jenkins 
et al. 2012). In another study using high fat diet-fed mice by Kawanishi et al., 
exercise training resulted in a marked reduction in WAT inflammation despite not 
weight-reducing effect of exercise (Kawanishi et al. 2010). Those authors went 
on to show that exercise was associated, not only with a reduction in total WAT 
macrophage content but with an M1 → M2 macrophage phenotype switch, which 
may help explain its anti-inflammatory effect (Kawanishi et al. 2010). Acute exercise 
has also been reported to have anti-inflammatory effects in WAT: a mild–moderate
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3-h exercise bout reduced inflammation in the epididymal WAT (a major visceral 
fat depot) of rats as indicated by decreased mRNA levels of inflammatory cytokines 
including TNF-α and IL-1β. Similar to the study by Kawanishi et al., there was 
also a switch in macrophage phenotype from pro-inflammatory anti-inflammatory 
phenotype in that study, suggesting that the mechanism may involve the acute 
hormonal/physiological/immunological changes associated with exercise (Oliveira 
et al. 2013). 

Exercise may also facilitate interactions between adipocytes and immune cells 
in adipose tissue, although more studies are necessary in this area. Adipocyte lipol-
ysis was discussed in detail above and it well appreciated that exercise profoundly 
affects lipolysis, both acutely and perhaps induces chronic adaptations in this regard. 
Interestingly, macrophages also are capable of undergoing lipolysis, although they 
exhibit intracellular lipolysis mediated through lipophagy (Singh et al. 2009) unlike 
adipocytes, which exhibit extracellular lipolysis. These processes may work in 
concert to regulate lipid trafficking and metabolism (Xu et al. 2013). Mice lacking 
CGI-58, the lipid droplet-associated protein described above, have dysfunctional 
lipophagy in macrophages. And downregulation of this protein increased inflamma-
tion via inflammasome activation via a mechanism involving macrophage-produced 
ROS (Miao et al. 2014). Animals lacking CGI-58 also experience a suppression of 
PPARγ-dependent mitochondrial function, which leads to increased ROS release 
from mitochondria. That study by Miao et al. demonstrated a PPARγ-mitochondria-
ROS-inflammation pathway in macrophages (Miao et al. 2014) and offers a good 
example of how adipocyte and macrophage function may be united via lipid 
metabolism pathways. Given the evidence cited above that exercise may improve 
mitochondrial function in adipose tissue, it is possible that exercise may improve 
adipose tissue function by limiting inflammation by improving the phenotype of 
both mitochondria and adipose resident immune cells. 

In one study, Rahman and colleagues reported that suppression of the inflam-
masome NLRP3 was associated with an improved metabolic phenotype in addition 
to suppression of inflammation. An interesting and unexpected finding from that 
study was that lower inflammatory activation was also associated with improved 
adipocyte mitochondrial function. Indeed, mitochondrial dysfunction is emerging as 
an important trigger of inflammation and oxidative stress in many tissues including 
WAT. Hahn and coworkers used an adipocyte cell line, 3T3-L1, to elucidate mech-
anisms by which inflammatory cytokines may affect mitochondrial metabolism. 
Every pro-inflammatory cytokine investigated in that study, TNF-α, IL-6, and IL-1β, 
impaired adipocyte mitochondrial function as indicated by reduced gene expres-
sion of mitochondrial biogenesis indicators, PGC1α and eNOS. Inflammation also 
induced mitochondrial fragmentation and dysregulated mitochondrial fusion (Hahn 
et al. 2014). Since free fatty acids were shown to directly decrease CGI-58 expression 
in macrophages, via way of enhancing lipolytic regulation, exercise may also reduce 
the availability of potentially lipotoxic fatty acids which can cause inflammatory 
macrophage activation and insulin resistance. 

Another research study has demonstrated that the transcriptional regulator of 
fasting lipolysis, IRF4, enhances adipocyte lipolysis and suppresses macrophage
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inflammation (Fabrizi et al. 2014); and mice with a myeloid-specific deletion 
of IRF4 are insulin resistant. Thus, IRF4 may serve as a communication link 
between adipocytes and macrophages that regulates lipid handling in adipocytes 
by promoting adipocyte lipolysis while also decreasing classical M1 macrophage 
activation (Fabrizi et al. 2014). The effects of exercise training on IRF4 remain 
unknown, but this may serve as another potential mechanism by which exercise 
enhances lipolytic regulation and reduces inflammation. Saturated free fatty acids 
have been reported to activate DNA methyltransferase (DNAMT) enzymes (Yang 
et al. 2014) which may mechanistically link fatty acid exposure to inflammation. 
DNAMT3b was shown by those researchers to directly methylate PPARλ at its 
promoter region, thereby leading to M1 macrophage polarization. The trigger may 
be macrophage ROS production, as ROS led to oxidative damage of phospholipids, 
protein, and DNA. Thus, cross talk exists between macrophage-derived cytokines and 
adipocytes, as well as between adipocyte mitochondria and macrophages themselves. 
This cycle of ROS production and inflammatory activation clearly potentiates inflam-
matory cascades. On the other hand, enhancing mitochondrial fatty acid oxidation 
may decrease inflammation. Activation of macrophage AMP-activated protein kinase 
(AMPK), an important cellular fuel gauge and regulator of lipid metabolism, can 
significantly abrogate inflammatory signaling events (Filippov et al. 2013). Interest-
ingly, estrogen is also known to activate AMPK (D’Eon et al. 2005) as well as reduce 
adipose tissue inflammation where exercise has strikingly similar effects (Higa et al. 
2014). 

Another possible mechanism by which exercise reduces WAT inflammation 
involves paracrine effects due to proteins secreted into the circulation by skeletal 
muscle cells (i.e., myokines) upon an exercise stimulus. Similar to adipokines, 
myokines have been shown to exhibit their effects both locally and peripherally. IL-6 
(interleukin-6) is one such recently identified myokine that has shown potential in 
possessing a protective metabolic role. IL-6 may exert beneficial metabolic effects 
via enhancement of lipolysis and mitigation of the inflammatory response in WAT 
(Pedersen and Hojman 2012). Interestingly, IL-6 is commonly secreted by enlarged 
adipocytes and has been associated with reduced insulin action in WAT and system-
ically (Fried et al. 1998). However, Pedersen et al. (Petersen and Pedersen 2005) 
demonstrated that IL-6 may be a protective factor produced by exercising muscle 
cells and released into the circulation during and after exercise. Indeed, plasma IL-6 
level increases exponentially with exercise and is related to exercise intensity, dura-
tion, mass muscle recruited, and endurance capacity of an individual. Produced by 
both type I and II muscle fibers, IL-6 acts to regulate glucose and lipid metabolism. In 
skeletal muscle, IL-6 activates AMPK and PI3 kinase to enhance glucose uptake and 
fat oxidation and also exerts effects in a hormone-like fashion affecting other tissues 
such as liver (e.g., hepatic glucose production) and WAT (e.g., enhanced lipolysis). 
Notably, IL-6 lessens circulating TNF-α levels, implying an anti-inflammatory role. 
Starkie et al. (Starkie et al. 2003) used a model of low-grade inflammation established 
with a low dose of E. coli endotoxin administered to healthy individuals. The TNF-α 
response induced by endotoxin was totally blunted by a 3-h bout of cycling exercise
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or an infusion with recombinant human IL-6. Consistent with those multiple benefi-
cial effects, mice with IL-6 deficiency develop obesity and insulin resistance, effects 
that are reversed with IL-6 administration (Wallenius et al. 2002). Thus, provocation 
of an increase in muscle IL-6 secretion may help explain some of the metabolic and 
anti-inflammatory effects of exercise. 

Similar to anti-inflammatory effects of myokines during exercise, adipocyte-
released adiponectin levels, which are inversely proportional to abdominal fat mass 
and insulin resistance, significantly increase with both acute and short-term aerobic 
exercise training (Saunders et al. 2012). Adiponectin inhibits nuclear factor kB 
(NFkB), an essential transcription factor for the expression of inflammatory and 
stress-related proteins (Villarreal-Molina and Antuna-Puente 2012). What is coun-
terintuitive is that adiponectin has been shown to stimulate rapid TNF-α secretion in 
human and mouse macrophages. This, in turn, stimulates IL-10, an anti-inflammatory 
cytokine, thus creating tolerance to further LPS (lipopolysaccharides) stimulation 
(Tsatsanis et al. 2005). Thus, regular exercise training may protect against chronic 
low-grade systemic inflammation as well as adipocyte inflammation via the increased 
secretion of immunomodulatory factors such as adiponectin from adipocytes, and 
IL-6 produced by skeletal muscle cells. 

WAT browning, which was described above as being associated with improved 
insulin sensitivity, is also associated with reduced inflammation, offering yet another 
hypothetical mechanism by which exercise is anti-inflammatory. A possible mecha-
nism between browning and suppressed inflammation may be that PGC-1α directly 
suppresses ROS in WAT (St-Pierre et al. 2006). ROS are often associated with obesity-
associated diseases; they increase oxidative stress and trigger inflammatory cytokine 
production (St-Pierre et al. 2006). Anti-inflammatory effects of PGC-1α have been 
demonstrated in vitro using skeletal muscle cell lines. That is, enhanced expression of 
PGC-1α in C2C12 myotubes suppressed inflammatory cytokine production (Hand-
schin et al. 2007). It is possible that, via upregulation of PGC-1 in WAT, exercise 
may reduce WAT inflammation, thus constituting another possible anti-inflammatory 
mechanism. 

Quite similar to what happens to adipose tissue with obesity, ovarian estrogen 
deprivation via ovariectomy induces inflammation in adipose tissue (Vieira-Potter 
et al. 2012), and this can be effectively mitigated with estrogen replacement (Bluher 
2013). Exercise training is equally effective as estrogen replacement in preventing 
fat gain post-ovariectomy (Endlich et al. 2013) but whether exercise mitigates 
ovariectomy-induced adipose tissue inflammation does not appear to have been 
investigated. 

Role of Sex in Exercise-Mediated Adipose Tissue Responses 

It is well appreciated that there are sex differences in metabolic responses to exer-
cise. During exercise, women utilize proportionally more lipid and less carbohy-
drate than men, are better preservers of hepatic glycogen, and exhibit lower hepatic
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glucose production (Varlamov et al. 2014). Moreover, premenopausal women, when 
compared to age-matched men, have greater substrate flexibility exemplified by their 
ability to attenuate use of carbohydrate at high altitude (Braun et al. 2000). The mech-
anism is thought to involve estrogen-mediated enhancements of adipocyte lipolysis 
(Braun and Horton 2001). Not surprisingly, WAT from estrogen-sufficient female 
rodents has greater mitochondrial content, and visceral WAT is more sensitive to 
lipolytic stimulation and induction of browning (Queathem et al. 2021). Estrogens 
have been shown to directly suppress triglyceride synthesis by both reducing lipoge-
nesis in liver and increasing WAT lipolysis (Varlamov et al. 2014; Gao et al. 2006). 
Indeed, lipolysis rates are unequivocally greater in young women compared to age-
matched men, with rates of FFA release being ~40 % greater in women than men 
relative to energy needs and independent of differences in relative rats of fat oxida-
tion (Santosa and Jensen 2015). The sex differential metabolic responses during 
exercise may be due to differences in sympathetic nerve activity or muscle fiber-type 
distribution (Varlamov et al. 2014). For example, over 3000 genes are differentially 
expressed in male and female skeletal muscle. One skeletal muscle sex difference is 
that females tend to have more slower-twitch fibers; this is thought to be responsible 
for their increased endurance and greater oxidative capacity (Haizlip et al. 2015). 
Interestingly, estrogen loss impairs glucose uptake during exercise (Bostrom et al. 
2012). In rodents, ovariectomy reduces key oxidative enzymes in skeletal muscle, 
whereas estrogen replacement prevents this (Campbell and Febbraio 2001). 

Aging in both sexes induces a change in body composition characterized by 
greater adiposity and less lean mass (Calles-Escandon and Poehlman 1997), and age-
related physical activity reduction is at least partially responsible for these changes. 
Alterations in fat oxidation are also a contributing factor; clearly, it is difficult to 
differentiate cause and effect among the compilation of factors that occur with aging 
including less relative lean mass, physical inactivity, and hormone changes. Skeletal 
muscle-specific effects (i.e., age-related sarcopenia) also likely play an important 
role. Research suggests that female reproductive hormones are permissive to fatty 
acid oxidation, and their decline during menopause contributes to the reduction in 
fatty acid metabolism seen in this population. This may help explain the shift in 
body fat distribution toward an increase in visceral adiposity (Tchernof et al. 1998). 
In addition, hormone replacement therapy has been shown to reduce visceral adipose 
tissue postmenopause (Sites et al. 2001). Not surprisingly, exercise training has been 
shown to be particularly therapeutic and preventative regarding this constellation 
of risk factors associated with aging in women. In rodents, ovariectomy increases 
adiposity across depots, whereas both estrogen replacement and exercise prevent 
these effects (Shinoda et al. 2002). 

Summary 

The adipose tissue is an essential organ that not only serves as the body’s main 
energy storage reservoir but also fulfills many other essential physiological roles
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including but not limited to organ protection, energy balance regulation, neuroen-
docrine control, immune homeostasis, and thermoregulation. Although the vast 
majority of adipose tissue in the human body is considered white (i.e., WAT), with its 
primary function being energy storage in a unified lipid droplet that makes up most 
of the cell, brown (i.e., BAT) is now known to exist in the adult human, albeit only 
representing a fraction of total body fat. BAT is different from WAT in that its main 
function is thermoregulation, which it carries out by producing heat via uncoupling 
of mitochondrial oxidative phosphorylation. To do this, adipocytes from BAT have a 
multi-locular phenotype and contain many mitochondria which contain UCP-1; these 
specialized mitochondria oxidize fatty acids, which are stored in close proximity in 
the numerous small lipid droplets which surround them. Important sex differences 
exist in BAT in that females tend to have more of it, and BAT from females tends to be 
more active than that from males. Interestingly, estrogen receptors are expressed on 
adipocytes from both WAT and BAT and estrogen is thought to be an important signal 
required for pre-adipocyte differentiation in both types of fat. WAT is subclassified 
into visceral and subcutaneous depots, with excess visceral being most metabolically 
detrimental. Subcutaneous, on the other hand, associates with a healthier overall 
metabolic phenotype, and estrogen is the major driver of subcutaneous WAT deposi-
tion. This may help explain the significantly greater insulin sensitivity among females 
compared to males. Indeed, despite having greater body fat percentage compared to 
males, females are more insulin sensitive and this appears consistent across species. 
Females also tend to be protected against the increase in insulin resistance associated 
with high fat diet, which appears to be due to estrogen. Postmenopausal women as 
well as ovariectomized experimental animals develop increased visceral adiposity 
and severe metabolic dysfunction, whereas premenopausal women characteristically 
exemplify a gynoid versus android body fat distribution profile. 

Adipocyte lipolysis is the major physiological process that occurs in adipose tissue 
which allows its stored energy to be released for use by other tissues. It is largely 
driven by the hormonal milieu induced by either fasting or exercise, but estrogen 
is known to also be a powerful modulator of adipoctye lipolysis. Estrogen’s ability 
to suppress adipocyte lipolysis may explain why it is more difficult for females to 
reduce total body adiposity with diet and exercise and also why postmenopausal 
women experience dysregulated lipolysis which associates with the development of 
insulin resistance. Indeed, women are more sensitive in terms of insulin-mediated 
suppression of lipolysis (Varlamov et al. 2014). 

Most of the established metabolic effects of estrogen on adipose tissue are 
mediated through its major receptors, ERα and ERβ. Via these receptors, estrogen 
improves adipose tissue health by reducing inflammation, de novo lipogenesis, and 
insulin resistance and improving mitochondrial function. Intriguingly, there is much 
overlap between the beneficial effects of estrogen and exercise on adipose tissue 
metabolic health and function. But, it is not beneficial among postmenopausal women 
who experience the negative effects of loss of adipocyte estrogen signaling. 

In conclusion, estrogen profoundly affects adipose tissue throughout the lifespan, 
from its very development in utero, to its function throughout adolescence, the repro-
ductive stage, and aging. While estrogen replacement therapy remains controversial,
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most of the negative effects of menopause and/or estrogen loss via ovariectomy in 
rodents can be minimized or completely rescued with estrogen therapy. While the 
mechanisms by which exercise and/or estrogen reduce adipose tissue inflammation 
are not fully understood, one hypothesis is that both may directly affect macrophage 
phenotype by causing a shift from inflammatory to anti-inflammatory activation 
(Kawanishi et al.  2010; Toniolo et al. 2015). It is also possible that estrogen signaling 
enhances mitochondrial activity and function, and improves metabolic flexibility, 
contributing to more insulin sensitive and less inflamed adipose tissue. 
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Introduction 

The respiratory system plays an integral role in the first two steps of the oxygen (O2) 
transport system. Specifically, it is responsible for the bulk flow of atmospheric air 
into the lungs and then diffusion of O2 from alveoli into the pulmonary capillary 
blood, thereby maintaining a sufficiently high arterial partial pressure of O2 (PaO2). 
Additionally, the respiratory system plays a prominent role in regulating the partial 
pressure of carbon dioxide (PaCO2) in the arterial blood, as well as maintaining blood 
acidity, i.e., pH. These objectives are accomplished by choosing an ideal breathing 
pattern, i.e., tidal volume and breathing frequency, and operating lung volumes, i.e., 
end-expiratory, and end-inspiratory lung volumes, such that the processes are as 
energetically efficient as possible. The respiratory system is also intimately linked 
with the cardiovascular system and pulmonary vascular pressure, and resistance must 
remain low to keep right heart work low and prevent damage to the alveolar-capillary 
blood gas interface. Damage to this interface would inevitably have a negative impact 
on the respiratory system’s diffusive ability. 

This system is highly integrated and tightly regulated within a narrow range under 
a variety of physiologic conditions. Aerobic exercise using a significant proportion of 
total body mass (e.g., running or cycling) significantly increases O2 demand, which 
results in compensatory changes to increase O2 transport. Simulated or natural terres-
trial environments like high altitude or hypo- or hyperthermia also place challenges 
on O2 transport and delivery which are met by altering respiratory system activity. 
There are an infinite number of physiologic and pathophysiologic factors that alter, 
transiently or permanently, the responses of the respiratory system. These factors may 
also positively or negatively impact the system’s ability to function in its primary 
roles described above. To this end, there are also a number of neurochemical factors— 
hormones and neurotransmitters—altered naturally or pharmacologically, which are 
known to interact with and affect the respiratory system. Specific to this chapter is 
the role of sex hormones, i.e., progesterone and estrogen, which vary throughout the 
menstrual cycle with and without oral contraceptive (OC) use in women that may 
affect respiratory function. It is possible (and likely) that the normal variations in 
progesterone and estrogen, via a naturally occurring menstrual cycle or from OC use, 
in women alters ventilatory responses to exercise and/or in response to changes in 
PaO2 and PaCO2 and/or airway function. Understanding these influences would be of 
great interest to scientists and clinicians working in the respiratory physiology area. 
Table 4.1 provides an overview of the hypothesized or confirmed effects of altered 
sex hormones; i.e., progesterone and estrogen, on aspects of respiratory function.

Accordingly, this chapter reviews the pertinent scientific and clinical literature 
investigating the effects of sex hormones in women, specifically estrogens and 
progestogens, on various parameters of the respiratory system. Unfortunately, much 
of this work is yet to be done; therefore, differences between men and women will 
also be briefly discussed herein. Table 4.2 outlines some important sex-based differ-
ences in respiratory structure and function that largely drive the differing physiology. 
Because it is the sex hormone progesterone that likely mediates critical changes in
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Table 4.1 Overview of the impact of sex hormones on respiratory function at rest and during 
exercise 

Luteal phase Follicular phase Supporting 
references 

Dissenting 
references 

Physiology Progesterone at 
highest 
concentration 

Progesterone at 
lowest 
concentration 

− − 

Estrogen at lower 
concentration than 
at late-follicular 
phase/ovulation 

Estrogen at higher 
concentration than 
at late-follicular 
phase/ovulation 

− − 

Impact on 
respiration 

Greater ventilation 
at rest 

Lower ventilation 
at rest 

(Das 1998; 
MacNutt et al.  
2012; Schoene 
et al. 1981; Takano 
1984; Takano et al. 
1981; Williams 
and Krahenbuhl 
1997) 

(Beidleman et al. 
1999; da Silva 
et al. 2006; 
Freemas et al. 
2020; Hackney 
et al. 1991; 
Lebrun 1993; 
Matsuo et al. 
2003; 
Regensteiner 
et al. 1990; 
Smekal et al. 
2007; White  
et al. 1983) 

Greater ventilation 
at exercise 

Lower ventilation 
at exercise 

(Schoene et al. 
1981; Williams 
and Krahenbuhl 
1997) 

(Beidleman et al. 
1999; Bryner 
et al. 1996; 
Casazza et al. 
2002; De Souza 
et al. 1990; 
Dombovy et al. 
1987; Freemas 
et al. 2020; 
Hackney et al. 
1991; Lebrun  
1993; Lebrun  
et al. 2003; 
Matsuo et al. 
2003; 
Regensteiner 
et al. 1990; 
Smekal et al. 
2007)

(continued)
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Table 4.1 (continued)

Luteal phase Follicular phase Supporting
references

Dissenting
references

Greater hypoxic 
ventilatory 
responsea 

Lesser hypoxic 
ventilatory 
response 

(Schoene et al. 
1981; Takano 
1984; White et al. 
1983) 

(Beidleman et al. 
1999; Dombovy 
et al. 1987; 
MacNutt et al.  
2012; 
Regensteiner 
et al. 1990) 

Greater 
hypercapnic 
ventilatory 
responsea 

Lower hypercapnic 
ventilatory 
response 

(Byrne-Quinn 
et al. 1971; 
Dombovy et al. 
1987; Dutton et al.  
1989; Harms and 
Stager 1995; 
Martin et al. 1978; 
Schoene et al. 
1981; Williams 
and Krahenbuhl 
1997) 

(Beidleman et al. 
1999; MacNutt 
et al. 2012; 
Regensteiner 
et al. 1990; 
Slatkovska et al. 
2006; Takano 
et al. 1981; White  
et al. 1983) 

Lower CO2 
threshold 

Higher CO2 
threshold 

(Beidleman et al. 
1999; MacNutt 
et al. 2012) 

(Dombovy et al. 
1987; Dutton  
et al. 1989; 
Regensteiner 
et al. 1990; 
Slatkovska et al. 
2006; Takano 
et al. 1981) 

Overall 
implications 

Greater Wb and Pb 
at rest and exercise 

Lesser Wb and Pb 
at rest and exercise 

− 

Review of the hypothesized and confirmed changes in respiratory responses as a result of changing 
sex hormone concentrations 
aExaggerated changes in athletes 
See list of abbreviations at beginning of chapter for definitions

ventilatory drive, nearly all studies described here compare ventilatory parameters 
only between the luteal and follicular phases because this is when progesterone is 
at its highest and lowest, respectively, i.e., when the effect would be its greatest. 
In this chapter, we will discuss the following major areas: ventilation at rest and 
in response to exercise, breathing patterns and respiratory mechanics at rest and 
during exercise, pulmonary gas exchange efficiency, and ventilatory chemorespon-
siveness. Within each section, we will discuss sex differences, the impact of changes 
in sex hormones, i.e., across the menstrual cycle, and the effect of OC use if data are 
available.

Other chapters in this book outline, in detail, the changes in sex hormones during 
a normal menstrual cycle as well as with OC use. Therefore, the reader is referred to 
that chapter for specific information on those topics.
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Fig. 4.1 Ventilation and ventilatory patterns at rest and during exercise. Ventilation (VE) increases 
linearly during exercise in both men (blue) and women (purple) until the ventilatory threshold 
is reached. Thereafter, VE increases curvilinearly with increasing exercise intensity. There is no 
difference in VE between men and women at rest and during mild- and moderate-intensity exercise. 
However, men have a greater VE during high-intensity and maximal exercise (*). Tidal volume 
(VT ) increases linearly during exercise until the volume reaches approximately 60% of one’s vital 
capacity and plateaus thereafter. There is no effect of sex on VT at rest, but men have a greater VT 
during exercise for a given level of VE. Breathing frequency (fb) increases linearly with exercise 
until the ventilatory threshold is reached. Thereafter, there is an approximately curvilinear increase. 
There is no difference between men and women on fb at rest or during exercise. This figure was 
adapted from previous work (Dominelli and Molgat-Seon 2022)

Effect of Sex and Sex Hormones on Resting and Exercise 
Ventilatory Parameters 

Rest and Exercise Ventilation 

Effect of Sex 

The impact of sex on respiratory structure and function is well known with there 
being a variety of differences in respiratory system morphology (Dominelli and 
Molgat-Seon 2022; LoMauro and Aliverti 2018). The important differences include 
women having smaller lungs than men, even when corrected for height (Miller et al. 
2005; Quanjer et al. 2012) and having smaller central airways, i.e., trachea to ~ fifth 
generation bronchi, (Dominelli et al. 2018; Peters et al. 2020, 2021; Sheel et al. 
2009).
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Additionally, thoracic geometry appears to differ between men and women. 
Women appear to have a more “prismatic” rib cage and lung shape with men having 
a more “pyramidal” rib cage and lung shape (Bellemare and Jeanneret 2006; García-
Martínez et al. 2016, 2019; Torres-Tamayo et al. 2018). Further discussion of these 
differences is beyond the scope of the current chapter, but the interested reader is 
referred to our colleagues’ excellent reviews on the topic (Dominelli and Molgat-
Seon 2022; Dominelli et al. 2019). The relevance of these sex-based morphometric 
differences in the respiratory system is that they are, largely, the basis for all sex-based 
differences in ventilation at rest and the ventilatory responses to exercise. Addition-
ally, they serve as the foundation for altered responses and functionality resulting 
from variations in sex hormones across the menstrual cycle and/or OC use. 

Previous work comparing resting ventilation between men and women has been 
equivocal with some reporting no difference (Duke et al. 2014, 2020; Guenette et al. 
2004; Matsuo et al.  2003; Olfert et al. 2004; Sébert 1983; White et al. 1983) and 
others reporting that women have lower resting ventilation (MacNutt et al. 2012). 
Figure 4.1 provides an overview of ventilation at rest and during exercise between 
men and women. Regardless of whether resting ventilation was statistically different 
between men and women, most studies have reported a difference of only 1–4 L/min 
(Duke et al. 2014, 2020; Guenette et al. 2004; MacNutt et al. 2012; Matsuo et al.  
2003; Olfert et al. 2004; Sébert 1983; White et al. 1983), which would have a phys-
iologically meaningless impact on respiratory muscle energetics. Body surface area 
(BSA) affects the metabolic rate, i.e., oxygen consumption (VO2) and carbon dioxide 
(CO2) production, which in turn would have an effect on ventilation at rest, so it may 
be more appropriate to express ventilation, at rest or during exercise, corrected for 
BSA. When done, the differences in resting ventilation between men and women are 
either reduced (Sébert 1983; White et al. 1983) or completely abolished (Guenette 
et al. 2004; MacNutt et al. 2012). 

On the contrary, there is a clear consensus on the difference in ventilation during 
severe and/or maximal exercise between men and women with men having greater 
ventilation than women (Cory et al. 2015; Dominelli et al. 2015a, 2015b, 2017; 
Guenette et al. 2004, 2009; MacNutt et al. 2012; Matsuo et al.  2003; Molgat-Seon 
et al. 2018a, 2018b, 2019; Olfert et al. 2004; Peters et al. 2021; Wilkie et al. 2015) 
(Fig. 4.1). Again, correcting ventilation during exercise for BSA narrows the differ-
ence between men and women, but to a much lesser extent than during rest (Cory 
et al. 2015; Dominelli et al. 2015a, 2015b; Guenette et al. 2004, 2009; MacNutt 
et al. 2012; Olfert et al. 2004; Wilkie et al. 2015). The underlying cause for the 
lower ventilation during maximum exercise in women is due to several contributing 
factors. The primary cause for this difference is lung size, with men having larger 
lungs than women. However, there is a clear effect of sex on airway diameter such 
that the smaller airways lead to a greater airflow resistance and, thus, lesser airflow. 
This makes it difficult for most women to match the ventilation of their male counter-
parts without generating extraordinarily high intrathoracic pressures, which would 
be energetically costly (see below). As it is, women do generate greater intrathoracic 
pressures than men during exercise and still have significantly lower ventilation 
(Dominelli et al. 2015b).
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Effect of Sex Hormones 

As described above, experimentally, progesterone is a ventilatory stimulant, so it 
stands to reason that the normal fluctuations in progesterone that occur throughout 
the normal menstrual cycle would affect resting and exercise ventilation such that 
ventilation under any condition would be highest during the luteal phase (LP) and 
lowest in the follicular phase (FP). The effect of the menstrual cycle phase, i.e., sex 
hormones, on resting ventilation has been extensively studied, but there is a lack 
of agreement in the current literature. Several studies have demonstrated greater 
ventilation at rest during the LP compared to the FP (Das 1998; MacNutt et al. 
2012; Schoene et al. 1981; Takano 1984; Takano et al. 1981; Williams and Krahen-
buhl 1997), while others observed no difference between these phases (Beidleman 
et al. 1999; da Silva et al. 2006; Freemas et al. 2020; Hackney et al. 1991; Lebrun 
1993; Matsuo et al.  2003; Regensteiner et al. 1990; Smekal et al. 2007; White et al. 
1983). Precisely why these findings conflict could be due to a multitude of factors 
including, but not limited to, training status, research/exercise protocol used, and 
how the menstrual cycle was monitored, which would impact the researchers’ ability 
to accurately determine what menstrual cycle phase a woman was in such that some 
could have failed to study individuals when progesterone was at its absolute highest 
or lowest. 

The consensus on the effect of the menstrual cycle phase on ventilation during 
near-maximal or maximal exercise is that there is no effect (Beidleman et al. 1999; 
Bryner et al. 1996; Casazza et al. 2002; De Souza et al. 1990; Dombovy et al. 1987; 
Freemas et al. 2020; Hackney et al. 1991; Lebrun 1993; Lebrun et al. 2003; Matsuo  
et al. 2003; Regensteiner et al. 1990; Smekal et al. 2007). However, a recent study 
demonstrated that ventilation was greater during exercise at 10% below the gas 
exchange threshold during the LP compared to the FP (Freemas et al. 2020), but this 
difference was ~ 3 L/min. The lack of an effect persisted while subjects exercised 
while breathing hypoxic gas (15% O2) at sea level (MacNutt et al. 2012) or while 
in a simulated hypobaric environment [4,300 m; (Beidleman et al. 2017)]. However, 
others (Schoene et al. 1981; Williams and Krahenbuhl 1997) have reported ventilation 
during exercise was greater during the LP compared to the FP. Why these findings 
conflict with the majority of the current literature is most likely due to one or more 
of the factors noted above. It is peculiar, though, that progesterone provided to men 
elicited an increased ventilatory response to exercise and sleep (Skatrud et al. 1978). 
Likewise, progesterone has been used, successfully, as a therapeutic for obstructive 
sleep apnea and Chronic Obstructive Pulmonary Disease (Dempsey et al. 1986; 
Kimura et al. 1988; Skatrud et al. 1980; Tatsumi et al. 1986). Nonetheless, the lack 
of an effect in normally menstruating women ultimately demonstrates the complexity 
of ventilatory regulation. In general, humans will maintain blood gas (PaO2, PaCO2, 
pH) homeostasis with the most economical ventilatory pattern possible, i.e., will not 
breathe more than is needed. Thus, it would appear that changes in sex hormones 
in normally menstruating women are insufficient to disrupt this balance. It is also 
likely that the feedforward and feedback mechanisms regulating exercise-induced
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ventilatory drive are too dominant and robust to be altered by sex hormones in normal 
physiologic concentrations. 

Effects of OC Use 

The impact of OC use on athletic performance, the metabolic rate at rest and during 
exercise, and the ventilatory responses to exercise and the environment are only 
recently being studied extensively. Currently, only a few published studies have 
examined these parameters. Much more work is still needed in this area particu-
larly because of the various types of OC currently used by women. OCs are either 
synthetic progesterone only or a combination of synthetic estrogen–progesterone 
and are either monophasic with the same level(s) of synthetic hormone in each pill 
or are multiphasic with varying level(s) of synthetic hormones in each pill (see other 
chapters’ discussion). Nettlefold et al. (2007) studied women who were regularly 
taking monophasic OC and found no difference in resting ventilation between the 
active and inactive pill phases, which represent the LP and FP, respectively. Casazza 
et al. (2002) studied eumenorrheic women before and after 4 months of triphasic OC 
use and found no difference in ventilation during peak exercise between the active 
and inactive pill phases. Similarly, Lebrun et al. (2003) studied highly active women 
(peak aerobic capacity (VO2 peak) > 50 mL/kg/min), while they were on a triphasic 
OC and found no difference in ventilation during peak (i.e., near maximal) exercise. 

Ventilatory Pattern and Respiratory Mechanics 

Effect of Sex 

Ventilatory patterns are an important consideration when attempting to gain a thor-
ough understanding of the respiratory responses to exercise. The general term “ven-
tilatory pattern” refers to the breathing frequency (fb) and tidal volume (VT ) used to  
attain a given ventilation, as well as the operating lung volumes at which an individual 
breathes. In general, ventilatory patterns are variable between individuals, regardless 
of sex, as patterns are typically individually “selected” to be the most economical 
for that individual. However, due to structural differences in the respiratory system 
between sexes, it is considered that women take smaller, more frequent breaths (i.e., 
smaller VT and greater fb) than their male counterparts. Nonetheless, previous work 
has demonstrated that fb during exercise is not different between men and women 
(Bryner et al. 1996; Cory et al.  2015; Dominelli et al. 2015a, 2015b, 2017; Mitchell 
et al. 2018; Peters et al. 2021; Wilkie et al. 2015), but a few showing fb to be greater in 
women compared to men (Guenette et al. 2009; Molgat-Seon et al. 2018b). Parallel 
to this, women typically have a smaller VT than men during exercise (Cory et al. 
2015; Dominelli et al. 2015a, 2015b, 2017; Guenette et al. 2009; Mitchell et al. 2018;
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Molgat-Seon et al. 2018b; Peters et al. 2021; Wilkie et al. 2015). Figure 4.1 illustrates 
differences in breathing patterns (i.e., VT and fb) between men and women. 

Operating lung volumes refers to where on the continuum of lung volumes 
between total lung capacity (i.e., lungs completely full) and residual volume (i.e., 
lungs “empty”) an individual is breathing. This is a complex and complicated area 
of respiratory physiology, but only a brief introduction is provided, and the reader 
is directed to several in-depth reviews on the topic (Johnson et al. 1999; Sheel and 
Romer 2012). Operating lung volumes are quantified by obtaining the volume of air 
in the lungs at end-inspiration (end-inspiratory lung volume; EILV) and the volume 
of air left in the lungs at end-expiration (end-expiratory lung volume; EELV) at rest 
or during exercise and are expressed as an absolute volume and/or as a proportion 
of total lung capacity or vital capacity. Because of the characteristics of the lung 
tissue and chest wall, at rest individuals breathe at approximately halfway between 
total lung capacity and residual volume and energetic cost of ventilation is minimal. 
When one begins to exercise, ventilation increases by increasing fb and expanding 
VT . The latter is achieved by decreasing EELV, i.e., exhaling more completely, to 
optimize the length-tension relationship of the respiratory muscles and increasing 
EILV, i.e., inhaling more completely. Operating lung volumes are a proxy of respira-
tory mechanics and have implications for the energetic cost and mechanical work (or 
power) of breathing, i.e., the work of breathing (Wb) because breathing closer to total 
lung capacity and/or residual volume alters the pressure required to expand/contract 
the respiratory tissues (Agostoni and Hyatt 1986; Cross et al. 2021; Otis 1964). 
Accordingly, previous work has compared EELV and EILV at rest and during exercise 
between men and women. 

Several prior studies have compared operating lung volumes during exercise 
between men and women. Specifically, Guenette et al. (2007) observed women to 
have a greater EELV (42± 8 versus 35± 5% of vital capacity) and EILV (88± versus 
82 ± 7% of vital capacity) compared to men. Likewise, Dominelli et al. (2015a) also  
found EELV to be significantly greater in women compared to men during maximum 
exercise but found no difference in EILV. The majority of previous work, however, 
found no sex-based differences on EELV or EILV during exercise (Cory et al. 2015; 
Dominelli et al. 2015b, 2017; Mitchell et al. 2018; Molgat-Seon et al. 2018b; Peters 
et al. 2021). Figure 4.2a displays how operating lung volumes change during progres-
sive exercise in men and women. Figure 4.2b displays the representative maximum 
and tidal flow-volume loops at rest and during maximal exercise in men and women. 
Note that women have a lesser “area” in the4.ir maximum flow-volume curve (thick, 
black line), which makes them more susceptible to developing mechanical ventila-
tory constraints. The reason for the lack of an effect of sex is likely due to variability 
between individuals, regardless of sex, as operating lung volumes are selected to opti-
mize ventilation while being energetically efficient. However, when generalizing 
differences in breathing patterns between sexes, one should consider the exercise 
stimulus, i.e., constant load exercise, graded exercise test to volitional fatigue, etc., 
as these may influence the ability (or not) to observe a difference between men and 
women.
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Fig. 4.2 Operating lung volumes at rest and during exercise. Operating lung volumes a, i.e., end-
inspiratory lung volume (EILV) and end-expiratory lung volumes (EELV), change with increasing 
exercise intensity. In both men (blue) and women (purple), EILV increases linearly toward total lung 
capacity with increasing exercise intensity. The shaded region on the line representing the women 
illustrates that one study has reported a significantly greater EILV in athletic women compared 
to athletic men (Guenette et al. 2007). EELV decreases toward residual volume at the onset of 
exercise and then levels off during moderate-intensity exercise before finally increasing back toward 
functional residual capacity. The shaded region on the line representing women illustrates that two 
studies (Dominelli et al. 2015a; Guenette et al. 2007) report a significantly greater EELV in women 
compared to men during high-intensity exercise. Flow-volume loops (b) for representative men 
(left; blue) and women (right; purple) are also displayed. This figure was adapted from previous 
work (Dominelli and Molgat-Seon 2022; Molgat-Seon et al. 2018c). The solid, thick black line 
represents the maximum flow-volume loop, the solid, thin, colored (blue or purple) line represents 
a tidal flow-volume loop at rest, and the dashed, thin, colored (blue or purple) line represents a tidal 
flow-volume loop at maximum exercise 

A popular area of research in respiratory physiology is quantifying the Wb 
(mechanical cost per breath) and the power of breathing (mechanical cost over a 
minute; Pb). Several methods can be used to quantify the Wb and Pb, with each 
having important advantages and disadvantages (Cross et al. 2021). These details are 
beyond the scope of the current chapter, but work comparing men and women on 
the Wb and Pb during exercise has greatly furthered our understanding of sex-based 
differences in the respiratory responses to exercise. No prior work has examined the 
effect of sex on the Wb, but has, instead, focused on the Pb. That work has unani-
mously demonstrated that women have a greater Pb than men during exercise when 
ventilation is greater than or equal to 50 L/min (Dominelli et al. 2015a, 2015b, 2017; 
Guenette et al. 2007, 2009; Mann et al. 2020; Molgat-Seon et al. 2018b; Peters et al. 
2021). Figure 4.3 displays changes in Pb during exercise in men and women. It is 
generally accepted that the greater Pb in women is due to a greater resistive Pb, i.e., 
an increased mechanical cost to move air, as a result of women having smaller central 
airways than men (Dominelli et al. 2018; Peters et al. 2020, 2021; Sheel et al. 2009).
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Fig. 4.3 Power of breathing 
at rest and during exercise. 
The power of breathing (Pb) 
increases with ventilation 
(VE) in a curvilinear manner 
in both men (blue) and 
women (purple). Above a VE 
~ 50 l/min, women have a 
significantly greater Pb 
compared to men (*). This 
figure was adapted from 
previous work (Peters et al. 
2021) 

Effect of Sex Hormones 

The effect of the menstrual cycle phase on the ventilatory patterns during exercise 
has not been a focus of prior research. The possible reason is that exercise elicits 
an extremely large drive to breathe, which can only be overridden voluntarily, i.e., 
the individual choosing to adjust their breathing patterns. However, the few studies 
that have reported fb and VT at rest or during exercise have reported no difference 
between these parameters during the LP and FP (Bryner et al. 1996; Das  1998; 
MacNutt et al. 2012). Thus, not only does the total ventilation not change across 
the menstrual cycle, but neither does the strategy utilized to attain that ventilation. 
Only Nettlefold et al. (2007) have reported fb and VT at rest in women using OC and 
reported no effect of pill phase (active versus inactive) on these parameters. 

Similarly, Bryner et al. (1996) found no difference in fb during maximal exercise 
between pill phases. At present, no studies have examined the effect of OC use on 
EILV, EELV, or the Wb/Pb. More work is needed in this area, but the likely outcome 
is that there will be no effect of sex hormones (endogenous or exogenous) on these 
parameters due to the inherent variability in fb, VT , EILV, and EELV combined with 
the minimal effect on ventilation during exercise. However, one area of future work 
that may demonstrate an effect of sex hormones is that of respiratory muscle contrac-
tility. Please see other chapters in this book for details concerning how sex hormones 
impact tension development of the skeletal (locomotor) muscles, regrettably, similar 
work has not been carried out in the respiratory muscles.
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Pulmonary Gas Exchange 

Effect of Sex 

The primary role of the respiratory system is to serve as the gas exchanger between 
the pulmonary capillary blood and the environment. Pulmonary gas exchange is 
imperfect in all humans; the degree of imperfection, i.e., the inefficiency, of the 
system is quantified as the difference in the partial pressure of O2 in the alveolar air 
(PAO2) and that in the arterial blood (PaO2) and referred to as the A-aDO2. “Perfect” 
pulmonary gas exchange would be defined as complete equilibration of O2 between 
the alveolar air and the pulmonary capillary blood—quantified as an A-aDO2 of 
0 mmHg. In general, the A-aDO2 is 0−10 mmHg at rest, with the presence of a 
patent foramen ovale largely assumed to explain the variation in resting A-aDO2 

(Duke et al. 2020; Elliott et al. 2015; Lovering et al. 2011), which is a remnant of the 
fetal circulation. For a thorough review of the topic, the interested reader is directed 
to a recent review (Lovering et al. 2016). Regardless of the magnitude at rest, it is 
well known that the A-aDO2 increases three–fivefold, i.e., to 20–25 mmHg, during 
maximal exercise. The cause(s) of the increased A-aDO2 during exercise is beyond 
the scope of this review, but the interested reader is referred to the seminal review 
on this topic (Dempsey and Wagner 1999). 

The vast majority of the studies examining pulmonary gas exchange efficiency at 
rest and during exercise have been conducted primarily in men. Recently, though, 
there has been a concerted effort to better understand the impact that biological 
sex has on various aspects of physiology, including pulmonary gas exchange. The 
seminal work comparing pulmonary gas exchange between sexes has suggested that 
women have a greater A-aDO2 during near-maximal exercise compared to men and 
develop exercise-induced arterial hypoxemia at lower relative exercise intensities 
than men (Dominelli et al. 2013; Harms et al. 1998). However, this work did not 
study men and, rather, referred to historical data on men. Hopkins et al. (2000) found 
women to have a similar PaO2 and A-aDO2 during maximal exercise compared to 
historical male data. Figure 4.4a illustrates A-aDO2 in men and women at rest and 
during graded exercise. Olfert et al. (2004) and Duke et al. (2014) did study both 
men and women and found no difference in the A-aDO2 between sexes during near-
maximal exercise breathing air and hypoxic gas (12.5% and 12% O2, respectively). 
More recently, Duke et al. (2020) demonstrated no effect of sex on the A-aDO2, 
while individuals breathed air and varying levels of hypoxic gas (16%, 14%, 12%, 
and 10% O2) at rest. Figure 4.4b illustrates the A-aDO2 in men and women at rest 
breathing varying levels of hypoxic gas.

The available literature suggests some disagreement on whether or not women 
have worse pulmonary gas exchange than men. However, in those studies that have 
directly compared men and women, there was no impact of sex (Duke et al. 2014, 
2020; Olfert et al.  2004), but more work in larger cohorts with a wide range of 
fitness levels is needed. One important aspect of pulmonary gas exchange that does
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Fig. 4.4 Impact of sex on pulmonary gas exchange efficiency. The alveolar-to-arterial difference 
in the partial pressure of O2 (A-aDO2) does not differ between men (blue) and women (purple) at 
rest and during exercise (a). Likewise, the A-aDO2 does not differ between men (blue) and women 
(purple) at rest while breathing room air (21% O2) or at varying levels of hypoxic gas (b). These 
figures were adapted from previous work (Duke et al. 2014, 2020; Lovering et al. 2013)

appear different between sexes is the incidence of exercise-induced arterial hypox-
emia [i.e., decreased PaO2 and/or arterial O2 saturation (SaO2) during exercise]. 
Women, particularly those that are aerobically trained, appear to develop exercise-
induced arterial hypoxemia at lower exercise intensities than their male counterparts 
(Dominelli et al. 2013; Harms et al. 1998). The accepted reason is that women have 
a greater mechanical ventilatory constraint than men; e.g., expiratory flow limita-
tion. In essence, mechanical constraints to ventilation would result in an inadequate 
hyperventilatory response to exercise, which would likely contribute to the fall in 
PaO2 and SaO2. To test this hypothesis, some have used low-density gas (i.e., 80% 
helium and 20% O2) during exercise to alleviate or abolish the mechanical ventila-
tory constraints that are present. When done, exercise-induced arterial hypoxemia, 
if present, goes away or is significantly reduced (Dominelli et al. 2013). 

At present, no studies have examined the effect of sex hormones either via changes 
during the menstrual cycle or from OC use. However, it has been suggested that 
variations in sex hormones via the menstrual cycle or from OC use alter ventilatory 
chemoresponsiveness (see below), which could then impact pulmonary gas exchange, 
but this work has yet to be complete. At present, there is no evidence to suggest 
that the menstrual cycle phase has an effect on exercise performance, respiratory 
exchange ratio, and/or blood lactate accumulation during exercise (Smekal et al. 
2007). Therefore, any potential effect of sex hormones on pulmonary gas exchange 
efficiency would either be minimal or of no functional consequence. Nevertheless, 
many studies still need to be conducted to better understand the basic sex differences, 
as well as the effect of the menstrual cycle phase, in the area of pulmonary gas 
exchange. Fortunately, there has been a significant push in the scientific community 
to either include women in studies and/or study women specifically so hopefully, the 
data addressing this important area of respiratory physiology are forthcoming.
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Effect of Sex and Sex Hormones on Ventilatory 
Chemoresponsiveness 

Ventilatory output in response to changes in PaO2 and PaCO2 is coordinated in the 
respiratory control center in the brain stem and is done with input from central and 
various peripheral chemoreceptors. Sex hormones exert their effect on ventilation 
at the level of the central nervous system by specifically altering the set point (the 
point at which ventilation begins to increase) or ventilatory gain (the output from 
a given change) (Behan et al. 2003; Behan and Wenninger 2008; Dempsey et al. 
1986). Accordingly, it is generally accepted that alterations in ventilatory chemore-
sponsiveness, as a result of varying levels of progesterone and estrogen through 
the menstrual cycle or as a consequence of OC use, represent the most robust sex 
hormone-induced respiratory system changes. Exogenous progesterone in healthy 
men is a ventilatory stimulant (Skatrud et al. 1980) and an effective treatment for 
patients with breathing disorders like Chronic Obstructive Pulmonary Disease and/or 
obstructive sleep apnea (Dempsey et al. 1986; Kimura et al. 1988; Skatrud et al. 
1980; Tatsumi et al. 1986). In contrast, estrogen alone does not appear to alter the 
hypoxic ventilatory response (HVR) or hypercapnic ventilatory response (HCVR), 
but when combined with progesterone appears to potentiate the progesterone-induced 
changes in ventilation (Brodeur et al. 1986; Regensteiner et al. 1990; Tatsumi et al. 
1997) likely by inducing progesterone receptor expression (Brodeur et al. 1986). 
The studies referenced above are important contributions to this area of study as they 
have described how ventilation is affected by sex hormones. However, these studies 
have largely used pharmacological doses of sex hormones to evoke and quantify a 
compensatory effect on ventilation and/or ventilatory responsiveness. 

Effect of Sex 

Differences in the ventilatory responses between men and women to hypoxia and/or 
hypercapnia have been largely equivocal. Specifically, the HVR is either lesser 
(Aitken et al. 1986; Mortola and Saiki 1996; Tatsumi et al. 1991) or greater (Hirshman 
et al. 1975; White et al. 1983) in men compared to women or not different (Dahan 
et al. 1998; Guenette et al. 2004; Jensen et al. 2004; Jordan et al. 2000; Loeppky 
et al. 2001; Sajkov et al. 1997; Sarton et al. 1999). Similarly, the HCVR has been 
shown to be either greater (MacNutt et al. 2012; White et al. 1983) or not different 
(Aitken et al. 1986; Rebuck et al. 1973) in men compared to women. There are 
several potential explanations for variable results between men and women on HVR, 
including differences in the methodology used to quantify chemoresponsiveness, but 
the most prominent and relevant to the current text is that not all have characterized 
the menstrual cycle phase in which the women were studied.
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Hypoxic Ventilatory Response 

Effect of Sex Hormones 

The data on how and if HVR varies across the menstrual cycle are, at present, not 
clear. Recently, MacNutt et al. (2012) conducted a thorough study on the impact 
of the menstrual cycle phase and ventilatory responses to exercise and alveolar 
hypoxia/hypercapnia. They reported no alteration in the isocapnic HVR between the 
LP and FP in moderate to well-trained women (VO2 peak = 43.4 ± 9.5 mL/kg/min) 
across the menstrual cycle. Similarly, others (Beidleman et al. 1999; Dombovy et al. 
1987; Regensteiner et al. 1990) have observed no difference in HVR in women 
between the LP and FP. Regensteiner et al. (1990) also examined the effect of 
medroxyprogesterone (MPA) supplementation on HVR and still did not observe 
a significant difference between the LP and FP. However, some have reported a 
significantly greater HVR in the LP compared to FP. Specifically, Schoene et al. 
(1981) studied the HVR in athletic (VO2 peak = 49.6 ± 5.2 mL/kg/min) and non-
athletic (35.2 ± 4.2 mL/kg/min) eumenorrheic women between the LP and FP. The 
researchers found the HVR to be greater in the LP compared to the FP in all women. 
Figure 4.5a illustrates how HVR varies between the LP and LP in women and men. 
Interestingly, Schoene et al. (1981) also found the HVR to be lower in the LP in 
athletes compared to non-athletes, demonstrating a clear effect of training status on 
ventilatory chemoresponsiveness that has also been observed in men (Harms and 
Stager 1995). White et al. (1983) studied the HVR in women during the LP and FP, 
as well as in men. They reported a significantly greater HVR in the LP compared to 
the FP in women and a significantly greater HVR in men compared to women in the 
FP only, i.e., FP was the lowest, LP was in the middle, and men were the highest. 
Similarly, Takano (Takano 1984) observed a significantly greater HVR in the LP 
compared to the FP.

There are a few potential reasons as to why there is a lack of agreement on the 
effect of the menstrual cycle phase, i.e., high, or low levels of progesterone, on the 
HVR. First, there is significant heterogeneity in the fitness levels of women being 
studied. Because endurance training attenuates the HVR (Harms and Stager 1995), 
comparing fit women with unfit men may bias the results in favor of a difference 
in HVR. Second, the method by which HVR is determined varies between studies. 
Nearly, all studies utilize an isocapnic test that requires a substantial resting period 
(up to 30 min) to establish a true resting ventilation before decreasing the proportion 
of O2 in the inspirate; i.e., flowing 100% nitrogen into a gas reservoir, lowering 
the percent O2 from 21 to 5% over 5-10 min. Additionally, the means by which a 
numerical value is obtained and stated as the HVR is assessed differently between 
studies. One method (i.e., “A” method) quantifies HVR based on the shape of the 
hyperbolic relationship between ventilation and PAO2 (Weil et al. 1970). The greater 
the “A” value, the greater the ventilatory response to decreased O2 level (i.e., PAO2). 
The second method (i.e., “slope” method) quantifies HVR as the slope of the least 
squares regression line between SaO2 and ventilation such that the HVR units are
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Fig. 4.5 Hypoxic and hypercapnic ventilatory responses between men and women and across 
the menstrual cycle. The hypoxic ventilation response (a) is greater in women during the luteal 
phase (LP; dashed, purple line) compared to the follicular phase (FP; solid, purple line) (*). Men 
(solid, blue line) have a similar hypoxic ventilatory response to women in the FP. The hypercapnic 
ventilatory response (b) is greater in women during the LP (dashed, purple line) compared to the 
FP (solid, purple line) (*). Men (solid, blue line) have a similar hypercapnic ventilatory response 
to women in their FP. This figure was adapted from previous work (Schoene et al. 1981)

liters per minute per % fall in SaO2 and reported as positive numbers by convention. 
Generally, researchers tend to rely on the slope method more frequently than the “A” 
method because of ease of computation, but a strong agreement has been reported 
between methods [r = 0.70−0.97; (Moore et al. 1984; Townsend et al. 2002)]. 
Nevertheless, it is conceivable that an individual may have a high “A” parameter, but 
a low slope value (Townsend et al. 2002). 

Effect of OC Use 

The impact of various OCs on the HVR has not been rigorously studied. Regensteiner 
et al. (1989) have the only study to date to investigate the effect of OC use, per 
se, on the HVR. They studied postmenopausal women while they took estrogen, 
progesterone, or both (i.e., in actuality a hormone replacement therapy intervention) 
and found only the combination of hormones to have a significant effect on HVR. 
Clearly, more work needs to be done in this area to better elucidate the effect, if any, 
OC use has on the HVR.



4 Sex Hormones and Their Impact on the Respiratory Responses … 105

Hypercapnic Ventilatory Response 

Effect of Sex Hormones 

Similar to HVR, findings on changes in HCVR across the menstrual cycle remain 
inconclusive. MacNutt et al. (2012) used a standard rebreathing method without prior 
hyperventilation to assess CO2 sensitivity, i.e., HCVR quantified as the slope of the 
least squares regression line between ventilation and the end-tidal partial pressure 
of CO2 (PETCO2). Using this method, they found no difference in HCVR across 
menstrual cycle phases. Similarly, no difference in HCVR between the LP and FP 
has been reported by others (Beidleman et al. 1999; White et al. 1983), as well 
as Regensteiner et al. (1990) even during MPA supplementation. Slatkovska et al. 
(2006) and Takano et al. (1981) also found no difference in HCVR between the LP 
and FP when done using both hypoxic and hyperoxic HCVR protocols. However, 
several other studies have reported HCVR to be greater in the LP compared to the 
FP (Dombovy et al. 1987; Dutton et al. 1989; Schoene et al. 1981; Williams and 
Krahenbuhl 1997). Figure 4.5b illustrates how HCVR varies between the LP and LP 
in women and men. Similar to HVR, there appears to be a fitness effect on HCVR 
because only the non-athletic women demonstrated a menstrual cycle phase effect 
(Byrne-Quinn et al. 1971; Harms and Stager 1995; Martin et al. 1978; Schoene et al. 
1981). 

There are multiple methodological ways to assess the HCVR and a main point 
of difference is whether or not the subjects perform a prior hyperventilation before 
the rebreathing aspect of the procedure. This is done to lower PETCO2 from ~ 40 to 
20–25 Torr and would allow one to observe and measure basal ventilation, as well 
as observe and quantify the CO2 threshold, that is the PETCO2 at which ventilation 
increases linearly (Duffin 2011; Mateika et al. 2003). Why a researcher would or 
would not choose to use a select HCVR protocol with a prior hyperventilation in their 
research design is beyond the scope of this chapter, but the interested reader is directed 
to reviews on the topic (Duffin 2011; Duffin et al. 2000). Nevertheless, the appropriate 
interpretation of alterations in the CO2 threshold is that a lower threshold implies 
an enhanced chemoresponsiveness to hypercapnia, while a higher threshold implies 
a delayed or depressed chemoresponsiveness to hypercapnia. Similar to HCVR and 
HVR, findings on the CO2 threshold have been equivocal. The CO2 threshold is 
lower in women compared to men (Beidleman et al. 1999; MacNutt et al. 2012). 
Additionally, MacNutt et al. (2012) and Beidleman et al. (1999) found the CO2 

threshold to be significantly lower in the LP compared to the FP, while others have 
observed there to be no difference in CO2 threshold between the LP and FP (Dombovy 
et al. 1987; Dutton et al. 1989; Regensteiner et al. 1990; Slatkovska et al. 2006; Takano 
et al. 1981) even with MPA supplementation (Regensteiner et al. 1990).
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Effect of OC Use 

The impact of various OCs on the HCVR has not been rigorously studied. Nettlefold 
et al. (2007) studied the hyperoxic and hypoxic HCVR in 12 women who were taking 
various monophasic OCs during the active and inactive pill phase, i.e., the LP and 
FP, respectively. They found no difference between pill phases in CO2 threshold 
or slope for either HCVR test. The only other study that investigated the effect 
of OC, per se, did so in postmenopausal women taking estrogen, progesterone, or 
both (Regensteiner et al. 1989). They found no effect on CO2 threshold or HCVR 
slope for estrogen or progesterone alone. However, when taking both estrogen and 
progesterone they observed a decreased CO2 threshold and a significantly steeper 
HCVR slope. Clearly, more work needs to be done in this area with a particular focus 
on the different types of OCs. 

Summary 

In summary, the data discussed above outline the current knowledge and under-
standing of some of the sex differences in the responses of the respiratory system to 
exercise and the environment, as well as describe the available (but limited) litera-
ture examining the effects of changes in sex hormones on these respiratory system 
responses. At present, the existing data are largely inconclusive in several important 
areas such as ventilation at rest and the ventilatory response to hypoxia and hyper-
capnia. This is probably due to the variability of hormonal levels in subjects within 
and between studies, fitness level of subjects, and differences in testing procedure and 
protocols being used. Additionally, the variability, i.e., individuality, of responses to 
hormones also provides another degree of complexity. Despite this, the data agree 
that there is an effect of sex on the ventilatory response to exercise. As described at 
length above, this is due to women having smaller lungs and airways compared to 
men. Similarly, changes in sex hormones via the menstrual cycle or with OC use do 
not appear to affect the ventilatory responses to exercise. Nevertheless, the under-
standing of basic sex differences and the effect of variations in sex hormones on 
these ventilatory parameters is incomplete, but these data may be forthcoming with 
the increased focus on including women as participants in research studies. Future 
work should focus on developing consistency in research protocols and rigorously 
monitoring the menstrual cycle to ensure that measurements are taken during the 
time of the greatest and lowest concentration of progesterone. Additionally, it would 
be helpful to gain an understanding of how the responses described above do or 
do not vary during the ovulatory phase of the menstrual cycle, which has not been 
examined in exercise studies.
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Chapter 5 
Sex Hormones and Environmental 
Factors Affecting Exercise 

Megan M. Wenner and Nina S. Stachenfeld 

Introduction 

Reproductive hormones and environmental conditions can influence physiological 
systems such as fluid regulation and thermoregulation, which in turn can impact 
exercise. There are numerous challenges with performing physiological studies on 
women due to the changing hormonal profiles that occur across the menstrual cycle, in 
addition to the various types of exogenous hormonal contraceptives used by women. 
Over the last 20 years, our laboratory has performed a number of research studies to 
examine sex and sex hormone effects on fluid regulation and temperature regulation 
in humans. In addition, our laboratory has developed a novel way to control repro-
ductive hormone exposure in young women and to isolate the effects of individual 
sex hormones on physiological systems (discussed herein). 

This chapter begins by addressing challenges in testing young, regularly menstru-
ating, healthy women, who are not pregnant, have no chronic or acute disease, and 
are not medicated, much like many of the women (and men) recruited for physio-
logical studies. Our purpose in beginning the chapter in this way is to emphasize 
that investigators need to take the same care in considering hormone milieu in both 
women and men as they do with any variable that can impact their findings.
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Controlling Hormonal Effects During Human Physiological 
Studies 

The primary roles of estrogens and progestogens are to create an environment 
hospitable for conception and the developing fetus. Research has also told us that 
gonadal hormones have important influences on organs and systems outside of repro-
duction. Moreover, physiological systems function differently in women compared 
to men, and sometimes these sex differences are due to their different hormonal 
milieu. A major research challenge, therefore, is to control female reproductive 
steroid hormone exposure to examine a physiological system of interest. 

Estradiol is the predominant biologically active estrogen in young, healthy women 
so can exert a strong influence in physiological studies. While a number of estro-
gens are present in young, healthy women, 17β-estradiol (referred to as just estradiol 
herein) is the most abundant and has the greatest activity on estrogen receptors. 
Both estradiol and estrone vary widely across the menstrual cycle in young women 
(Fig. 5.1; also, please see Chap. 1 of the book). The most common method to mini-
mize the hormone effects that confound research findings is to study women in the 
same phase of the menstrual cycle, usually in the early-follicular phase (between 
days 1 and 7 following the onset of menses) when both estrogen and progesterone 
levels in the plasma are at their lowest levels (Fig. 5.1). This is a convenient method, 
but considering that women exist in this part of their cycle for only about 25% of 
their reproductive lives, it may not be the most clinically or physiologically rele-
vant. Another aspect to consider is that focusing on plasma hormone levels to define 
hormonal impact does not take into account the potency of their associated receptors. 
Even though estradiol and progesterone exposures are low relative to other phases 
of the cycle, these hormones are still considerably higher compared with those in 
men so their impact when drawing conclusions on sex differences, and collapsing 
men and women into one group should be avoided when possible even when they 
appear similar on other variables. More powerful ways to address changing hormone 
exposure in women are to focus on the research question and determine if subjects 
need to be tested in more than one phase of the cycle to answer the research ques-
tion. If this is not feasible, then the decision about when to test the subjects should 
be based not on where hormone exposure is lowest, but where the most important 
effects are expected to be found. For example, if it is already known that powerful 
fluid regulatory effects are apparent in the mid-luteal phase, then this might be the 
more interesting phase in which to test women rather than the early-follicular phase, 
where such effects are likely to be missed. These considerations apply to studies 
that examine sex differences as well as those studies examining outcome variables 
due to interventions within women.

Hormonal contraceptives [usually combinations of different types of estrogens 
and progestins (see Chap. 1 in this book)] are also used to study hormonal effects in 
physiological studies. It has even become common to include women who are taking 
hormonal contraceptives within studies, and grouping them with men, or with other 
women who are not taking these hormones. A large proportion of European and US
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Fig. 5.1 Changes in 17β-estradiol (top) and progesterone (bottom) across the menstrual cycle 
(Stachenfeld et al. 2008, Copyright 2008 The American Physiological Society, used with 
permission)

women take hormonal contraceptives, indicating high clinical applicability of find-
ings. Hormonal contraceptives increase blood levels above endogenous estrogens and 
progesterone and provide a steady-state environment with which to compare with 
women not taking hormones. However, the hormones found in these contraceptives 
are not the same as endogenous hormones. Progestins in hormonal contraceptives 
differ in some of their basic hormonal actions compared with endogenous proges-
terone, including effects on peripheral circulation (Wenner et al. 2011a) and aldos-
terone function (Boschitsch et al. 2010) and differ in important ways with regard 
to synthesis, actions and androgenic properties (Speroff et al. 1999), and temper-
ature regulation (Stachenfeld et al. 2000). Moreover, the types of progestogens or 
progestins in hormonal contraceptives are different from one contraceptive formula 
to another (Hapgood et al. 2014), but are often not distinguished within studies. For 
example, levonorgestrel, the most widely used progestin, has greater progestational, 
androgenic, and antiestrogen effects relative to norethindrone acetate or desogestrel, 
both of which minimize progestational and androgenic effects. Finally, drospirenone
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is derived from 17α-spirolactone and thus is an analog of spironolactone, a weak 
androgen antagonist. Thus, while hormonal contraceptives can be a useful tool to 
control hormone exposure in women for physiological studies, care should be taken 
when choosing the contraceptive focusing on the hypothesis to be tested. All women 
should take the same contraceptive and women who are taking contraception should 
not be grouped with women who are not for any physiological studies. 

Investigators also use the “placebo” week of the hormone contraceptive cycle, 
using weeks where women are on contraceptives as “high” hormone and weeks while 
taking placebo pills as “low” hormone phases (Charkoudian and Johnson 1999a). 
However, the placebo phase of the hormonal contraceptive pill cycle is not strictly 
a “low” hormonal phase. Immediately after stopping the hormonal contraceptives, 
blood or tissue levels of the exogenous estrogens or progestins or their metabolites 
can be elevated. At the very least, by the end of the 7-day placebo period, endogenous 
estrogens are variable across women (Creinin et al. 2002; Schlaff et al. 2004) and 
there are no consistent data on the impact of progestin metabolites still present in 
tissue during the placebo week in the contraception cycle. Thus, the placebo week 
during regular hormonal contraception is not a controlled period of low hormone 
exposure in women. A more controlled method is testing the women prior to and 
during beginning hormonal contraception administration. If the women are already 
taking contraception, they should go off the pills for at least a full menstrual cycle 
before beginning studies. 

The most controlled method to examine hormonal effects on physiological 
systems in young women is temporary suppression of the menstrual cycle with a 
gonadotropin-releasing hormone (GnRH) agonist (leuprolide acetate) or antagonist 
(ganirelix and cetrorelix acetate). This method requires subjects to use a small needle 
for subcutaneous injections of the drugs. It is more invasive than measuring changes 
in endogenous hormones over the course of the menstrual cycle and less clinically 
relevant than examining changes over the course of the menstrual cycle or responses 
to hormonal contraceptives. Therefore, it is a method to be used when the questions 
posed are very specific to the hormone being tested. This method is ideal to examine 
causal inferences about hormonal effects on the system targeted for study and extends 
study to women with irregular menstrual cycles and to women with reproductive 
dysfunction. Briefly, leuprolide has greater GnRH receptor binding and decreased 
degradation than endogenous GnRH, so it is a potent inhibitor of gonadotropin 
secretion. Continuous leuprolide administration downregulates the hypothalamic– 
pituitary–ovarian axis, causing internalization and uncoupling of the GnRH recep-
tors in the pituitary. Leuprolide administration leads to initial follicle-stimulating 
hormone (FSH) stimulation and related steroidogenesis, followed by low or unde-
tectable estrogen and progesterone concentrations within 7–14 days (Heritage et al. 
1980). Additionally, Ganirelix and cetrorelix are synthetic decapeptides that compete 
with receptor binding, so function as competitive receptor antagonists, inducing 
rapid, reversible suppression of gonadotropin secretion and suppress estrogens and 
progesterone production by 36–48 h of administration (Oberye et al. 1999a). When 
hormones are suppressed, estrogens, progestogens, or androgens (or combinations) 
can be administered in a controlled fashion to test the hypothesis of interest.
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Fig. 5.2 Changes in 17β-estradiol and progesterone during treatment with a gonadotropin-releasing 
hormone (GnRH) agonist (leuprolide acetate) beginning on day 25 of a normal menstrual cycle, 
followed by treatment with two 17β-estradiol patches (0.1 mg) and oral progesterone (200 mg/day) 
(left). Changes in 17β-estradiol and progesterone during treatment with a GnRH antagonist 
(ganirelix acetate) beginning on day 25 of a normal menstrual cycle, followed by treatment with 
two 17β-estradiol patches (0.1 mg) and oral progesterone (200 mg/day) (right) 

These interventional methods are ideal to examine causal inferences about 
hormonal effects on any system targeted for study, including body fluid regula-
tion (Stachenfeld and Keefe 2002; Stachenfeld et al. 2001a; Stachenfeld and Taylor 
2005), cardiovascular function (Wenner et al. 2011a, b; 2013; Wenner and Stachen-
feld 2012), and metabolism (Day et al. 2005; D’Eon et al. 2002). Both leuprolide 
and ganirelix acetate lead to suppression of estrogens and progesterone to post-
menopausal levels, so women can experience vasomotor symptoms (“hot flashes”), 
breast tenderness, headaches, and transient mood changes, or some temporary mild



118 M. M. Wenner and N. S. Stachenfeld

water retention. Because ganirelix is taken for a shorter period, these symptoms are 
generally less severe. 

Including women in physiological research is not only required by the National 
Institutes of Health (NIH) but is essential for women’s health. The changing hormonal 
milieu in women across the menstrual cycle and as women age creates challenges for 
designing controlled studies can also provide an interesting environment to compare 
both sex hormone and sex differences. Investigators should consider hormone milieu 
in both women and men as they do with any variable that can impact their find-
ings. Recent new requirements from NIH include the consideration of sex as a biolog-
ical variable in all human and animal research, although this has not yet extended 
to research in cells. This has been changing as data indicate the impact of chromo-
somes on the functioning of all cells, indicating the importance of determining and 
reporting the sex of cells whenever possible. 

Water Regulation 

Water is the largest component of the human body, representing from 60 to 70% of 
body weight. In a healthy, 60 kg woman, about 34 L of her body is composed of water. 
Athletes who generally have high lean muscle mass have a greater percentage of body 
water compared to sedentary individuals. Approximately 65% of the body’s water is 
contained in the cells (intracellular water), and approximately 5% of the remaining 
extracellular water is in the blood stream (blood/plasma volume). Fluid within cells 
and outside of the vascular compartment cannot be immediately accessed during 
exercise, so only plasma volume is available for sweating and thermoregulation 
during exercise. Thus, it is this very small percentage of water (about 3.5 L in a normal 
woman) in the plasma that is used by the body’s fluid regulatory and cardiovascular 
systems to control temperature, as well as stimulate thirst and modulate cardiac 
output and blood pressure. 

Mechanisms that control fluid balance are complex and are influenced by repro-
ductive hormones (Fig. 5.3). Both estradiol and progesterone can influence the 
complex and integrated neural and hormonal systems that have evolved to control 
thirst, fluid intake, sodium appetite, and renal fluid and sodium regulation (Fig. 5.3). 
Sophisticated regulatory mechanisms have evolved to maintain body fluid volume 
and composition during challenges, including exercise, increases in water intake 
or deprivation. These regulatory mechanisms use receptors within the vasculature, 
brain, and gut that are sensitive to mechanical and chemical changes in water and elec-
trolyte content, and whose effector systems act to modify rates of fluid intake and fluid 
output. For example, dehydration (hyperosmotic hypovolemia) leads to the sensory 
and behavioral responses of thirst and fluid intake and the physiological responses 
of sodium and water retention by the kidney (Fig. 5.3). During long-term exer-
cise, a small percentage of athletes (1–13%) retain water leading to a fall in plasma 
sodium concentration or hyponatremia. Hyponatremia is the result of excess inges-
tion of hypotonic fluids (fluids with lower sodium concentration than is in the blood)
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Fig. 5.3 Schematic to illustrate the complex control of fluid and sodium balance and the multiple 
ways in which estradiol (E2) and progesterone (P4) may influence these processes. AVP indicates 
arginine vasopressin; ANG II, angiotensin II; CNS, central nervous system; PNS, peripheral nervous 
system; RAAS, renin-angiotensin-aldosterone system (Stachenfeld 2008, used with permission) 

combined with fluid retention (hypervolemic hyponatremia). Hyponatremia can also 
occur when excessive sodium is lost in sweating (hypovolemic hyponatremia). 

Arginine vasopressin (AVP) is the primary hormone in the body involved in the 
retention of free water. Arginine vasopressin is synthesized in cell bodies of nuclei 
located in the anterior hypothalamus (AH) and axons from the AH project into the 
posterior pituitary where AVP is stored and released in response to central osmore-
ceptor stimulation. Osmotic regulation of AVP and thirst are linear; a steeper slope 
indicates a greater sensitivity of the central osmoreceptors controlling thirst sensa-
tion and AVP synthesis and release from the AH and posterior pituitary (Fig.5.4). 
A leftward shift in the intercept for this curve indicates an earlier threshold for the 
onset of thirst and AVP release, while a rightward shift in the intercept for this curve 
indicates a later threshold for the onset of thirst and AVP release. Likewise, changes 
in the steepness of this curve detect sensitivity. Arginine vasopressin and thirst are 
also sensitive to changes in intravascular fluid as sensed by peripheral baroreceptors, 
which are also sensitive to changes in plasma volume during exercise, drinking or 
dehydration (Fig. 5.3).
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Fig. 5.4 Plasma arginine vasopressin (AVP) concentration and thirst sensation as a function of 
plasma osmolality (POsm) during 120 min of hypertonic (3.0% NaCl) saline infusion the early-
follicular and mid-luteal phases of the menstrual cycle, and during combined (ethinyl estradiol 
+ progestin, OC-E+P) and progestin-only (OC-P) hormonal contraceptive administration. Note 
the high progesterone/progestin conditions (luteal phase, OC-E+P, OC-P) shifted the P[AVP]–POsm 
curves to the left relative to the follicular phase (From Stachenfeld et al. 1999, Copyright 1999 The 
American Physiological Society, used with permission) 

Sex Hormone Effects on Fluid Regulation 

Both hypertonic saline infusion (3% NaCl) and dehydration are used to increase 
plasma osmolality (POsm) under different sex hormone conditions to determine the 
effects of these hormones on the sensitivity and threshold on the linear relationship 
of P[AVP]–POsm and thirst-POsm (Stachenfeld et al. 1998, 1999; Calzone et al. 2001). 
With these methods, the impact of estrogens and progesterone on osmotic control 
of AVP and thirst are examined by observing changes in the slope (sensitivity) and 
intercept (threshold) of the P[AVP]–POsm and thirst-POsm relationships (Stachenfeld 
et al. 1998, 1999; Calzone et al. 2001). The plasma hypertonicity associated with 
a 3% NaCl infusion induces powerful and linear thirst responses and increases in 
P[AVP] and thirst. Moreover, hypertonic saline infusion increases POsm by as much as 
~20 mOsmol/kg H2O during a 2-h infusion so is a powerfull AVP stimulus (Calzone 
et al. 2001). However, hypertonic saline infusion is not at all a dehydrated state 
despite the large increases in POsm, thirst, and P[AVP], because a large intravascular 
fluid expansion (~10–20%) develops as water is drawn from cells in response to the 
increased osmotic pressure in the surrounding intracellular fluid in addition to the 
fluid infused (Stachenfeld and Keefe 2002; Calzone et al. 2001; Stachenfeld et al. 
2001b). Under these conditions, the osmotic stimulus overwhelms the inhibitory 
input by the plasma volume expansion with regard to thirst and P[AVP] (Fig. 5.4) 
as well as renal fluid retention (Stachenfeld and Keefe 2002; Calzone et al. 2001; 
Stachenfeld et al. 2001b).
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Estrogen receptors are present in the hypothalamic nuclei (Heritage et al. 1980; 
Sar and Stumpf 1980) and there are sex differences in the activity and size in these 
nuclei (Ishunina et al. 2000). Resting POsm is greater in men than in women (in the 
early-follicular phase) (Stachenfeld et al. 2001; Claybaugh et al. 2000), although men 
have greater AVP sensitivity and blood pressure responses to hypertonic saline infu-
sion (Stachenfeld et al. 1997). With regard to sex hormone effects within women, the 
osmotic threshold for AVP release and thirst stimulation during both hypertonic saline 
infusion and exercise-induced dehydration is lower when using hormonal contra-
ceptives containing estradiol compared to either the follicular phase or to hormonal 
contraceptives that contained only progestins. These findings are similar to those 
in postmenopausal women when compared to women taking estradiol (Stachen-
feld et al. 1999) and support a role for estrogens in the osmotic regulation of AVP. 
Interestingly, free water clearance was unaffected during hypertonic saline infusion, 
dehydration, or rehydration in younger women. This unchanged water and sodium 
balance in the face of estrogen-related shifts in osmotic AVP, thirst, and drinking 
suggested a shift in body water regulation to a lower plasma osmolality operating 
point during estradiol exposure in young women. This shift in water regulation is in 
contrast to our earlier findings in postmenopausal women in whom estradiol admin-
istration increased osmotic production of AVP, but also resulted in greater water 
retention (Stachenfeld et al. 1999). A more recent paper, however, showed little 
impact of the menstrual cycle, estrogen, progesterone or E:P ratio on copeptin, a 
molecule usually highly correlated with AVP, and one sensitive to changes in plasma 
osmolality (Giersch et al. 2021). 

Exercise Effects on Fluid Balance 

Environmental conditions (i.e., heat and humidity) and exercise type and intensity 
impact fluid and electrolyte loss that occurs with activity. During exercise, there is 
an increase in cardiac output as exercise intensity increases in order to meet the 
metabolic demands of the exercising skeletal muscle. The increase in cardiac output 
is due to increases in heart rate and stroke volume. However, in a hot environment, a 
large portion of cardiac output (up to 60%) is shifted from the core to the periphery 
(Rowell 1974), primarily to the skin for thermoregulation via sweating, to cool the 
body through evaporation. 

Plasma volume expansion not only improves cardiovascular responses to exercise, 
but also increases internal water available for sweating thereby improving thermoreg-
ulation during exercise (Nadel et al. 1980; Fortney et al. 1983). These thermoregu-
latory improvements are due to the increase in cardiac output, as there is a greater 
ability for cutaneous vasodilation and heat dissipation in the periphery. In contrast, 
plasma or blood volume contraction (such as with hypovolemia or dehydration) 
limits the ability to effectively increase skin blood flow to dissipate heat (Fortney 
et al. 1983), as evident by a reduction in skin vascular conductance for a given core 
temperature (Tripathi et al. 1990). With exercise in the heat during hypovolemic
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or dehydrated states, without fluid and electrolytes replacement, sweating to dissi-
pate heat is compromised, which can lead to heat illness (Sawka et al. 1992, 2007; 
Armstrong et al. 2007; Byrne et al. 2006). 

Research laboratory studies have been conducted to examine thermoregulatory 
mechanisms, as highlighted in a number of review articles (Shibasaki et al. 2006; 
Gagnon and Kenny 2012a, b; Charkoudian and Stachenfeld 2014; Charkoudian and 
Stachenfeld 2015). In order to compare thermoregulatory function, cutaneous vasodi-
lation or sweating is plotted as a function of core temperature. Both the threshold 
(core temperature at which either skin blood flow or sweating begins to increase) 
and/or the sensitivity (slope) are analyzed to determine effectiveness of heat dissipa-
tion (Fig. 5.5). The leftward shift in the threshold or set point for sweating indicates 
an earlier onset of sweating, or that sweating began at a lower core temperature. This 
commonly occurs with exercise training in the heat (acclimatization) and is an impor-
tant adaptation because earlier sweating onset results in more effective core temper-
ature maintenance (Roberts et al. 1977). While this is an important thermoregulatory 
advantage, this adaptation also requires greater attention to fluid and electrolyte 
intake, an important caveat for long training bouts. Thus, with adequate hydration 
and plasma volume, body water is available for sweating, there is less cardiovas-
cular strain, and exercise performance is maintained. In contrast, with dehydration 
and the correlate reduction in plasma volume and cardiac output, there is typically 
a delayed core temperature set point for cutaneous vasodilation (Nadel et al. 1980) 
seen as a rightward shift in the threshold for vasodilation in the skin (Fig. 5.5) or  
sweating threshold. Further, for a given core temperature, both skin vasodilation and 
sweating rate are lower in dehydrated persons (Nadel et al. 1980; Sawka et al. 1992; 
Sawka and Wenger 1988). Thus, dehydration, or plasma volume contraction, results 
in less effective thermoregulation (i.e., high core temperature), increased cardio-
vascular strain, fatigue, limits exercise performance, and increases the risk for heat 
illness (Sawka et al. 1992, 2007; Armstrong et al. 2007; Byrne et al. 2006; Sawka  
and Wenger 1988).

Sex Differences in Thermoregulation 

Sex differences in thermoregulation can influence fluid and electrolyte losses 
during exercise (Gagnon and Kenny 2012a, b; Charkoudian and Stachenfeld 2014; 
Charkoudian and Stachenfeld 2015). Most sex differences in thermoregulation are 
attributed to differences in body size, body composition, and fitness level (Gagnon 
and Kenny 2012a, b). Because of their smaller body size and lower lean mass, the 
amount of heat generated during exercise is typically lower in women compared to 
men. Women also generally have lower sweating rates compared to men due to their 
smaller body size, although this is difficult to detect at lower exercise intensities 
(Gagnon and Kenny 2012b). Although sweating rates may differ between men and 
women, core temperature and cutaneous vasodilation during exercise in the heat are 
generally similar between the sexes. Thus, sex differences in thermoregulation are
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Fig. 5.5 Schematic example of graphs used in analysis of thermoregulatory effector mechanisms 
(primarily sweating and cutaneous vasodilation), showing the relevant effector as a function of core 
body temperature. As core temperature increases, a point is reached (the threshold) at which the 
heat dissipation mechanism begins to increase. The slope of the relationship after this threshold is 
referred to as the sensitivity of the response. A “rightward” shift in threshold and/or a decrease in 
sensitivity will decrease the amount of heat dissipation for a given core temperature, resulting in 
less efficient heat loss. Vertical lines show the change in the amount of a given effector response 
(at a given core temperature) caused by a shift in threshold or sensitivity (From Charkoudian et al. 
2014, Copyright 2014 The American Physiological Society, used with permission)

minimal and likely not to influence exercise capacity for most young healthy people. 
However, because women lose less fluid and electrolytes from sweat during intense 
exercise in the heat, overconsumption of fluids can contribute to the higher incidence 
and more severe outcome of exercise-associated hyponatremia in women compared 
to men (Almond et al. 2005). 

There are important caveats to these statements regarding sex differences, 
however. The environment in which humans exercise also affects sex differences 
in thermoregulation (Shapiro et al. 1980). Heat production is mainly weight depen-
dent, so women produce less heat during exercise due to their smaller body weight 
compared to men. In contrast, evaporation or cooling is mostly related to body surface 
area (BSA, i.e., skin surface), and thus, the sex with the higher BSA has the advan-
tage (men). However, their greater body size and muscle mass induce greater heat 
production, so it is variable as to whether or not there are sex differences in dry heat. 
In contrast, in hot wet environments, evaporation is suppressed, so the greater BSA 
in men does not convey as great an advantage for sweating, while heat production 
remains the same. Because body weight is generally lower in women, core temper-
ature increases less relative to men, so under hot wet conditions, women may fair 
better (Shapiro et al. 1980). In addition, the slower sweating rates in women in the hot 
wet environment may convey an advantage. Also of interest is a study demonstrating 
a number of sex-specific miRNA following running exercise, suggesting that not all 
differences between men and women are due to differences in body size and hormone 
exposure. It is unclear whether these miRNA affects are specific to thermoregulatory 
targets (Hicks et al. 2018).
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Sex Hormone Effects Within Women During Exercise 

Thermoregulation in humans is keeping body temperature constant despite changes 
to the environment. During heat exposure and exercise, sympathetic cholinergic 
nerves in the skin cause sweating via eccrine sweat glands resulting in sweat evapora-
tion. These responses are controlled through centers in the hypothalamus sensitive to 
estrogen and progesterone, and effects of sex hormones are also seen in the periphery 
in skin blood flow and sweating (Charkoudian and Stachenfeld 2015). Further, as 
described above, sex hormones (specifically estrogens and progesterone) can impact 
fluid and electrolyte regulation. These hormones can also alter thermoregulatory 
mechanisms (Sims et al. 2007). Early studies conducted in women in different phases 
of the menstrual cycle demonstrated that sex hormones shift the core temperature 
threshold for sweating (Stephenson and Kolka 1999). During the luteal phase, there 
is a rightward shift in core temperature for the onset of sweating, such that for a 
given core temperature, sweating rates are lower in the luteal compared to follicular 
phase (Stephenson and Kolka 1999; Kolka and Stephenson 1989). The threshold 
for the onset of sweating during exercise in the preovulatory phase of the menstrual 
cycle, when estrogen is elevated independent of progesterone (Stephenson and Kolka 
1999), is shifted leftward compared to the follicular phase, suggesting that estrogen 
lowers the threshold for the onset of sweating. Taken together with other studies, 
estrogen is likely associated with greater sweating rates for a given core temper-
ature (Stachenfeld et al. 2000; Brooks-Asplund et al. 2000). Similar findings of a 
shift in core temperature due to changes in estrogen and progesterone exposure have 
also been reported in women using oral contraceptive pills (Rogers and Baker 1997; 
Charkoudian and Johnson 1999b). The sensitivity or slope of the sweating response 
does not appear to be influenced by changes in reproductive hormones. These data 
indicate that estrogen and progesterone have opposing effects on thermoregulatory 
mechanisms and can alter the core temperature threshold for sweating to occur during 
exercise in the heat. 

In order to directly determine whether estrogen opposes the progesterone-induced 
increase in core temperature threshold for sweating, women were tested during four 
different hormone conditions: the early-follicular phase of menstrual cycle, the mid-
luteal phase of menstrual cycle, after 4 weeks of combined estradiol and progestin 
(OC-E+P) oral contraceptive pills, and after 4 weeks of progestin-only contraceptive 
pills (OC-P) (Stachenfeld et al. 2000). In this manner, changes in the onset of sweating 
during the menstrual cycle were assessed, and progestin effects on thermoregulation 
during exercise in the heat in the same women were isolated. Women were tested at 
rest, in response to passive heat stress, and during exercise (60% of VO2 peak for 40 
min) under each hormonal condition. We showed a change in resting core temper-
ature primarily due to the increase in progesterone and consistent with increases in 
core temperature with progestin during OC-P compared to OC-E+P, follicular, and 
luteal phases (Stachenfeld et al. 2000). For a given core temperature, sweating rates 
were greater in the presence of estrogen compared to the progestin-only pills. This 
greater sweating rate with the addition of estrogen was also associated with a small
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plasma volume expansion that occurred with estrogen administration. Conversely, the 
lower sweating rates during OC-P were associated with a significant plasma volume 
contraction (~3%) that occurred with OC-P (Stachenfeld 2008). Throughout exer-
cise, sweating sensitivity as represented by slopes of the relationship between sweat 
rate and core temperature was unaffected by hormone condition. Furthermore, core 
temperature was higher during the mid-luteal compared to the early-follicular phase 
of the menstrual cycle (Fig. 5.6). However, the addition of estrogen to progestin-only 
pills prevented the rightward shift in core temperature. Further, the onset of sweating 
occurred at a lower core temperature with the addition of estrogen to progestin pills. 

In summary, estrogens and progesterone/progestins have opposing effects on core 
temperature and the threshold for sweating onset, whereas the slope or sensitivity 
does not appear to be effected by fluctuations in sex hormones. Estrogen lowers 
the core temperature threshold for sweating promoting heat dissipation, whereas 
progesterone/progestins have the opposite effect. Although core temperature is higher 
and sweating onset is later in these circumstances, phase of the menstrual cycle or 
hormonal contraceptive use does not predict heat illness during exercise in women. 
Lastly, although sex hormones influence thermoregulation and sweating responses 
to exercise, it does not appear that these changes significantly impact exercise 
performance.

Fig. 5.6 Sweating rate (SR) as a function of core (esophageal) temperature during 40 min of 
exercise in the heat in young, healthy women during the early-follicular and mid-luteal phases of 
the menstrual cycle and during combined (ethinyl estradiol + progestin, OC-E+P) and progestin-
only (OC-P) hormonal contraceptive administration. Note the progestin alone condition (OC-P) 
shifted the SR-°C curves to the right relative to the other conditions, and consistent with earlier 
data, mid-luteal phase SR-°C curves were also shifted to the left relative to the early-follicular phase 
(Data are based on Stachenfeld et al. 2000, Copyright 2000. The American Physiological Society, 
used with permission) 
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Effects on Fluid and Electrolyte Requirements 

Aerobic fitness may also influence fluid and electrolyte requirements during exer-
cise. Exercise training can impact the sensitivity (or slope) and threshold of the 
relationships between core temperature, peripheral vasodilation, and sweating. For 
example, Roberts et al. demonstrated that 10 days of aerobic exercise training reduced 
the internal threshold for sweating and peripheral vasodilation in men and women, 
permitting greater heat dissipation (Roberts et al. 1977). Moreover, sweating and 
blood flow are augmented if the exercise training is performed in the heat (acclima-
tization). While the responses to exercise training and acclimatization are similar 
between the sexes, women have lower sweating rates and a higher internal threshold 
for both sweating and peripheral vasodilation compared to men for a given core 
temperature (Hertig and Sargent 1963; Wyndham et al. 1965). Although these classic 
studies demonstrated important sex differences in sweating responses, they did not 
take into account the fluctuations in reproductive hormones that occur across the 
menstrual cycle. 

As discussed earlier in this chapter, estradiol and progesterone also alter ther-
moregulatory sweating responses during exercise, so thermoregulation will change 
across the menstrual cycle. In order to determine fitness effects in women while 
minimizing the influence of hormonal fluctuations, Araki and colleagues (Araki 
et al. 1981) measured sweating responses to exercise in a hot environment in trained 
and untrained women during the same phase of the menstrual cycle (within 7 days 
after menstruation, or when both estrogens and progesterone are low). The trained 
women demonstrated an earlier sweating onset compared to the untrained women. 
Furthermore, the untrained women underwent 60 days of exercise training and 
demonstrated improved thermoregulatory sweating responses. Therefore, exercise 
training can improve sweating responses in women, so that they can more effi-
ciently dissipate heat during exercise. The differences in sweating responses between 
trained and untrained women have been reproduced in subsequent studies (Kuwa-
hara et al. 2005a, b), which also tested trained and untrained women during different 
phases of the menstrual cycle. In untrained women, sweating rate and skin blood 
flow responses to exercise in a thermoneutral environment were lower during the 
mid-luteal compared to the mid-follicular phase of the menstrual cycle (Kuwahara 
et al. 2005a). Furthermore, the internal temperature threshold at which sweating 
occurred was greater during the mid-luteal phase of the menstrual cycle in untrained 
women (Kuwahara et al. 2005a). Interestingly, these menstrual cycle differences in 
sweating were not observed in trained women. Therefore, it seems possible that 
exercise training attenuates the impact of sex hormones on thermoregulation (Kuwa-
hara et al. 2005a, b). This brings up the earlier point that when possible, testing at 
multiple phases of the menstrual cycle is key to truly testing hypotheses, or choosing 
the correct phase in which to test is key to answer the research question. 

The greater sweating responses in trained women also indicate greater body fluid 
losses, so women need to be cognizant that as they improve their fitness or acclimatize 
to heat that their fluid and electrolyte requirements may change. Another important
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consideration is the lower tonicity of the sweat that can occur with training. The lower 
concentration of sodium in sweating is an important training adaptation because this 
lower electrolyte loss will balance the greater sweating rates achieved with training. 
It is also important to note that even though sweat sodium concentration is reduced 
with training, it remains highly variable across individuals, varying as much as 10–70 
mEq/L (Sawka et al. 2007). Sims et al. (2007) showed that consumption of a high 
sodium beverage prior to exercise in the heat increased performance during the mid-
luteal phase of the menstrual cycle. Therefore, women should not only pay attention 
to fluid intake but also sodium intake, especially during exercise in the heat. 

Temperature Regulation and Fluid Balance: Special 
Populations 

Aging and Menopause 

Menopause is a period where significant physiological changes occur due to dramatic 
fluctuations in reproductive hormones and can occur at different ages among women 
(Harlow et al. 2012). After menopause, estradiol and progesterone levels are signif-
icantly reduced compared to premenopausal women. This loss of estradiol can have 
significant implications on numerous physiological systems, such as bone, cardio-
vascular, and thermoregulation. During the menopausal transition, women often 
experience symptoms such as vaginal dryness, hot flashes, and night sweats. 

Aging is associated with impairments in thermoregulation and thirst sensation 
during exercise in both sexes (Kenney and Anderson 1988; Stachenfeld et al. 1997). 
In perimenopausal (Tankersley et al. 1992) and postmenopausal (Brooks et al. 1997) 
women, estrogen therapy reduces core temperature at rest and during exercise. 
Furthermore, the core temperature threshold for sweating onset occurs lower with 
estrogen therapy in older women (Tankersley et al. 1992; Brooks et al. 1997). These 
improvements in thermoregulation may be one mechanism whereby estrogen therapy 
reduces the frequency and intensity of hot flashes. However, these thermoregula-
tory effects on core temperature and sweating were not apparent in postmenopausal 
women taking combined estrogen and progesterone hormone therapy (Brooks et al. 
1997), suggesting that the effects of progesterone predominate over that of estrogen, 
similar to what is observed in young women. 

Although the mechanisms controlling skin blood flow and sweating during post-
menopausal vasomotor symptoms (VMS) have not been established, a series of 
elegant studies has demonstrated that these physiological responses are controlled 
by similar autonomic mechanisms that contribute to peripheral changes in the 
thermoregulatory response during peripheral and core temperature heat challenges 
(Hubing et al. 2010; Low et al. 2008). Interestingly, while these mechanisms include a 
nitric oxide component, they are independent of prostaglandins (Hubing et al. 2010). 
These studies have also demonstrated a sympathetic cholinergic neural mechanism
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for skin blood flow increases during VMS (Low et al. 2011). Importantly, it appears 
that exercise training may improve subjective ratings of frequency and intensity of 
VMS events in postmenopausal women (Luoto et al. 2012). 

With regard to fluid balance, the typical expansion in plasma volume that occurs 
with exercise training is impaired in postmenopausal women (Stachenfeld et al. 
1998). However, estrogen administration induces basal transient fluid retention and 
plasma volume expansion, increases P[AVP], and reduces the osmotic set point for 
AVP release in postmenopausal women (Stachenfeld et al. 1998). These changes 
are associated with water and sodium retention, which are likely due to a reduction 
in urine output because thirst and drinking patterns are not altered with estrogen 
administration. Lastly, although progesterone effects on fluid balance have been 
examined in young women, to our knowledge there are no data in postmenopausal 
women. Progestins and progesterone are commonly prescribed as part of hormone 
therapy regimens, so it is important to determine these effects on sodium and water 
balance. 

Polycystic Ovary Syndrome 

Polycystic ovary syndrome (PCOS) is the most common reproductive 
endocrinopathy (Barontini et al. 2001), affecting between 5 and 10% women of 
reproductive age (Tsilchorozidou et al. 2004), and is the most common cause of 
menstrual irregularity in young women. Approximately 75% of women with PCOS 
have the more severe reproductive and metabolic PCOS phenotype that is dominated 
by features of hyperandrogenism. This androgen excess (AE)-PCOS phenotype is 
typically associated with insulin resistance (IR), compensatory hyperinsulinemia, 
obesity, subcutaneous and visceral adiposity, dyslipidemia, enlarged adipocytes, 
hypoadiponectinemia, and oligoovulation or anovulation. AE-PCOS is also asso-
ciated with obesity and metabolic syndrome (Rojas et al. 2014; Ehrmann et al. 2006; 
Legro et al. 2001). A sedentary lifestyle is a primary environmental risk factor for 
PCOS (Diamanti-Kandarakis et al. 2012; Diamanti-Kandarakis and Dunaif 2012). 
Physical activity independent of weight loss improves insulin sensitivity (Harrison 
et al. 2011; Hutchison et al. 2011) and improves reproductive function in PCOS 
(Harrison et al. 2011). Therefore, exercise is routinely prescribed for women with 
PCOS (Moran et al. 2006), although there are few data on exercise effects on women 
with PCOS, and anecdotal compliance is low. Obese women with PCOS appear 
to regulate temperature adequately during exercise in the heat, maintaining similar 
core temperature to obese women without PCOS, although with higher sweating 
rates even at mild exercise intensity (Stachenfeld et al. 2010). Women with PCOS 
sweat at a lower core temperature and more profusely relative to women without 
PCOS, and this greater water loss was independent of obesity (Stachenfeld et al. 
2010). These data suggest that women with PCOS should pay special attention to 
hydration during longer exercise periods. Finally, similar to lean women, estradiol 
administration lowered the sweating threshold in the control obese women, but had no
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effect on women with PCOS, who were insensitive to estradiol administration, with 
or without testosterone suppression (Stachenfeld et al. 2010). Despite the importance 
of physical activity in treating PCOS, there are no exercise guidelines for women 
with PCOS based on clinical or physiological data. 

Conclusions 

Including women in physiological research is essential for women’s health but creates 
challenges for designing controlled studies. Researchers cannot simply pool men and 
women into one group when they are included in physiological studies and cannot 
simply test women in one phase of the menstrual cycle. Consideration of the research 
question and hypothesis is key to deciding which phase of the cycle to test women, and 
whether women taking oral contraceptives can be included. Regardless of method-
ology, the same attention to detail used to control the rest of the environment of our 
physiological studies should be paid to the hormonal environment when including 
women, female animals, cells, or cell lines in research studies. For the latter, because 
chromosomes can be altered in the formation of cell lines, confirmation of the sex 
of these cells should be made or fresh cells used when possible (Vallabhajosyula 
et al. 2020). 

The primary female reproductive hormones—estrogens and progesterone—have 
physiological effects on fluid and electrolyte regulation and thermoregulation. These 
effects are most profound in lowering the set point for the regulation of thirst and 
the fluid/sodium regulation hormones, but do not typically induce fluid or sodium 
retention. Moreover, these hormones play an important role in reducing the core 
temperature for sweating. Regardless of these physiological effects, there is not 
yet strong evidence that estrogens and progesterone/progestins impact performance 
significantly in younger or older women, or that they significantly increase the risk 
of heat illness. 

Acknowledgments We gratefully acknowledge the intellectual contributions of Drs. Ethan Nadel 
PhD (posthumous), Gary Mack PhD, and Wendy Calzone, MS.; the technical assistance of Cheryl 
Leone, MA. and Andrew Grabarek BS.; the clinical support of Drs. Hugh Taylor and Celso Silva 
and Lubna Pal; and the cooperation of the volunteer subjects. These studies were supported, in part, 
by National Heart Lung Blood Institute HL62240, HL71159, HL135089 as well as the U.S. Army 
Medical and Research and Materiel Command under contract DAMD17-96-C-6093. 

References 

Almond CSD, Shin AY, Fortescue EB, Mannix RC, Wypij D, Binstadt BA, et al. Hyponatremia 
among runners in the Boston marathon. N Engl J Med. 2005;352:1550–6. 

Araki T, Matsushita K, Umeno K, Tsujino A, Toda Y. Effect of physical training on exercise-induced 
sweating in women. J Appl Physiol. 1981;51(6):1526–32.



130 M. M. Wenner and N. S. Stachenfeld

Armstrong L, Casa D, Millard-Stafford M, Moran D, Pyne S, Roberts W. American college of 
sports medicine position stand. Exertional heat illness during competition. Med Sci Sports Exerc. 
2007;39:556–72. https://doi.org/10.1249/MSS.0b013e31802fa199 

Barontini M, Garcia-Rudaz MC, Veldhuis JD. Mechanisms of hypothalamic-pituitary-gonadal 
disruption in polycystic ovarian syndrome. Arch Med Res. 2001;32:544–52. https://doi.org/10. 
1016/S0188-4409(01)00325-3 

Boschitsch E, Mayerhofer S, Magometschnigg D. Hypertension in women: the role of progesterone 
and aldosterone. Climacteric. 2010;13(4):307–13. https://doi.org/10.3109/13697131003624649 

Brooks EM, Morgan AL, Pierzga JM, Wladkowski SL, Gorman JT, Derr JA, et al. Chronic hormone 
replacement therapy alters thermoregulatory and vasomotor function in postmenopausal women. 
J Appl Physiol. 1997;83(2):477–84. 

Brooks-Asplund EM, Cannon JG, Kenney WL. Influence of hormone replacement therapy and 
aspirin on temperature regulation in postmenopausal women. Am J Physiol. 2000;279:R839–48. 

Byrne C, Lee JK, Chew SA, Lim CL, Tan EY. Continuous thermoregulatory responses to mass-
participation distance running in heat. Med Sci Sports Exerc. 2006;38(5):803–10. https://doi.org/ 
10.1249/01.mss.0000218134.74238.6a 

Calzone WL, Silva C, Keefe DL, Stachenfeld NS. Progesterone does not alter osmotic regulation 
of AVP. Am J Physiol Regul Integr Comp Physiol. 2001;281:R2011–20. 

Charkoudian N, Johnson J. Altered reflex control of cutaneous circulation by female sex steroids 
is independent of prostaglandins. Am J Physiol. 1999a;276:H1634–40. 

Charkoudian N, Johnson JM. Reflex control of cutaneous vasoconstrictor system is reset by 
exogenous female reproductive hormones. J Appl Physiol. 1999b;87:381–5. 

Charkoudian N, Stachenfeld N. Reproductive hormone influences on thermoregulation in women. 
Compr Physiol. 2014;4(2):793–804. https://doi.org/10.1002/cphy.c130029 

Charkoudian N, Stachenfeld N. Sex hormone effects on autonomic mechanisms of thermoregulation 
in humans. Auton Neurosci. 2015;196:75–80. https://doi.org/10.1016/j.autneu.2015.11.004 

Claybaugh JR, Sato AK, Crosswhite LK, Hassell LH. Effects of time of day, gender, and menstrual 
cycle phase on the human response to oral water load. Am J Physiol. 2000;279:R966–73. 

Creinin MD, Lippman JS, Eder SE, Godwin AM, Olson W. The effect of extending the pill-free 
interval on follicular activity: triphasic norgestimate/35 μg ethinyl estradiol versus monophasic 
levonorgestrel/20 μg ethinyl estradiol. Contraception. 2002;66:147–52. https://doi.org/10.1016/ 
S0010-7824(02)00344-X 

D’Eon TM, Sharoff C, Chipkin SR, Grow D, Ruby BC, Braun B. Regulation of exercise carbo-
hydrate metabolism by estrogen and progesterone in women. A J Physiol Endocrinol Metab. 
2002;283(5):E1046–55. https://doi.org/10.1152/ajpendo.00271.2002 

Day DS, Gozansky WS, Van Pelt RE, Schwartz RS, Kohrt WM. Sex hormone suppression 
reduces resting energy expenditure and β-adrenergic support of resting energy expenditure. J 
Clin Endocrinol Metab. 2005;90(6):3312–7. https://doi.org/10.1210/jc.2004-1344 

Diamanti-Kandarakis E, Dunaif A. Insulin resistance and the polycystic ovary syndrome revisited: 
an update on mechanisms and implications. Endocr Rev. 2012;33(6):981–1030. https://doi.org/ 
10.1210/er.2011-1034 

Diamanti-Kandarakis E, Christakou C, Marinakis E. Phenotypes and environmental factors: their 
influence in PCOS. Curr Pharm Des. 2012;18(3):270–82. https://doi.org/10.2174/138161212799 
040457 

Ehrmann DA, Liljenquist DR, Kasza K, Azziz R, Legro RS, Ghazzi MN. Prevalence and predictors 
of the metabolic syndrome in women with polycystic ovary syndrome. J Clin Endocrinol Metab. 
2006;91(1):48–53. https://doi.org/10.1210/jc.2005-1329 

Fortney SM, Wenger CB, Bove JR, Nadel ER. Effects of plasma volume on forearm venous and 
cardiac stroke volumes during exercise. J Appl Physiol. 1983;55:884–90. 

Gagnon D, Kenny GP. Does sex have an independent effect on thermoeffector responses during 
exercise in the heat? J Physiol. 2012a;590(Pt 23):5963–73. https://doi.org/10.1113/jphysiol.2012. 
240739

https://doi.org/10.1249/MSS.0b013e31802fa199
https://doi.org/10.1016/S0188-4409(01)00325-3
https://doi.org/10.1016/S0188-4409(01)00325-3
https://doi.org/10.3109/13697131003624649
https://doi.org/10.1249/01.mss.0000218134.74238.6a
https://doi.org/10.1249/01.mss.0000218134.74238.6a
https://doi.org/10.1002/cphy.c130029
https://doi.org/10.1016/j.autneu.2015.11.004
https://doi.org/10.1016/S0010-7824(02)00344-X
https://doi.org/10.1016/S0010-7824(02)00344-X
https://doi.org/10.1152/ajpendo.00271.2002
https://doi.org/10.1210/jc.2004-1344
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.2174/138161212799040457
https://doi.org/10.2174/138161212799040457
https://doi.org/10.1210/jc.2005-1329
https://doi.org/10.1113/jphysiol.2012.240739
https://doi.org/10.1113/jphysiol.2012.240739


5 Sex Hormones and Environmental Factors Affecting Exercise 131

Gagnon D, Kenny GP. Sex differences in thermoeffector responses during exercise at fixed require-
ments for heat loss. J Appl Physiol. 2012b;113(5):746–57. https://doi.org/10.1152/japplphysiol. 
00637.2012 

Giersch GEW, Charkoudian N, Morrissey MC, Butler Cody R, Colburn AT, Caldwell AR, Kavouras 
SA, Casa DJ. Estrogen to progesterone ratio and fluid regulatory responses to varying degrees 
and methods of dehydration. Front Sports Active Living. 2021;3. https://doi.org/10.3389/fspor. 
2021.722305 

Hapgood JP, Africander D, Louw R, Ray RM, Rohwer JM. Potency of progestogens used in 
hormonal therapy: toward understanding differential actions. J Steroid Biochem Mol Biol. 
2014;142:39–47. https://doi.org/10.1016/j.jsbmb.2013.08.001 

Harlow SD, Gass M, Hall JE, Lobo R, Maki P, Rebar RW, et al. Executive summary of the stages 
of reproductive aging workshop + 10: addressing the unfinished agenda of staging reproductive 
aging. J Clin Endocrinol Metab. 2012;97(4):1159–68. 

Harrison CL, Lombard CB, Moran LJ, Teede HJ. Exercise therapy in polycystic ovary syndrome: 
a systematic review. Hum Reprod Update. 2011;17(2):171–83. https://doi.org/10.1093/humupd/ 
dmq045 

Heritage AS, Stumpf WE, Sar M, Grant LD. Brainstem catecholamine neurons are target sites for 
sex steroid hormones. Science. 1980;207:1377–9. https://doi.org/10.1126/science.7355296 

Hertig BA, Sargent 2nd F. Acclimatization of women during work in hot environments. Fed Proc. 
1963;22:810–3. 

Hicks SD, Paige J, Middleton FA, Omar P, Zofia G. Distance running alters peripheral microRNAs 
implicated in metabolism fluid balance and myosin regulation in a sex-specific manner. Physiol 
Genom. 50(8):658–667. https://doi.org/10.1152/physiolgenomics.00035.2018 

Hubing KA, Wingo JE, Brothers RM, Del Coso J, Low DA, Crandall CG. Nitric oxide synthase inhi-
bition attenuates cutaneous vasodilation during postmenopausal hot flash episodes. Menopause. 
2010;17(5):978–82. https://doi.org/10.1097/gme.0b013e3181d674d6 

Hutchison SK, Stepto NK, Harrison CL, Moran LJ, Strauss BJ, Teede HJ. Effects of exercise 
on insulin resistance and body composition in overweight and obese women with and without 
polycystic ovary syndrome. J Clin Endocrinol Metab. 2011;96(1):E48–56. https://doi.org/10. 
1210/jc.2010-0828 

Ishunina TA, Kruijver FPM, Balesar R, Swaab DF. Differential expression of estrogen receptor α 
and ß immunoreactivity in the human supraoptic nucleaus in relation to sex and aging. J Clin 
Endocrinol Metab. 2000;85:3283–91. 

Kenney WL, Anderson RK. Responses of older and younger women to exercise in dry and humid 
heat without fluid replacement. Med Sci Sports Exerc. 1988;20(2):155–60. https://doi.org/10. 
1249/00005768-198820020-00009 

Kolka M, Stephenson L. Control of sweating during the human menstrual cycle. Eur J Appl Physiol. 
1989;58:890–5. https://doi.org/10.1007/BF02332224 

Kuwahara T, Inoue Y, Abe M, Sato Y, Kondo N. Effects of menstrual cycle and physical training on 
heat loss responses during dynamic exercise at moderate intensity in a temperate environment. 
Am J Physiol Regul Integr Comp Physiol. 2005a;288(5):R1347–53. https://doi.org/10.1152/ajp 
regu.00547.2004 

Kuwahara T, Inoue Y, Taniguchi M, Ogura Y, Ueda H, Kondo N. Effects of physical training on 
heat loss responses of young women to passive heating in relation to menstrual cycle. Eur J Appl 
Physiol. 2005b;94(4):376–85. https://doi.org/10.1007/s00421-005-1329-0 

Legro RS, Kunselman AR, Dunaif A. Prevalence and predictors of dyslipidemia in women with 
polycystic ovary syndrome. Am J Med. 2001;111(8):607–13. https://doi.org/10.1016/S0002-934 
3(01)00948-2 

Low D, Davis S, Keller D, Shibasaki M, Crandall C. Cutaneous and hemodynamic responses during 
symptomatic postmenopausal women. Menopause. 2008;15:290–5. https://doi.org/10.1097/gme. 
0b013e3180ca7cfa

https://doi.org/10.1152/japplphysiol.00637.2012
https://doi.org/10.1152/japplphysiol.00637.2012
https://doi.org/10.3389/fspor.2021.722305
https://doi.org/10.3389/fspor.2021.722305
https://doi.org/10.1016/j.jsbmb.2013.08.001
https://doi.org/10.1093/humupd/dmq045
https://doi.org/10.1093/humupd/dmq045
https://doi.org/10.1126/science.7355296
https://doi.org/10.1152/physiolgenomics.00035.2018
https://doi.org/10.1097/gme.0b013e3181d674d6
https://doi.org/10.1210/jc.2010-0828
https://doi.org/10.1210/jc.2010-0828
https://doi.org/10.1249/00005768-198820020-00009
https://doi.org/10.1249/00005768-198820020-00009
https://doi.org/10.1007/BF02332224
https://doi.org/10.1152/ajpregu.00547.2004
https://doi.org/10.1152/ajpregu.00547.2004
https://doi.org/10.1007/s00421-005-1329-0
https://doi.org/10.1016/S0002-9343(01)00948-2
https://doi.org/10.1016/S0002-9343(01)00948-2
https://doi.org/10.1097/gme.0b013e3180ca7cfa
https://doi.org/10.1097/gme.0b013e3180ca7cfa


132 M. M. Wenner and N. S. Stachenfeld

Low DA, Hubing KA, Del Coso J, Crandall CG. Mechanisms of cutaneous vasodilation during the 
postmenopausal hot flash. Menopause. 2011;18(4):359–65. https://doi.org/10.1097/gme.0b013e 
3181f7a17a 

Luoto R, Moilanen J, Heinonen R, Mikkola T, Raitanen J, Tomas E, et al. Effect of aerobic training 
on hot flushes and quality of life—a randomized controlled trial. Ann Med. 2012;44(6):616–26. 

Moran LJ, Brinkworth G, Noakes M, Norman RJ. Effects of lifestyle modification in polycystic 
ovarian syndrome. Reprod Biomed Online. 2006;12(5):569–78. https://doi.org/10.1016/S1472-
6483(10)61182-0 

Nadel ER, Fortney SM, Wenger CB. Effect of hydration state on circulatory and thermal regulations. 
J Appl Physiol. 1980;49:715–21. 

Oberye JJL, Mannaerts BMJL, Huisman JAM, Timmer CJ. Pharmacokinetic and Pharmaco-
dynamic characteristics of ganirelix (Antagon/Orgalutran). Part II. Dose-proportionality and 
gonadotropin suppression after multiple doses of ganirelix in healthy female volunteers. Fertil 
Steril. 1999a;72(6):1006–12. https://doi.org/10.1016/S0015-0282(99)00414-8 

Oberye JJL, Mannaerts BMJL, Huisman JAM, Timmer CJ. Pharmacokinetic and Pharmacodynamic 
characteristics of ganirelix (Antagon/Orgalutran). Part I. Absolute bioavailability of 0.25 mg 
of ganirelix after a single subcutaneous injection in healthy female volunteers. Fertil Steril. 
1999b;72(6):1001–5. https://doi.org/10.1016/S0015-0282(99)00413-6 

Roberts MF, Wenger CB, Stolwijk JA, Nadel ER. Skin blood flow and sweating changes following 
exercise training and heat acclimation. J Appl Physiol. 1977;43:133–7. 

Rogers SM, Baker MA. Thermoregulation during exercise in women who are taking oral 
contraceptives. Eur J Appl Physiol. 1997;75:34–8. https://doi.org/10.1007/s004210050123 

Rojas J, Chavez-Castillo M, Bermudez V. The role of metformin in metabolic disturbances during 
pregnancy: polycystic ovary syndrome and gestational diabetes mellitus. Int J Reprod Med. 
2014;2014:797681. 

Rowell LB. Human cardiovascular adjustments to exercise and thermal stress. Physiol Rev. 
1974;54(1):75–159. 

Sar M, Stumpf WE. Simultaneous localization of [3H]estradiol and neurophysin I or arginine vaso-
pressin in hypothalamic neurons demonstrated by a combined technique of dry-mount autora-
diography and immunohistochemistry. Neurosci Lett. 1980;17:179–84. https://doi.org/10.1016/ 
0304-3940(80)90081-6 

Sawka MN, Wenger CB. Physiological responses to acute exercise heat stress. In: Pandolf KB, 
Sawka MN, Gonzalez RR, editors. Human performance physiology and environmental medicine 
at terrestrial extremes. Indianapolis, IN: Benchmark; 1988. p. 97–151. 

Sawka MN, Young AJ, Latzka WA, Neufer PD, Quigley MD, Pandolf KB. Human tolerance to heat 
strain during exercise: influence of hydration. J Appl Physiol. 1992;73:368–75. 

Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ, Stachenfeld NS. American College 
of Sports Medicine position stand. Exercise and fluid replacement. Med Sci Sports Exerc. 
2007;39(2):377–90. https://doi.org/10.1249/mss.0b013e31802ca597 

Schlaff WD, Lynch AM, Hughes HD, Cedars MI, Smith DL. Manipulation of the pill-free 
interval in oral conceptive pill users: the effect on follicular suppression. Am J Obstet Gynecol. 
2004;190:943–51. https://doi.org/10.1016/j.ajog.2004.02.012 

Shapiro Y, Pandolf KB, Avellini BA, Pimental NA, Goldman RF. Physiological responses of men 
and women to humid and dry heat. J Appl Physiol. 1980;49(1):1–8. 

Shibasaki M, Davis SL, Cui J, Low DA, Keller DM, Durand S, et al. Neurally mediated vasocon-
striction is capable of decreasing skin blood flow during orthostasis in the heat-stressed human. 
J Physiol. 2006;575(Pt 3):953–9. 

Sims ST, Rehrer NJ, Bell ML, Cotter JD. Preexercise sodium loading aids fluid balance and 
endurance for women exercising in the heat. J Appl Physiol. 2007;103(2):534–41. https://doi. 
org/10.1152/japplphysiol.01203.2006 

Speroff L, Glass RH, Kase NG. Steroid contraception clinical gynecological endocrinology and 
infertility. 4th ed. Baltimore: Williams & Wilkins; 1999. p. 873–9.

https://doi.org/10.1097/gme.0b013e3181f7a17a
https://doi.org/10.1097/gme.0b013e3181f7a17a
https://doi.org/10.1016/S1472-6483(10)61182-0
https://doi.org/10.1016/S1472-6483(10)61182-0
https://doi.org/10.1016/S0015-0282(99)00414-8
https://doi.org/10.1016/S0015-0282(99)00413-6
https://doi.org/10.1007/s004210050123
https://doi.org/10.1016/0304-3940(80)90081-6
https://doi.org/10.1016/0304-3940(80)90081-6
https://doi.org/10.1249/mss.0b013e31802ca597
https://doi.org/10.1016/j.ajog.2004.02.012
https://doi.org/10.1152/japplphysiol.01203.2006
https://doi.org/10.1152/japplphysiol.01203.2006


5 Sex Hormones and Environmental Factors Affecting Exercise 133

Stachenfeld NS. Sex hormone effects on body fluid regulation. Exerc Sport Sci Rev. 2008;36(3):152– 
9. https://doi.org/10.1097/JES.0b013e31817be928 

Stachenfeld NS, Keefe DL. Estrogen effects on osmotic regulation of AVP and fluid balance. Am 
J Physiol. 2002;283:E711–21. 

Stachenfeld NS, Taylor HS. Effects of estrogen and progesterone administration on extracellular 
fluid. J Appl Physiol. 2004;96:1011–8. https://doi.org/10.1152/japplphysiol.01032.2003 

Stachenfeld NS, Taylor HS. Progesterone increases plasma and extracellular fluid volumes indepen-
dent of estradiol. J Appl Physiol. 2005;98:1991–7. https://doi.org/10.1152/japplphysiol.00031. 
2005 

Stachenfeld NS, Taylor HS. Sex hormone effects on body fluid and sodium regulation in women 
with and without exercise-associated hyponatremia. J Appl Physiol. 2008;107(3):864–72. https:// 
doi.org/10.1152/japplphysiol.91211.2008 

Stachenfeld NS, Mack GW, DiPietro L, Nadel ER. Mechanism for attenuated thirst in aging: role 
of central volume receptors. Am J Physiol. 1997;272:R148–57. 

Stachenfeld NS, DiPietro L, Palter SF, Nadel ER. Estrogen influences osmotic secretion of AVP 
and body water balance in postmenopausal women. Am J Physiol. 1998;274:R187–95. 

Stachenfeld NS, Silva CS, Keefe DL, Kokoszka CA, Nadel ER. Effects of oral contraceptives on 
body fluid regulation. J Appl Physiol. 1999;87:1016–25. 

Stachenfeld NS, Silva C, Keefe DL. Estrogen modifies the temperature effects of progesterone. J 
Appl Physiol. 2000;88:1643–9. 

Stachenfeld NS, Keefe DL, Palter SF. Effects of estrogen and progesterone on transcapillary fluid 
dynamics. Am J Physiol. 2001a;281:R1319–29. 

Stachenfeld NS, Splenser AE, Calzone WL, Taylor MP, Keefe DL. Sex differences in osmotic 
regulation of AVP and renal sodium handling. J Appl Physiol. 2001b;91:1893–901. 

Stachenfeld NS, Yeckel CW, Taylor HS. Greater exercise sweating in obese women with polycystic 
ovary syndrome compared with obese controls. Med Sci Sports Exerc. 2010;42(9):1660–8. https:// 
doi.org/10.1249/MSS.0b013e3181d8cf68 

Stephenson LA, Kolka MA, Francesconi R, Gonzalez RR. Circadian variations in plasma renin 
activity, catecholamines and aldosterone during exercise in women. Eur J Appl Physiol. 
1989;58:756–64. https://doi.org/10.1007/BF00637388 

Stephenson LA, Kolka MA. Esophageal temperature threshold for sweating decreases before 
ovulation in premenopausal women. J Appl Physiol. 1999;86(1):22–8. 

Tankersley CG, Nicholas WC, Deaver DR, Mikita D, Kenney WL. Estrogen replacement therapy 
in middle-aged women: thermoregulatory responses to exercise in the heat. J Appl Physiol. 
1992;73(4):1238–45. 

Tripathi A, Mack GW, Nadel ER. Cutaneous vascular reflexes during exercise in the heat. Med Sci 
Sports Exerc. 1990;22:796–803. https://doi.org/10.1249/00005768-199012000-00011 

Tsilchorozidou T, Overton C, Conway GS. The pathophysiology of polycystic ovary syndrome. 
Clin Endocrinol. 2004;60:1–17. https://doi.org/10.1046/j.1365-2265.2003.01842.x 

Vallabhajosyula S, Ponamgi SP, Shrivastava S, Sundaragiri PR, Miller VM. Reporting of sex as a 
variable in cardiovascular studies using cultured cells: a systematic review. FASEB J. 2020;34(7) 
8778–8786. https://doi.org/10.1096/fj.202000122R 

Wenner MM, Stachenfeld NS. Blood pressure and water regulation: understanding sex hormone 
effects within and between men and women. J Physiol. 2012;590(Pt 23):5949–61. https://doi. 
org/10.1113/jphysiol.2012.236752 

Wenner MM, Taylor HS, Stachenfeld NS. Progesterone enhances adrenergic control of skin blood 
flow in women with high but not low orthostatic tolerance. J Physiol. 2011a;589.4(4):975–86. 
https://doi.org/10.1113/jphysiol.2010.194563 

Wenner MM, Taylor HS, Stachenfeld N. Endothelin B receptor contribution to peripheral microvas-
cular function in women with polycystic ovary syndrome. J Physiol. 2011b;589(19):4671–9. 
https://doi.org/10.1113/jphysiol.2011.216218

https://doi.org/10.1097/JES.0b013e31817be928
https://doi.org/10.1152/japplphysiol.01032.2003
https://doi.org/10.1152/japplphysiol.00031.2005
https://doi.org/10.1152/japplphysiol.00031.2005
https://doi.org/10.1152/japplphysiol.91211.2008
https://doi.org/10.1152/japplphysiol.91211.2008
https://doi.org/10.1249/MSS.0b013e3181d8cf68
https://doi.org/10.1249/MSS.0b013e3181d8cf68
https://doi.org/10.1007/BF00637388
https://doi.org/10.1249/00005768-199012000-00011
https://doi.org/10.1046/j.1365-2265.2003.01842.x
https://doi.org/10.1096/fj.202000122R
https://doi.org/10.1113/jphysiol.2012.236752
https://doi.org/10.1113/jphysiol.2012.236752
https://doi.org/10.1113/jphysiol.2010.194563
https://doi.org/10.1113/jphysiol.2011.216218


134 M. M. Wenner and N. S. Stachenfeld

Wenner MM, Haddadin AS, Taylor HS, Stachenfeld NS. Mechanisms contributing to low orthostatic 
tolerance in women: the influence of oestradiol. J Physiol. 2013;591(9):2345–55. https://doi.org/ 
10.1113/jphysiol.2012.247882 

Wyndham CH, Morrison JF, Williams CG. Heat reactions of male and female Caucasians. J Appl 
Physiol. 1965;20(3):357–64.

https://doi.org/10.1113/jphysiol.2012.247882
https://doi.org/10.1113/jphysiol.2012.247882


Chapter 6 
Sex Hormone Effects on the Nervous 
System and Their Impact on Muscle 
Strength and Motor Performance 
in Women 

Jarmo M. Piirainen, Samuli Nevanperä, and Matthew S. Tenan 

Introduction 

Understanding the integration of the nervous system and the endocrine system can 
be daunting. Both systems, by definition, have the ability to enact effects in the local 
tissues as well as have far-reaching effects across the human body. Furthermore, both 
systems are largely governed by homeostatic mechanisms which are consistently 
dynamic, moving either toward or away from the given homeostatic set point. This 
chapter attempts to tackle the complex interactions of these two systems. First, the 
neurological effects of sex hormones and their metabolites are examined at a basic 
level to determine if it is reasonable to expect that they change human behavior on a 
larger scale. Since sex hormones do not change in isolation (e.g., the menstrual cycle 
results in predictable changes in multiple hormones), we explore how the menstrual 
cycle modifies the motor nervous system in vivo. Next, the effect of the menstrual 
cycle on human motor behavior is considered. Finally, a number of caveats relating 
to the interpretation of present scientific knowledge in the area are addressed. By the 
end of this chapter, the reader should firmly grasp the non-reproductive effects of sex 
hormones on the nervous system at a mechanistic level; however, they will also be 
acutely aware that translating and/or leveraging the effects of sex hormones to alter 
motor behavior remains an extremely challenging task.
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Sex Hormones and Their Metabolites—A Dynamic 
Ecosystem 

While “female sex hormones” are classically conceived as two classes of hormones, 
estrogens and progesterones, this may not fully reflect the dynamic biochemical 
metabolism of sex hormones as a whole. A more complex view, where primary 
sex hormones (testosterone, estradiol, and progesterone) are considered to simply 
be metabolic derivatives of cholesterol with numerous intermediaries, is a more 
encompassing, but still insufficient perspective (see Fig. 6.1). 

It is not enough to acknowledge that sex hormones are chemically related, and the 
metabolic intermediaries between the primary sex hormones need to be recognized 
as hormones which may actively alter muscular strength or function. In both human 
and animal models, the production and clearance rates of these hormones are poorly 
understood and appear to be different between biologic compartments (e.g., brain 
areas, plasma, fat, peripheral nerve, and tendon) (Wang et al. 1997; Bixo et al. 1997; 
Morfin et al. 1992) and change across the lifespan (Payne and Jaffe 1975). The 
intermingled web of transitory sex hormones is difficult to untangle and isolate, 
but it is further complicated when one recognizes that the precursor cholesterol 
molecule exists in both a sulfonated and unsulfonated form, creating a parallel web 
of sex hormones and intermediaries that have distinctly different biologic properties. 
Indeed, the metabolism between sulfonated sex hormone intermediaries may be

Fig. 6.1 General metabolic pathway for sex hormones in the brain (Tsutsui 2011). Image 
reproduced with the author’s permission 
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slowed by as much as 40% compared to their non-sulfonated counterparts in humans 
(Neunzig et al. 2014). A slower conversion rate may create a longer time period 
in which sex hormones and their intermediaries can enact changes on the muscle 
tissue or nervous system. It should not be assumed that sulfonated and unsulfonated 
hormones exist in equal quantities, and it has been shown that their appearance is 
highly tissue dependent in humans (Morfin et al. 1992; Bixo et al. 1997) and life 
cycle dependent (Leowattana 2004). While there is no direct correlation between 
serum and brain levels of sex hormones in women, there is a general trend toward 
higher brain estradiol levels in the preoptic area, hypothalamus, and substantia nigra 
of women with high serum estradiol. There does not appear to be a similar trend for 
testosterone, and there is substantial variation across brain areas for both testosterone 
and estradiol (Bixo et al. 1997). The quantity of sulfonated and unsulfonated DHEA 
(Dehydroepiandrosterone) and pregnenolone in tendons and peripheral nerves also 
have substantial variance across the population; however, limited data suggest that 
unsulfonated pregnenolone and sulfonated DHEA predominate in peripheral nerves 
of women while muscle and tendon contain both sulfonated and unsulfonated types 
of pregnenolone and DHEA without any variant being dominant (Morfin et al. 1992). 
Finally, serum and cerebral spinal fluid levels of both sulfonated and unsulfonated 
forms of DHEA decrease after 18–25 years of age (Leowattana 2004; Guazzo et al. 
1996). 

It is necessary to be mindful of this highly complex and dynamic ecosystem when 
addressing whether sex hormones, the menstrual cycle, and hormonal contracep-
tives alter motor control in women. Our failure to fully comprehend the entire sex 
hormone ecosystem does not prohibit us from drawing conclusions on the effect of 
sex hormones on the nervous system, but it does urge a cautious interpretation of 
existing applied research. 

Do Sex Hormones and/or the Menstrual Cycle Phases Affect 
the Nervous System? 

Sex hormones are among a larger class of hormones called neuro-steroids, indicating 
that they exert their action at the level of the brain and are often times synthesized 
within the central nervous system itself (Stoffel-Wagner 2001). Sex hormones in the 
plasma can also easily traverse the blood–brain barrier due to their high lipid solubility 
(Stoffel-Wagner 2001) and other unknown mechanisms (Wang et al. 1997). Thus, 
there are at least two ways in which sex hormones and their metabolites may be 
introduced to the nervous system to enact effects on the motor system. This section 
explores the ways in which sex hormones and their metabolites exert inhibitory or 
excitatory effects on the nervous system and how they specifically alter the human 
motor nervous system.
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General Effects on the Nervous System 

Sex hormones and their intermediary metabolites have been shown to have profound 
effects on the nervous system at the cellular level. The general mechanisms of action 
for the most potent hormones will be discussed. To aid in the comprehension of the 
effects, their overall actions will be simplified as either net excitatory or inhibitory 
to the nervous system. For example, a molecule may be a Gamma-Aminobutyric 
Acid (GABA) receptor antagonist (blocker), but since GABA’s effects are largely 
neural-inhibitory in nature, the net effect of a GABA antagonist is as an excitatory 
agent on the nervous system. 

Pregnenolone is a first-order precursor to progesterone which has been shown to 
both enhance the action of GABA as well as directly activate the GABAA receptor 
in bovine preparations (Callachan et al. 1987). It is capable of both prolonging the 
temporal influx of chloride ions through the receptor’s channel as well as directly 
opening the channel when pregnenolone levels are further elevated. Thus, unsul-
fonated pregnenolone has inhibitory effects on the nervous system. In contrast, 
pregnenolone-sulfate is a GABA receptor antagonist in rodent cell cultures (Mienville 
and Vicini 1989). Pregnenolone-sulfate decreases the frequency which the chlo-
ride channels open on the GABA receptor, decreasing the ability to inhibit neuron 
discharge (Mienville and Vicini 1989) and creating net excitatory effects on the 
nervous system. 

The effects of pregnenolone and pregnenolone-sulfate create an interesting 
dichotomy for two chemically similar hormones that have extremely potent, but 
opposing, effects on the GABA receptor. Both of these hormones oscillate across the 
menstrual cycle (Wang et al. 1996), but they also are synthesized locally and have 
differing levels based on the tissue and location (Takase et al. 1999; Morfin et al. 
1992). 

Progesterone is also a neuro-steroid which can be synthesized within the nervous 
system as well as be introduced from plasma via the blood–brain barrier (Wang et al. 
1997). Progesterone has a net inhibitory effect on the nervous system (Smith et al. 
1987). While not as robust as pregnenolone, progesterone is able to increase the 
inhibitory response of the GABAA receptor up to 80% in the presence of GABA 
(Smith 1989). This net inhibitory effect has been shown in the rodent model where 
progesterone decreases cerebellum neuron discharge during treadmill locomotion 
(Smith et al. 1989). 

Estradiol appears to play a broad role in both the development and maintenance 
of the central nervous system (McEwen and Alves 1999). This is evidenced by the 
wide array of brain structures which contain various densities of estrogen receptor 
isoforms (McEwen and Alves 1999). The long-term and developmental effects of 
estradiol have largely overshadowed the short-term transitory effects of estradiol 
which are the focus of this chapter and book as a whole. Recent work in rodents 
has indicated that estrogen receptors on GABA releasing (GABAergic) neurons may 
be the primary way in which estradiol creates a net excitatory effect on the nervous 
system (Schultz et al. 2009). Activation of estrogen receptor α on GABAergic neurons
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attenuates the release of GABA. This mechanism explains how estradiol rapidly 
affects neurotransmitter pathways for both dopamine (Becker 1990; Xiao et al. 2003) 
and glutamate (Smith et al. 1988) in rodent models. This excitatory effect has been 
shown in vivo whereby estradiol administration increases neuronal discharge of the 
rat cerebellum during treadmill walking (Smith et al. 1989). 

DHEA and DHEA-sulfate [DHEA(S)] have been shown to target multiple 
neuronal receptors (Spivak 1994; Monnet et al. 1995; Mellon and Griffin 2002) 
and modulate a number of neurotransmitter systems (Rhodes et al. 1996; Wolf and 
Kirschbaum 1999; Murray and Gillies 1997; Meyer et al. 2002) in animal models. 
Levels of DHEA(S) arising from the human adrenal cortex or adrenal gland (in 
fetal humans) fluctuate wildly across the human lifespan (Peretti and Forest 1978); 
however, there is evidence that DHEA(S) produced in the nervous system are unre-
lated to their counterparts in the periphery of animal models (Baulieu 1996; Baulieu 
and Robel 1998). Therefore, differential levels of peripheral DHEA(S) or the use of 
nutritional supplements purporting to affect DHEA(S) should have little effect on the 
nervous system. DHEA(S) has been shown to produce a net excitatory effect on the 
rodent nervous system primarily through its action on GABA and glutamate releasing 
neurons (Wolf and Kirschbaum 1999; Meyer et al. 2002; Dong et al. 2007), though 
also through actions on acetylcholine (Rhodes et al. 1996) and dopamine (Murray 
and Gillies 1997). 

Sex hormones and their metabolites have clear effects on nervous system function; 
however, the net result of these many neuro-excitatory and inhibitory hormones is less 
certain. That the levels of these hormones change dynamically throughout the day, 
across the menstrual cycle, and vary across different regions of the nervous system 
further complicates the process of determining their effect on human performance. At 
the clinical level, it is typically more feasible to track how performance is modified as 
a function of external biological processes. Therefore, the remainder of this chapter 
will consider the holistic effect of the menstrual cycle on parameters of neuro-motor 
athletic performance. 

Sex Hormone/Menstrual Cycle Phase Effects on Motor 
Control in Humans 

There are two primary ways to examine the excitation of the motor system across 
the menstrual cycle: (1) direct stimulation of nervous tissue or (2) recording of 
single motor unit activity during voluntary contractions. Direct stimulation of the 
motor cortex and corticospinal tract (with transcranial magnetic stimulation) allows 
researchers to investigate the transmission of corticospinal excitation to motoneu-
rons and the corticospinal control of spinal pathways. The corticospinal track is 
the primary tract involved with voluntary movement; however, it must be noted, 
that when assessing the changes in an EMG of a remote limb muscle, there are
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influences to many segmental and supraspinal factors other than the direct cortico-
motoneuronal input (Pierrot-Deseilligny and Burke 2012). Nevertheless, transcra-
nial magnetic stimulation allows researchers to noninvasively examine the excita-
tory/inhibitory environment of the entire tract, from brain to muscle cell depolariza-
tion. Corticospinal tract excitability is reported to be highest and inhibition lowest in 
the late-follicular phase compared to early-follicular and mid-luteal menstrual phases 
(Smith et al. 2002). Similarly, Ansdell et al. (2019) observed lower short-interval 
cortical inhibition (SICI) during the late-follicular phase compared to the mid-luteal 
phase (Fig. 6.2). Increased mid-luteal inhibition probably reflects potentiation of 
GABAA inhibition. On the other hand, acute exercise-induced changes in primary 
motor cortex excitability seem to be similar in men and women, with no apparent 
connection to female sex hormone concentrations and the menstrual cycle (El-Sayes 
et al. 2019). Albeit, not entirely convincing, El-Sayes et al.’s data to appear to qual-
itatively show that baseline cortical inhibition (SICI) is lower during late-follicular 
phase when directly contrasted to mid-luteal, which would be in agreement with 
Ansdell et al. (2019). 

In addition to excitation at the cortical level, corticospinal excitation can be gauged 
at the spinal level via the Hoffmann reflex (H-reflex). Stimulation of a peripheral nerve 
with electricity activates a component of the monosynaptic reflex loop (H-reflex) 
and enables researchers to examine changes in neural transmission at the spinal 
level. One of the main factors affecting spinal excitability is presynaptic inhibition, 
which is modulated through GABAA interneurons. Since sex hormones interact with 
GABAA, the endogenous hormonal changes associated with the menstrual cycle 
may affect spinal excitability. Nevertheless, previous studies have suggested that 
H-reflexes, and thus spinal excitability, do not change across the menstrual cycle 
(Hoffman et al. 2008, 2018a). On the other hand, Hoffman et al. (2018b) found

a b c 

Fig. 6.2 Transcranial magnetic stimulation responses measured during different phases of the 
menstrual cycle (D2 = early follicular, D14 = late follicular, D21 = mid-luteal). a corticospinal 
excitability (MEP/Mmax %), b short-interval cortical inhibition (SICI), c cortical silent period. 
Data are presented as a mean ± SD. Significant differences in the SICI from the follicular phases 
(D2,D14) to the mid-luteal (D21) are denoted. (Figure produced from data Ansdell et al. 2019) 
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out that H-reflex amplitude (Hmax/Mmax ratio) did differ between men and women 
(women showed 18% higher H:M ratio), but this divergence was not due to menstrual 
cycle or changes in hormonal levels, since spinal level activity was assessed in both 
women and men at a point in time when naturally occurring levels of estradiol and 
progesterone were similar. When reviewing these studies, it is important to note that 
H-reflex was measured in a prone position. H-reflex, and thus spinal excitability, 
is a highly task-dependent phenomenon suggesting that more studies are needed 
focusing on active and dynamic conditions. Using the conditioning H-reflex test, 

Hoffman et al. (2018a) observed decreased presynaptic inhibition during ovula-
tion, when estrogen levels were relatively high, compared to menses, when estrogen 
levels were relatively low. Changes in presynaptic inhibition and estrogen correlated 
negatively, supporting the theory that increased estrogen levels attenuate GABA, 
leading to decreased presynaptic inhibition. 

The summation of the stimulation research indicates that the corticospinal tract 
may be altered at the level of the brain or the spinal cord by the menstrual cycle 
and that movement generation may be facilitated in the late-follicular phase of the 
menstrual cycle. Recording of single motor unit discharges during voluntary exercise 
allows us to understand how the nervous system as a whole is able to generate move-
ment. Preliminary results examining motor unit activity during the menstrual cycle 
indicate that discharge rates increase for some muscles (see Fig. 6.3), but not others, 
after ovulation (Tenan et al. 2013). The menstrual cycle creates evident modulations 
in motor activity which are observable via both stimulation and direct evaluation of 
motor neuron (motor unit) discharge. The following sections will explore how these 
modulations in the nervous system appear to manifest themselves as behavioral 
changes in muscle strength, endurance, and movement quality. 

Fig. 6.3 Changes in motor unit discharge rate of the vastus medialis (VM) and vastus medialis 
oblique (VMO) across five phases of the menstrual cycle. While both muscles increase in discharge 
rate across the cycle, the timing of increases is different (Tenan et al. 2013)
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Do Sex Hormones/Menstrual Cycle Phases Affect Muscle 
Strength? 

The potential effect of sex hormones and the menstrual cycle on muscular strength 
has been an area of high interest and controversy for many years; however, a clear 
pattern is starting to emerge. There is an apparent diurnal effect of menstrual phase 
on muscular strength (Birch and Reilly 2002). During morning testing, maximal 
strength is lower in the luteal phase compared to the follicular phase, but testing in 
the afternoon suggests strength is augmented in the luteal phase. This diurnal effect 
may have confounded the numerous studies which did not control for time of day or 
simply kept time of day constant within participants. Research which focuses on the 
effect of whole menstrual phases has a tendency to show changes in maximal force 
(Phillips et al. 1996; Sarwar et al. 1996; Tenan et al. 2015; Birch and Reilly 2002), 
whereas, studies focused on specific hormones seldom see a clear effect (Elliott et al. 
2003; Greeves et al. 1997), though there are notable exceptions to this generalization 
(Janse De Jonge et al. 2001; Kubo et al. 2009; Peltonen et al. 2022). The reasons 
for this discrepancy may be due to participant intraindividual variability, the timing 
of testing (within-day variability as well as between consecutive days) as well as 
intraindividual differences in tissue-specific sex hormone levels. 

Generally, maximal force generation increases throughout the follicular phase; 
after ovulation, the ability to generate force decreases between 8 and 23% until 
returning to early-follicular levels just prior to menses (Phillips et al. 1996; Sarwar 
et al. 1996; Tenan et al. 2015). The biphasic pattern of maximal force generation 
appears to be relatively uniform with research support for both the upper extremity 
(Phillips et al. 1996; Sarwar et al. 1996), lower extremity (Sarwar et al. 1996; Tenan 
et al. 2015), and whole-body exercise (Birch and Reilly 2002). The increase in 
force generating ability may be a result of increased corticospinal tract excitability 
(Smith et al. 2002). The decrease in maximal force after ovulation corresponds to 
the increase in motor unit discharge at lower force levels (Tenan et al. 2013); this 
suggests that maximal forces may be lower in the luteal phase because maximal 
motor unit discharge is insufficient to generate the same level of force obtained in 
the follicular phase. This suggestion was also supported by more recent findings 
from Ansdell et al. (2019) where voluntary activation was observed to be lower 
in the luteal phase compared to the follicular phase. More recently, Peltonen et al. 
(2022) showed no differences in activation level between the menstrual cycle phases 
in eumenorrheic women. In addition, when more heterogeneous study designs were 
included in a meta-analysis examining changes in maximal force development across 
the menstrual cycle, it was concluded that there were no changes in maximal force 
generation (Blagrove et al. 2020). Importantly, the meta-analysis authors highlight 
that only a limited number of studies on this topic exist and several limitations 
were observed including small sample size, absence of hormonal measures, and 
weak control of confounding factors such as measurement time of the day and non-
randomized order of the measurements (learning effect). Therefore, more research is
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needed, especially regarding how the menstrual cycle affects force production during 
dynamic conditions. 

For power-oriented athletes, it may be reasonable to check ovulatory status via 
urinary excretion of luteinizing hormone or basal body temperature tracking to deter-
mine if their athletic performance appears to be affected post-ovulation. Simple 
counting of days from menses to determine ovulation does not appear to be effec-
tive to examine strength changes (Dibrezzo et al. 1988; Tourville et al. 2016). 
While athlete monitoring to determine performance variability is advised, the clin-
ician/coach should approach this training tactic with caution since the evidence is 
conflicting and there may be substantial intraindividual variability. 

Do Sex Hormones/Menstrual Cycle Phases Affect Motor 
Performance? 

The effect of sex hormones or the menstrual cycle on motor performance can be 
broadly classified into two categories: fine motor skill and gross motor skill. The 
neurologic pathways which characterize the two categories greatly overlap. Both 
incorporate levels of descending motor drive, integration of sensory information, 
and the actual feedback from sensory nerve endings in the muscle and joints as 
well as visual and auditory inputs. The present context is primarily concerned with 
changes in the behavioral outcome (e.g., dexterity goes up or down) as opposed trying 
to determine precisely why the behavioral outcome changes (e.g., differences in 
descending motor drive from the cortex, differential activation from the cerebellum, 
and differential perceptual visual inputs). Although the number of studies examining 
fine motor skill across the menstrual is small, they have generally all indicated that 
fine motor skill is increased in the mid-luteal phase of the menstrual cycle compared 
to the follicular phases (Hampson and Kimura 1988; Šimić et al.  2010; Zimmerman 
and Parlee 1973; Zoghi et al. 2015). Moreover, functional asymmetries (e.g., fine 
motor skill differences between left and right hand) appear to be decreased during 
the mid-luteal phase (Bayer and Hausmann 2012). In contrast, the quality of a gross 
motor task in both a normal and fatigued state appears to be lower in the mid-
luteal phase (Tenan et al. 2015). The reason for this discrepancy is unclear. From a 
sporting perspective, the application of this work is also unclear since the majority 
of events incorporate both gross and fine motor control. Hormonal contraceptives 
may also exert effects on motor task performance. Limited cross-sectional research 
has suggested that oral hormonal contraceptives may decrease variability across the 
menstrual cycle, but taking oral hormonal contraceptives also creates systematic 
differences in vocal singing qualities and decreased steadiness in marksmanship 
(La et al. 2012, 2007; Hudgens et al. 1988) compared to women not on hormonal 
contraception. Before the “bench” science can be translated to the “real-world”, more 
applied research is necessary. The translation of basic research into applied research
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is further complicated by menstrual cycle irregularities and hormonal manipulation 
via contraceptive methods. 

Caveats: The “Normal Menstrual Cycle” and Hormonal 
Contraception 

The occurrence of amenorrhea (absence of menses) and oligomenorrhea (light or 
infrequent menses) has clear and evident physical manifestations which suggest an 
underlying hormonal disturbance. Less well characterized are the subtle menstrual 
cycle disturbances such as luteal phase defects or anovulation which also profoundly 
affect the hormonal profile of women in childbearing years. More than 50% of regu-
larly exercising women exhibit some form of menstrual disturbance and half of them 
display no clinical abnormalities (i.e., appearance of normal menses but actually 
anovulatory or luteal phase defect) (De Souza et al. 2010). How menstrual cycle 
disturbances alter the nervous system is largely unknown. There are two perspec-
tives from which menstrual disturbances can be viewed: (1) a lack of hormonal 
variation results in decreased motor performance variance or (2) a lack of expected 
hormonal variation causes an increase in performance variation. Perspective #1 is 
relatively easy to understand; if hormones do not cycle normally, then the effects of 
these hormones are unlikely to be observed. Perspective #2 is more counterintuitive; 
the normally cycling sex hormones, and resulting metabolites, have far-reaching 
effects and the time synchronization, and balance of hormones may be important to 
modulate motor performance. For instance, it is possible that the neuro-inhibitory 
effects of progesterone arising from ovulation are affected primarily at the periph-
eral level; this will not mitigate the neuro-inhibitory effects of progesterone in the 
central nervous system which is produced endogenously. It is also possible that the 
effects of sex hormones are tightly regulated and a decrease in circulating proges-
terone from ovulation simply results in an increase in progesterone produced by the 
nervous system locally. Both of these perspectives may be incorrect, but they relay 
the present lack of information regarding how disturbed menstrual patterns affect the 
nervous system. The sobering prevalence statistics about menstrual abnormalities 
suggest caution when assuming that an athlete, not on hormonal contraception, has 
a normal sex hormone profile. 

Hormonal contraception can now be delivered systemically (oral contraceptive, 
injection, etc.) or locally (intrauterine device or ring). It is nearly completely unknown 
how these synthetic sex hormone analogues alter neurotransmitter function (Pletzer 
and Kerschbaum 2014), it is possible that hormonal contraception is neurologically 
inert and that their only neurologic effects are mediated by their effective decrease on 
endogenous production of bioactive sex hormones. However, it seems unlikely that 
the synthetic hormones, and their resulting metabolites, have no bioactive component 
on neurotransmitter systems when the endogenous analogues have profound effects. 
Devices delivering contraceptive hormones locally result in a decreased distribution
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Fig. 6.4 General flowchart depicting how sex hormones modify motor behavior from the cellular 
to the whole-body level. Solid lines indicate known effects, and dashed lines indicate possible or 
probable effects 

of the synthetic hormones (van den Heuvel et al. 2005), which may minimize any 
possible effects of synthetic hormones traversing the blood–brain barrier. It is also 
unknown if the use of hormonal contraceptives affects the production of sex hormones 
in the nervous system the way they do in the reproductive system. 

With regard to hormonal contraceptives, there are a few studies suggesting no 
effect of oral contraceptives on motor control. Casey et al. (2014) showed no differ-
ences in stretch reflex fluctuation between eumenorrheic women and women using 
oral contraceptives. This was in line with modulation of spinal level activation 
(Hmax/Mmax ratio) between eumenorrheic women and women using oral contra-
ceptives (Casey et. al. 2016). Similarly, Cueva et al. (2016) observed no changes 
in cortical excitability when comparing oral contraceptive phase to early-follicular 
phase. These results may indicate that oral contraceptives do not affect spinal level 
motor control. However, there is presently a lack of both basic and applied research 
showing either neurologic benefit or detriment as a result of hormonal contraceptive 
use (Fig. 6.4) and therefore more research is needed in future. 

Conclusions 

Where does the field of study go from here? There is irrefutable evidence that sex 
hormones and their metabolites alter the nervous system at a cellular level. It is 
also clear that many of these hormones can be produced within the nervous system 
itself and that the production of sex hormones from reproductive organs may only 
account for small change in the level of hormones in the nervous system. Moreover,
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the amount of sex hormones in nervous tissue is not uniformly distributed, and it is 
unknown how menstrual cycle irregularities and hormonal contraception affect the 
nervous system. However, it should be noted that in most previous research, neural 
measurements have been completed in non-dynamic situations. Reflex responses 
will vary between conditions, and future research should be include examination of 
menstrual cycle/sex hormone concentrations on neuromuscular performance during 
dynamic tasks. All of this information points toward the idea that sex hormones 
may profoundly increase or decrease human performance but that (1) capturing 
these effects and leveraging them for athletic or rehabilitation gains is difficult, (2) 
intraindividual variability is likely extremely high, and (3) the complete underlying 
mechanisms which result in gains or losses are astronomically complex. Clinicians 
and researchers should be immediately wary of news outlets or individuals making 
blanket statements and claims such as “women shouldn’t exercise before their period 
to avoid injury” or “athletic performance is decreased by taking birth control”. Claims 
of this nature extend beyond what is scientifically known at this time and are typi-
cally made by individuals with ulterior motives and/or conflicts of interest (i.e., a 
potentially biased perspective). With the above warning in place, it is sensible for 
the coach or clinician to understand the menstrual status of their patient or client 
as this does have the potential to affect performance. Systematically track objective 
performance variation, the patient/client’s perception of performance variation, and 
menstrual status. At the individual level, this information may be valuable in under-
standing the variability often observed in athletic performance or across an injury 
rehabilitation protocol. 
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Chapter 7 
Estrogen and Menopause: Muscle 
Maintenance, Repair, Function, 
and Health 

Peter M. Tiidus 

Introduction 

Over the last 25–30 years, science has come to appreciate the wide-ranging and 
physiologically significant effects that estrogen has on skeletal muscle. Paradoxically, 
these important effects are often most discernable when they are lost, as happens 
following menopause in aging women. The acute and rapid reduction in muscle 
strength and mass, the ability of the muscle to effect post-injury repair and post-
atrophy recovery of mass, and the metabolic and mitochondrial function alterations 
that all accompany menopause are greatly influenced by the steep drop in estrogen 
levels following menarche in aging women (Spangenburg et al. 2012; Tiidus et al. 
2013). 

This chapter primarily examines the effects of estrogen on skeletal muscle damage 
and repair mechanisms and also touches upon related physiological mechanisms 
associated with muscle mass and recovery from atrophy as well as muscle strength-
related issues. It also summarizes some metabolic effects and the potential health 
implications of postmenopause estrogen loss and hormone replacement and how 
hormone replacement may counteract the negative effects of estrogen loss on skeletal 
muscle function. While the focus of the chapter is on the influence of estrogen and 
its postmenopausal loss on muscle function in older females, animal studies related 
to these issues are also cited as they often add corroboration and provide further 
evidence of for physiological mechanisms associated with the effects of estrogen on 
skeletal muscle function that are discerned from human studies.
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Muscle Damage 

Some of the first studies that implicated estrogen in mitigating indices of exercise-
induced muscle damage did so using rodents. In comparing male and female rats as 
well as ovariectomized female rats, with or without estrogen replacement, studies 
from the Bar laboratory in the 1980s and 1990s consistently found that estrogen 
attenuated muscle creatine kinase enzyme efflux following exercise or in vitro muscle 
contractions (Amelink et al. 1988, 1990). Measures of muscle creatine kinase and 
other specific enzyme efflux and blood levels of these enzymes are commonly used 
semiquantitative indicators of muscle membrane stability and in particular of muscle 
membrane damage and repair (Warren and Palubinskas 2008). It was postulated that 
estrogen acted to directly stabilize muscle membranes by influencing membrane 
fluidity and decreasing susceptibility to damage (Tiidus 1995). Subsequent research 
in our laboratory confirmed that estrogen reduced indices of muscle damage through 
non-receptor mediated mechanisms which could include membrane stabilization 
(Enns et al. 2008; Iqbal et al. 2008). Female rats also demonstrate a more stable 
muscle calcium homeostasis following exercise than male rats, suggesting greater 
membrane stability and less susceptibility to exercise-induced membrane disruption 
in females relative to male animals (Sonobe et al. 2010). 

Studies that examined the effects of hormone replacement in older women have 
also demonstrated that the presence of estrogen will essentially eliminate a post-
exercise rise in blood creatine kinase in those women who are long-term users of 
hormone replacement while the same muscular exercise-induced two to threefold 
increases in blood creatine kinase in those postmenopausal women who were not 
estrogen replaced (Dieli-Conwright et al. 2009a, b). This implies that estrogen in the 
form of hormone replacement will also provide protection against exercise-induced 
muscle damage in postmenopausal women. 

Komulainen et al. (1999) reported sex-based differences in damage to muscle 
structural proteins (desmin, actin, dystrophin), fiber swelling, and necrosis following 
downhill running with male rodents exhibiting significantly more and earlier onset 
of post-exercise damage than females. The early post-exercise loss of the submem-
brane protein dystrophin which occurred in male but not female animals suggested 
that the higher estrogen levels in the females helped stabilize muscle membranes and 
diminish exercise-induced muscle disruption. Other markers of muscle damage such 
as activation of muscle lysosomal and calcium-activated proteases have also been 
demonstrated to be elevated following exercise in male and ovariectomized female 
rats, while normal female rats and ovariectomized female rats with estrogen replace-
ment show little or no post-exercise increases in muscle protease activities (Komu-
lainen et al. 1999; Enns and Tiidus 2008; Enns et al. 2008; Tiidus 2003). Markers 
of muscle oxidative damage following exercise or ischemia–reperfusion injury are 
also reduced by estrogen (Persky et al. 2000; Stupka and Tiidus 2001). This should 
be expected as estrogen has been reported to exhibit antioxidant properties (Tiidus 
1995).
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Taken together these findings from animal studies suggest that estrogen can have 
a significant influence on the amelioration of exercise-induced muscle damage. This 
can be of particular importance for postmenopausal women who may be more suscep-
tible to exercise-induced muscle disruption as a result of their decline in circulating 
estrogen. Hormone replacement in postmenopausal females can restore circulating 
estrogen levels and therefore potentially restore the protective effects of estrogen on 
exercise-induced muscle damage. Dieli-Conwright et al. (2009a, b) compared the 
effects of eccentric muscle exercise in postmenopausal women who were or were 
not using hormone replacement. They measured markers of muscle damage such as 
serum creatine kinase activities and found significant attenuation of these indices 
of damage in the following exercise in those women using hormone replacement 
relative to those that were not, suggesting that the loss of estrogen in aging women 
made them more susceptible to exercise-induced muscle disruption. 

Exposure to estrogen will also induce increased basal heat shock protein expres-
sion in skeletal muscles (Bombardier et al. 2009). Heat shock proteins (HSP) such 
as HSP70 are expressed when cells are stressed and serve to protect proteins and 
membranes from damage and assist in protein assembly (Noble et al. 2008). Ovariec-
tomized female rats with estrogen replacement will express significantly more muscle 
HSP70 relative to those animals without estrogen. Exercise will typically increase 
HSP70 expression in male rats and ovariectomized female rats to levels achieved in 
unexercised normal female rats or ovariectomized females with estrogen replaced 
(Bombardier et al. 2009, 2013). Hence, it is possible that the increased expres-
sion of HSP70 exhibited in muscles exposed to estrogen may also act to limit 
exercise-induced muscle disruption and help maintain membrane integrity. 

Muscle Inflammation 

Muscle damage is followed by a well-documented sequence of events including 
increased muscle inflammation and leukocyte infiltration, subsequent activation and 
proliferation of muscle satellite cells and repair signaling, collagen synthesis, and 
consequent muscle repair (Tidball 2005). Estrogen has been reported to influence all 
of the above steps in the reaction to and consequent repair of skeletal muscle following 
injury (Tiidus et al. 2013). The first step in this process is the initiation of muscle 
inflammatory responses and infiltration of muscle by neutrophils and macrophages 
(Tiidus 1998). 

The presence of estrogen has been repeatedly demonstrated to attenuate post-
exercise and post-ischemia/reperfusion injury muscle neutrophil and macrophage 
infiltration in rodent models (Tiidus and Bombardier 1999; Tiidus et al. 2001; Stupka 
and Tiidus 2001; Iqbal et al. 2008). The provision of estrogen to male rats (Tiidus 
et al. 2001) or to ovariectomized female rats (Iqbal et al. 2008) will significantly 
reduce post-exercise muscle leukocytes (neutrophils and macrophages) infiltration 
relative to their unsupplemented cohorts. While the mechanisms by which estrogen 
may be able to attenuate post-exercise muscle leukocyte infiltration are not fully
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known, it has been hypothesized that the potential membrane stabilizing effects of 
estrogen may attenuate some of the generations of and signaling by neutrophil and 
macrophage chemoattractants generated by exercise and subsequent muscle disrup-
tion and thereby reduce the adhesion and infiltration of these leukocytes into muscle 
following exercise (Tiidus 2003). 

Indirect support for such a hypothesis has been shown in a study that used an 
estrogen receptor blocker to demonstrate the involvement or non-involvement of 
estrogen receptors in exercise-related muscular events (Enns et al. 2008). Blocking 
estrogenic receptors had no significant effect on the ability of estrogen to attenuate 
post-exercise muscle leukocyte infiltration in white vastus muscle (see Fig. 7.1) 
(Enns et al. 2008). This suggested that the mechanisms by which estrogen was 
able to attenuate post-exercise leukocyte infiltration were a non-receptor mediated 
process, hence the possibility that mechanisms associated with its possible direct 
effects on muscle membranes should be further investigated (Enns et al. 2008). 
Hormone replacement therapy in older females typically provides both estrogen and 
progesterone. However, animal-based studies have demonstrated that most of the 
anti-inflammatory effects of female sex hormones are mediated through estrogen 
with progesterone having relatively little influence on factors such as post-exercise 
muscle leukocyte infiltration (Iqbal et al. 2008).

The physiological consequences of the attenuation of muscle inflammatory 
responses following exercise, particularly the attenuation of muscle neutrophil and 
macrophage infiltration, are not certain. Inflammation and leukocyte infiltration are 
important obligatory responses to muscle damage which facilitate the breakdown, 
removal, and clearance of damaged components of the muscle, which is required 
to precede muscle repair (Tiidus 1998; Tidball 2005). Leukocyte and particularly 
macrophage infiltration have also been demonstrated to be important in signaling 
the activation of aspects of muscle repair such as muscle satellite cell prolifera-
tion (Hawke and Gerry 2001). However, inflammation and neutrophil infiltration 
following exercise has also been shown to induce further disruption and damage to 
components of muscle in conjunction with the removal of muscle damage debris 
(Tiidus 1998). Ideally, a fine balance of inflammation and repair signaling needs to 
be maintained in order to optimize muscle recovery. These seemingly paradoxical 
effects, of estrogen whereby it is able to achieve both a reduction in inflammation 
and augmentation of muscle repair indices, will be discussed in the next section. 

The ubiquitous nature of estrogen suppression of post-damage muscle inflamma-
tion and leukocyte infiltration has recently been questioned by findings in a study by 
Le et al. (2018). This study noted that most previous studies, including those cited 
above, had used high or “supra-physiological” levels of estrogen that while within the 
range found in rodent pregnancy were generally higher than “normal” estrogen levels 
in rodent models. Contrary to previous studies noted above which found that “high” 
supra-physiological estrogen levels in rodents resulted in suppressed inflammation 
and muscle leukocyte infiltration, the Le et al. (2018) study noted that “normal” 
estrogen replacement levels resulted in higher leukocyte infiltration and inflamma-
tory markers than low-estrogen levels in ovariectomized rodents. Le et al. (2018) 
suggested that the enhanced inflammation, as also noted above, leads to a greater rate
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Fig. 7.1 From Enns et al. (2008) Effects of estrogen replacement, estrogen receptor blocker (ICI 
182,780), and their combination on a neutrophil (His48 positive) and b macrophage (ED-1 positive) 
infiltration of skeletal muscle 24 h after downhill running exercise in ovariectomized female rats

of post-damage muscle recovery, as assessed by the rate of recovery of post-damage 
muscle force, due possibly to enhanced removal of damaged muscle components and 
activation of muscle repair processes. 

Nevertheless, human studies have also generally demonstrated a reduction in 
inflammatory markers in postmenopausal females using hormone replacement 
containing estrogen at “normal” physiological levels (Tiidus et al. 2013). Dieli-
Conwright et al. (2009a, b) examined two groups of postmenopausal females who 
were either taking hormone replacement or not before and after a bout of eccentric 
quadriceps muscle contractions designed to induce muscle disruption and soreness.
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They found that following eccentric muscle exercise, postmenopausal women who 
were taking hormone replacement expressed little change in muscle mRNA levels of 
inflammation-related cytokines and interleukins such as tumor necrosis factor-alpha 
(TNF-α), interleukin-6 (IL-6), IL-8, and IL-15, while those women not on hormone 
replacement expressed five to tenfold increases in the messenger RNA (mRNA) of 
these inflammation and muscle turnover-related mediators. The provision of estrogen 
to young males also results in attenuated post-exercise muscle neutrophil infiltration 
(MacNeil et al. 2011). Thus, studies in humans have tended to corroborate some 
but not all, animal results demonstrating that estrogen will attenuate indices of post-
exercise muscle inflammatory response. It is possible that the smaller inflamma-
tory responses engendered by estrogen could result in a reduction in inflammation-
induced secondary muscle damage and thereby attenuate the damaging effects of 
exercise and injury on overall muscle damage (Tiidus 1995; Enns and Tiidus 2010). 

Muscle Satellite Cells and Muscle Repair 

Estrogen has also been found to facilitate post-exercise muscle repair, particularly by 
enhancing the activation and proliferation of muscle satellite cells (Enns and Tiidus 
2008). Adult muscle cells are post-mitotic and hence rely on muscle satellite cells, 
which are myogenic precursor cells, in order to hypertrophy and to effect repair 
(Hawke and Gerry 2001). Satellite cells are normally quiescent and reside in the 
periphery of muscle cells under the basal lamina. When stimulated by exercise or 
muscle damage, satellite cells become activated, proliferate, and can ultimately fuse 
with and/or donate their nuclei to muscle cells in order to optimize protein synthesis 
in response to hypertrophic or damage/repair signaling (Hawke and Gerry 2001). 
Muscle hypertrophy and muscle repair cannot occur to any great extent without 
activation and proliferation of satellite cells, and the rate of repair and hypertrophy is 
directly correlated with the degree of muscle satellite cell activation and proliferation 
(Yin et al. 2013). 

Studies have repeatedly demonstrated that supplementation of ovariectomized 
female rodents as well as male rodents with estrogen will augment post-exercise 
muscle satellite cell activation and proliferation (Tiidus et al. 2005; Enns and Tiidus 
2008; Enns et al. 2008; Mangan et al. 2014). Other animal models have also 
demonstrated positive effects of estrogen exposure on muscle satellite cell activa-
tion and proliferation (e.g., McFarland et al. 2013). Figure 7.2 illustrates such an 
effect in muscles of ovariectomized female rats with or without estrogen replace-
ment sampled at 72 h following downhill running exercise (Enns and Tiidus 2008). 
These findings suggest that estrogen exposure could enhance muscle repair and/or 
hypertrophy-related mechanisms consequent to damaging exercise.

The mechanisms of how estrogen communicates with muscle satellite cells have 
not yet been fully elucidated. Nevertheless, it has been demonstrated that estrogen 
receptors in muscle appear to be critical to this effect. Both estrogen receptor-α 
and -β have been shown to be present in animal and human muscles, with greater
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Fig. 7.2 From Enns and 
Tiidus (2008). Effects of 
estrogen supplementation on 
relative numbers of 
myofibers expressing total 
(Pax7; a), activated (MyoD; 
b), and proliferating (BrdU; 
c) satellite cell markers in rat 
soleus muscle 72 h following 
downhill running. Values are 
means ± SE; n = 11 rats per 
group. *P < 0.05 compared 
with control. #P < 0.05  
compared with sham
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receptor concentration typically found in type I than type II muscle fibers (Lemoine 
et al. 2003; Wiik et al. 2005). Blocking estrogen receptors not only completely 
negates the augmentation effect of estrogen on post-exercise muscle satellite cell 
activation and proliferation, but it also eliminates the ability of muscle satellite cells 
to respond at all to the exercise/damage stimuli (Enns et al. 2008). Results vary as 
to whether estrogen receptor-α or -β are the most critical to this effect (Thomas 
et al. 2010; Velders et al. 2012). Additionally, it appears that estrogen-dependent 
muscle satellite cell activation occurs via estrogen receptor communication with 
the phosphatidylinositide 3-kinase (PI3K) signaling pathway (Mangan et al. 2014). 
Similar to the effect of blocking estrogen receptors, blocking the PI3K signaling 
pathway will not only negate the augmentation effect of estrogen on post-exercise 
satellite cell activation, but it will also completely eliminate any positive muscle 
satellite cell response to exercise (Mangan et al. 2014). 

Earlier in this chapter, it was noted that an optimal activation or balance of inflam-
mation will enhance and optimize post-damage muscle repair. As previously noted, 
Le et al. (2018) had reported that modest or “normal” levels of post-ovariectomy 
estrogen replacement actually enhanced post-damage muscle leukocyte infiltration 
and suggested that enhanced inflammation stimulated and facilitated the enhanced 
post-damage muscle repair reported in the study. Paradoxically, the above studies 
which found an enhancement of muscle satellite activation suggesting enhanced 
muscle repair used a rodent model in which “supra-physiological” levels of estrogen 
likely suppressed inflammation. That enhanced muscle satellite cell activation still 
occurred, suggesting that either, as previously postulated, suppression of excess 
inflammation was important in enhancing muscle satellite activation or that enhanced 
muscle satellite cell activation was due to the activation of specific signaling path-
ways rather than direct inflammation-related pathways or facilitation. These issues 
have yet to be resolved but may be a possible explanation for this seeming paradox 
(Tiidus 2018). 

As noted above, most of the studies examining the effects of estrogen on post-
exercise muscle satellite cell activity and muscle repair have been conducted in 
animal models. While it has yet to be demonstrated that these specific benefits of 
estrogen on muscle repair mechanisms and satellite cell proliferation also operate in 
humans, particularly in postmenopausal females, other evidence, discussed later in 
this chapter, illustrates the benefits of estrogen on muscle mass and strength in older 
females, both of which rely in part on enhanced muscle satellite cell activation and 
proliferation. Hence, it is likely that the positive effects of estrogen on muscle satellite 
cell activity seen in animal models are also functional in aging female humans. 

Muscle Mass and Recovery from Atrophy 

Several rodent studies have demonstrated that skeletal muscle mass recovery 
following disuse atrophy is attenuated without the presence of estrogen (McClung 
et al. 2006; Brown et al. 2005; Sitnick et al. 2006). For example, McClung et al.
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(2006) induced atrophy of hind-limb muscles of ovariectomized and intact rats by 
unweighting. When weight bearing was reinitiated after 10 days of atrophy, the 
muscles of the ovariectomized rats took twice as long (14 days) to recover pre-
atrophy mass as those animals with normal estrogen levels (7 days). Non-functional 
collagen formation or fibrosis also significantly increased the recovering muscles 
of ovariectomized rats relative to the normal animals, which may have inhibited 
recovery (McClung et al. 2006). 

The potential implications for older postmenopausal females of slower recovery 
from muscle loss such as might occur following inactivity due to injury or surgery 
suggest that loss of estrogen might contribute to a higher incidence and degree of func-
tional decline related to greater muscle mass and strength loss and inhibited recovery. 
If hormone replacement was able to reverse these negative effects of estrogen loss on 
post-atrophy recovery of muscle mass, its potential to reduce and reverse the loss of 
muscle function and reduced mobility in elderly females could potentially be highly 
significant. 

The effects of estrogen on muscle mass in postmenopausal females and its use in 
combination with resistance training in this population have, in most cases, demon-
strated positive results (Enns and Tiidus 2010). A milestone study examining post-
menopausal twins where one twin in each pair was taking hormone replacement 
and the other was not (Ronkainen et al. 2009) found greater overall muscle mass, 
less fat mass, and greater thigh muscle cross-sectional areas for those twins taking 
hormone replacement relative to those twins who were not. Other studies have also 
reported beneficial effects of hormone replacement on muscle mass in sedentary 
postmenopausal females as well as enhanced effects of resistance training on muscle 
mass gain relative to those older females not taking hormone replacement (Sipila 
et al. 2001; Taafe et al. 2005). 

Postmenopausal hormone replacement also significantly augments a pro-anabolic 
signaling environment in the skeletal muscle of older females (Tiidus et al. 2013; 
Sipila et al. 2015). The anabolic PI3K/Akt (a serine/threonine kinase also known as 
protein kinase B [PKB]) signaling pathway has been implicated in animal studies 
as a means by which estrogen enhances muscle satellite cell activation and prolif-
eration following exercise (Mangan et al. 2014). Human studies have also demon-
strated the upregulation of this pathway by estrogen which consequently may provide 
an enhanced muscle anabolic signal for postmenopausal women taking hormone 
replacement (Sipila et al. 2015). Dieli-Conwright et al. (2009a, b) have also reported 
that postmenopausal women taking hormone replacement have significantly higher 
resting muscle mRNA levels of muscle a number of positive regulators of muscle 
hypertrophy such as myogenic differentiation protein D (MyoD), myogenic factor 
protein (Myf5), and myogenin and lower levels of negative muscle hypertrophy regu-
lators such as myostatin than cohorts not taking estrogen replacement. Furthermore, 
although a single bout of resistance training enhances these pro-anabolic signaling 
pathways in all women, these exercise effects on muscle anabolic signaling are 
greatly augmented in those postmenopausal women who are taking hormone replace-
ment (Dieli-Conwright et al. 2009a, b). These results suggest that in the presence of
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estrogen, muscle in postmenopausal females is chronically exposed to greater pro-
anabolic signaling and this signaling is further enhanced by exercise, particularly 
when estrogen is present (Dieli-Conwright et al. 2009a, b). 

In summary, these findings suggest that estrogen in the form of hormone replace-
ment will have significant positive effects in postmenopausal females for the main-
tenance of muscle mass, the recovery of muscle mass following atrophy, and the 
enhancement of exercise-induced muscle hypertrophy. These benefits have important 
implications for health and functional longevity in aging females. 

Muscle Strength 

In addition to enhanced or better maintained postmenopausal muscle size and the 
consequent increase in or better maintenance of muscle contractile protein content, it 
appears that additional effects of estrogen on other specific muscle contractile mech-
anisms may also act to further enhance muscle force production (Tiidus et al. 2013; 
Pollanen et al. 2015). Skelton et al. (1999) found that women taking hormone replace-
ment exhibited increased adductor pollicis muscle strength relative to a matched 
group not taking hormone replacement. In a follow-up to the previously described 
postmenopausal female twin study which demonstrated greater lower body muscle 
power in the hormone-replaced twin (Ronkainen et al. 2009), Qaisar et al. (2013) 
reported that force relative to cross-sectional area in single muscle fibers was 25% 
greater in the twin taking hormone replacement relative to the non-hormone-replaced 
twin. In addition, a recent meta-analysis of literature comparing strength measures in 
postmenopausal hormone-replaced vs non-replaced women concluded that signifi-
cant strength enhancement due to estrogen was evident in these populations (Greising 
et al. 2009). Postmenopausal women performing extended strength training while on 
hormone replacement also tend to increase muscle strength to a greater extent than 
matched cohorts, not on hormone replacement (Taafe et al. 2005; Perry et al. 2005). 

Animal studies have also reported similar effects of estrogen removal and replace-
ment on muscle strength. For example, ovariectomy in mice results in a 25% loss in 
tetanic muscle force, and this loss of force is restored by estrogen replacement (Moran 
et al. 2007). It has been suggested that these effects of estrogen in enhancing muscle 
contraction may be related to increases in the strong binding of myosin heads to actin 
during active contraction (Lowe et al. 2010). These suggestions have been directly 
verified by measures of active muscle stiffness during contraction (Greising et al. 
2011). The mechanisms of how estrogen might be able to directly influence myosin 
binding and thus enhance muscle force production are currently under investigation. 
Possible mechanisms for this effect include the antioxidant properties of estrogen 
acting to maintain myosin structure during contraction (Lowe et al. 2010; Tiidus 
et al. 2013) and the possibility that estrogen could enhance myosin phosphorylation 
(Lai et al. 2016). 

Myosin regulatory light chain phosphorylation induces potentiation of muscle 
force by increasing calcium sensitivity and myosin structure to allow for increased
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strong binding during contraction (Vandenboom et al. 2013). Recently, estrogen has 
been shown to enhance myosin regulatory light chain phosphorylation in cultured 
muscle cells (Lai et al. 2016). In addition, older postmenopausal females, who 
lacked estrogen had 50% less contraction-induced myosin phosphorylation than age-
matched males (Miller et al. 2013), suggesting that estrogen may be able to enhance 
myosin phosphorylation and thereby increase muscle force potentiation. As with 
inflammation and muscle repair, the level of estrogen replacement and the age of 
the animal models used in studies examining post-tetanic muscle myosin phospho-
rylation are important factors in demonstrating any possible estrogen influence on 
myosin phosphorylation and consequent enhancement of muscle force generation 
(Fillion et al. 2019). 

The implications for the effects of estrogen on muscle strength in older females, 
as with its effects on muscle mass, also suggest that loss of estrogen could further 
exacerbate strength and muscle function loss in postmenopausal females. 

Hormone Replacement, Health, and Exercise in Older 
Women 

The above noted multifaceted beneficial effects of estrogen on muscle mass, strength, 
and repair mechanisms suggest that estrogen in the form of hormone replace-
ment could have significant benefits for muscle function and consequent mobility, 
functionality, and independent living in postmenopausal women. 

In addition to loss of muscle and bone mass, postmenopausal estrogen loss 
has been associated with an increase in fat mass, particularly visceral fat mass. 
It has been suggested that in rodent models, estrogen deficiency enhances the accu-
mulation of adipocytes from bone marrow in subcutaneous fat deposits and may 
diminish brown fat-related metabolic uncoupling-related heat generation, resulting 
in enhanced energy expenditure and elevated metabolic rates (Gavin et al. 2018). 
Estrogen loss may also diminish spontaneous physical activity in rodents as well 
as humans (Gavin et al. 2018). Collectively, these estrogen loss-associated changes 
may contribute to the decreased energy expenditure and reductions in metabolic rates 
that contribute to weight gain typically seen in postmenopausal females (Gavin et al. 
2018). These metabolic changes may be ameliorated with postmenopausal hormone 
replacement (Gavin et al. 2018). 

A recent rodent study highlighted exercise as another important factor for poten-
tial health benefits that could apply to human females. Fritsch et al. (2021) reported 
that exercise was actually more effective than hormone replacement in preventing 
type 2 diabetes risk factors in ovariectomized rodents. This and other similar findings 
in rodent and human studies suggest that for females in which hormone replacement 
may be counter indicated or unwanted, exercise may serve as well or better in main-
taining metabolic and muscle health following menopause (Gavin et al. 2018; Fritch 
et al. 2021).
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Concerns regarding health issues with hormone replacement, primarily founded 
on results of the Women’s Health Initiative (WHI) have contributed to a decline 
in hormone replacement prescriptions provided by physicians in subsequent years 
(Hondis et al. 2012). 

Subsequent research has demonstrated that the health concerns related to hormone 
replacement suggested by the WHI study may have been overstated (Tiidus et al. 
2013; Gurney et al. 2014). The average age of the women in the WHI study was 
61 years, and therefore, most of the women had been postmenopausal for many years 
before initiating hormone replacement (Hondis et al. 2012). These were the cohorts 
who had significantly increased risks of coronary disease in the WHI study, while 
reanalysis of the WHI data demonstrated that younger women who started hormone 
replacement proximal to menopause onset actually decreased the risk of heart disease 
and other health risks (LaCroix et al. 2011). Two meta-analyses of more recent studies 
have also demonstrated that beginning hormone replacement proximal to menopause 
results in significantly decreased risk of overall mortality and cardiovascular risk 
factors in postmenopausal women, relative to women who were not hormone replaced 
(Schierbeck et al. 2012; Salpeter et al. 2009). Another comprehensive review of the 
related literature also concluded that hormone replacement is “generally safe and 
beneficial for women under 60 years of age” (Rozenberg et al. 2013). 

A further example of the beneficial health effects of estrogen in postmenopausal 
women is a 10-year trial that followed 1000 recently postmenopausal women and 
concluded that those on hormone replacement had significantly reduced overall 
mortality and cardiovascular incidents without increased risk of cancer or other 
health threats, relative to the cohort not taking hormone replacement (Schierbeck 
et al. 2012). These studies all suggest that a “window of opportunity” exists where 
estrogen, as hormone replacement, if begun proximal to menopause will provide 
significant health benefits for most women and that it can be safely used for at least 
10 years postmenopause (Schierbeck et al. 2012; Gurney et al. 2014). However, for 
women with pre-existing heart disease or those over 70 years of age use of hormone 
replacement may still be contraindicated (LaCroix et al. 2011; Rozenberg et al. 2013). 

In addition to these health benefits, estrogen and hormone replacement in post-
menopausal women has also been shown to maintain bone mass, reduce abdominal 
obesity, maintain insulin sensitivity, maintain mitochondrial and metabolic function, 
and enhance cognitive and neuro-regenerative functions (Spangenburg et al. 2012; 
Tiidus et al. 2013). Current recommendations for postmenopausal females experi-
encing negative menopausal symptoms suggest the utilization of low-dose oral or 
transdermal estradiol with progesterone for 3–5 years to ameliorate these symptoms 
(Pinkerton 2020). This would be followed by re-assessment and possibly tapering to 
discontinuation (Pinkerton 2020). This period of postmenopausal hormone replace-
ment could serve to preserve the muscle and metabolic health benefits of estrogen in 
postmenopausal females for at least that length of time. 

Rodent studies have also found that a delay in starting estrogen replacement, 
following ovariectomy, will negate the cardiovascular and neuro-regenerative bene-
fits provided by estrogen in these tissues (Suzuki et al 2007). More specifically related 
to the topics covered in this chapter, Mangan et al. (2015) recently reported that the
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previously described effects of estrogen in enhancing post-exercise muscle satellite 
cell activation and proliferation were also lost if estrogen replacement was delayed 
by 11 weeks (equivalent to several years delay the following menopause in humans) 
following ovariectomy in rats. 

Hence, it appears that in addition to its beneficial effects on muscle mass, strength 
and regeneration, estrogen has significant health benefits for most, older women if 
replacement is started proximal to menopause. However, a significant delay in post-
menopausal estrogen replacement following menopause will negate the beneficial 
effects that estrogen has on muscle and neural recovery from injury and also negate 
the health benefits associated with estrogen replacement (Suzuki et al. 2007; Mangan 
et al. 2015; Gurney et al. 2014). 

Summary 

In summary, the use of hormone replacement in postmenopausal women could be 
recommended as means to mitigate the loss of muscle force, mass, and function and 
to enhance muscle recovery following atrophy (as seen following immobilization 
with surgery or injury) in older women. Estrogen replacement could potentially 
help mitigate age-related declines in mobility and muscle strength and functionality 
that lead to frailty in older women. It is likely that regular vigorous resistance and 
aerobic exercise can also deliver many of the same benefits as estrogen to muscle 
and metabolic health and function in aging women (Tiidus et al. 2013). However, 
a number of studies have suggested that the effects of regular exercise on muscle 
mass in older women are further enhanced when they are on hormone replacement 
(Taafe et al. 2005) and that exercise may also help to negate some of the negative 
effects of postmenopausal estrogen loss on muscle function and overall health. The 
majority of older women do not regularly participate in resistance or aerobic exercise 
training. Therefore, timely postmenopausal return of estrogen in the form of hormone 
replacement with or without regular exercise accompaniment could be an important 
prophylactic in helping mitigate the age-related loss of muscle mass and function in 
aging females. 
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Chapter 8 
The Effect of Sex Hormones on Ligament 
Structure, Joint Stability and ACL 
Injury Risk 

Sandra J. Shultz and Justin A. Fegley 

Introduction 

While more physically active males injure their anterior cruciate ligament (ACL) due 
to their greater exposure to high risk sport activity (Gianotti et al. 2009), high school 
and college age females are two to five times more likely to suffer a non-contact ACL 
injury compared to similarly trained males (Gornitzky et al. 2016; Hootman et al. 
2007; Prodromos et al. 2007). This increased risk in females begins to develop around 
12–13 years of age (Beck et al. 2017; Bloom et al. 2020; Shea et al. 2004), when 
females begin to markedly differ from males in hormone secretion and their physical 
characteristics such as body composition (McCarthy et al. 2013), lower extremity 
strength (Ervin et al. 2014), joint laxity (Shultz et al. 2008; Svenningsen et al. 1989), 
and hip and knee control during sport-related activity (Ford et al. 2010; Schmitz 
et al. 2009). As such, hormones have often been implicated in the ACL injury risk 
equation, because they underlie most of the sex differences in physical characteristics 
that emerge after puberty, and because they have the potential to impact collagen 
metabolism, ligament remodeling, and the structural integrity of the ACL in a way 
that may increase the potential for ligament failure. Before examining these hormone 
effects, the chapter first highlights the inherent complexity of studying sex hormone 
profiles in physically active females. We then focus primarily on what we know 
about the impact of sex hormones on collagen metabolism, ligament remodeling, 
and structural integrity of the ACL and how this may impact ACL injury risk. The 
impact of oral contraceptive hormones and the hormone relaxin is also discussed.
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Complexity of Studying Hormone Profiles in Physically 
Active Females 

It is well known that hormone profiles in women change considerably over the course 
of the menstrual cycle. These changes are often described relative to a typical 28-day 
cycle where the follicular phase represents the first half of the cycle (days 1–14) and 
the luteal phase represents the latter half of the cycle (days 15–28), with ovulation 
occurring between days 10 and 14. The time of ovulation is then subsequently used 
to represent the time of peak estrogen concentrations and 7 days later the time of 
peak progesterone and the secondary peak in estrogen concentrations in the mid-
luteal phase. These “typical” cycle events have commonly been used as a calendar 
framework for determining relative ACL injury risk and changes in relevant risk 
factors (e.g., laxity) across the menstrual cycle (e.g., Somerson et al. 2019). Most 
commonly, measurements are collected at three time points; one sample each to 
depict when both hormone concentrations are low (a day during menses), when 
estrogen rises unopposed near ovulation (days 10–14) and when both estrogen and 
progesterone are elevated during the luteal phase (day 21). While a serum or urine 
sample is sometimes obtained to confirm that the hormone milieu of interest was 
actually captured, more often than not cycle characteristics are assumed based on 
calendar days alone (Somerson et al. 2019). 

Unfortunately, the sampling approaches described above are fraught with error 
given the large interindividual variability in hormone profiles among women. For 
example, Landgren et al. reported that while the mean follicular and luteal phase 
lengths in 68 women were 15 and 13 days, respectively, the actual length of the 
follicular and luteal phases ranged from 9 to 23 days and 8 to 17 days, respectively 
(Landgren et al. 1980). Shultz et al. (2004) reported similar findings when measuring 
daily serum sex hormone concentrations in 22 women who reported normal and 
consistent menstrual cycles lasting 28–32 days (Table 8.1). These data not only 
demonstrate the large variations in the timing of cycle events (cycle length, timing of 
ovulation, timing of the subsequent rises and peaks in estrogen and progesterone) but 
also in the peak concentration values obtained. Although testosterone concentrations 
are much lower in women than men, and as such their effects have received less 
attention than those of estrogen and progesterone, these concentrations also vary 
considerably among women.

The variations observed in the timing of specific cycle events (e.g., ovulation, day 
of peak concentrations) are not simply a function of different cycle lengths. This 
is exemplified in data obtained from four different women (unpublished) who each 
had a 28-day cycle length (Fig. 8.1). The red line in each graph indicates the day 
that the ovulation test strip tested positive for the surge in luteinizing hormone. Of 
the four women, only one actually ovulated within the typical 10–14-day window. 
Further, the timing of peak estradiol levels (blue line) is not consistent relative to 
the day of ovulation, occurring within one day in two women, but occurring 3–5 
days later in two other women. Capturing the progesterone peak at day 21 was more 
consistent, but was entirely missed in one female. Hence, if one uses calendar days
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Table 8.1 Variability in sex 
hormone profile 
characteristics in 
eumenorrheic females 

Cycle characteristic Range in values 

Cycle length 24–36 days 

Day of positive ovulation test Day 9–20 

Day of first estradiol peak near ovulation Day 8–25 

Day of progesterone rise (<2 ng/mL) Day 11–27 

Day of progesterone peak Day 15–27 

Peak estradiol concentration 86–295 pg/mL 

Peak progesterone concentration 3.6–26.8 ng mL 

Peak testosterone concentration 37–115 ng/mL 

Data from Shultz et al. (2004). Data are representative of a single 
investigative study and are not intended to imply “clinical reference 
range” values

alone, the hormone milieu of interest may be missed in the majority of women, 
yielding inaccurate findings. 

It is also important to note that when measuring a particular risk factor or docu-
menting an injury at a particular time in the cycle, the hormone milieu at the time of

0 

50 

100 

150 

200 

250 

300 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Est 

Prog 

Test 

0 

50 

100 

150 

200 

250 

300 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Est 

Prog 
Test 

0 

50 

100 

150 

200 

250 

300 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Est 

Prog 

Test 

0 

50 

100 

150 

200 

250 

300 

1 2 3 4  5 6 7 8 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  

Est 

Prog 

Test 

Fig. 8.1 Comparative timing of menstrual cycle events in four women who each had 28-day cycle 
lengths. Red bar indicates the day the ovulation test strip tested positive. Individual subject data 
(previously unpublished) derived from the study by Shultz et al. (2004) 
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risk factor measurement or injury may not be the most relevant. Research indicates 
that the impact of changing hormones on ligament tissue may occur at some time 
delay (Shultz et al. 2004), suggesting that the hormone milieu in the days preceding 
the day of testing or injury may be more relevant to the variables of interest than the 
hormone concentrations obtained on the day of testing. 

Together, this variability suggests that using a particular day or range of days of 
the menstrual cycle to depict a particular hormone event in all women will introduce 
considerable error. As we proceed through this chapter, it is important to appre-
ciate this variability among physically active females, and that the sampling tech-
niques/research designs that have been used to examine hormone effects often do 
not adequately account for this variability. 

Cycle Phase and Injury Risk 

Because women are exposed to large variations in their hormone concentrations 
across the menstrual cycle, a number of studies have retrospectively examined 
whether ACL injury risk is disproportionately greater at certain times of the menstrual 
cycle (Adachi et al. 2008; Arendt et al. 2002; Beynnon et al. 2006; Myklebust et al. 
1998, 2003; Slauterbeck et al. 2002; Wojtys et al. 1998, 2002). These retrospective 
studies generally report a greater number of injuries than expected during the follic-
ular as compared to luteal phase (Table 8.2), and this has been confirmed by two 
recent meta-analyses (Herzberg et al 2017; Somerson et al 2019). However, among 
studies that identified the follicular phase as being of greater risk, some reported a 
greater proportion of injuries early in the follicular phase during the perimenstrual 
days when hormone levels are nearing or at their nadirs (Myklebust et al. 1998, 2003; 
Slauterbeck et al. 2002), while others reported a greater proportion of injuries late 
in follicular phase near the time of ovulation when estrogen begins to rapidly rise 
(Adachi et al. 2008; Wojtys et al. 1998, 2002). While the hormone profile surrounding 
these two times points is quite different, they are alike in that both time points repre-
sent transitional periods of the menstrual cycle when hormone concentrations are 
rapidly changing. However, the actual hormone milieu or phase at the time of injury 
may be very difficult to accurately characterize in these retrospective studies.

In the majority of these studies, cycle phase was determined based on calendar 
counting methods via subject self-recall of her menstrual cycle events over previous 
months. Unfortunately, these methods have been found to be quite inaccurate (Small 
et al. 2007; Wideman et al. 2013; Wojtys et al. 2002). Only three studies collected 
blood or urine samples to compliment calendar counting methods to better determine 
the hormone milieu at the time of injury. These samples were obtained within 2 h 
(Beynnon et al. 2006), 24 h (Wojtys et al. 2002), and 72 h (Slauterbeck et al. 2002) of  
the injury event. Despite this, it can be difficult to determine retrospectively from this 
single hormone sample what the hormone milieu may have been at the time of injury, 
as hormone concentrations can change substantially within hours near the time of 
menses and ovulation. The inaccuracy in ascertaining cycle phase at the time of an
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injury event from a single hormone sample was confirmed by Tourville et al. (2016). 
Specifically, retrospective classification of menstrual cycle phase using self-reported 
menstrual cycle questionnaire data and a single hormone sample taken at a random 
date after a mock injury was not able to accurately classify the cycle phase that the 
women were in at the time of injury. 

Even if research advances were able to accurately determine the hormone milieu 
at the time of injury, there is much that remains unknown about the mechanisms that 
underlie the potential relationship between menstrual cycle phase and ACL injury. 
First, research has yet to identify how the time of injury occurrence aligns with the 
hormone changes responsible for the increased risk and therefore what hormone 
actions are most relevant to target in injury prevention efforts. Second, the specific 
mechanisms through which sex hormones are impacting soft tissues and the poten-
tial for ligament failure are largely unknown. While there is good evidence that sex 
hormones have the potential to exert substantial influence on collagen metabolism 
and the structural integrity of the ACL, understanding these mechanisms is compli-
cated for several reasons. Beyond the known variability in the timing and magni-
tude of hormone concentration changes between women as previously described 
(see previous section), there are also variations in cycle characteristics within a 
given female from month to month, including the occurrence of anovulatory cycles 
(Lenton et al. 1983; Shultz et al. 2011b). Because not all women go on to injure their 
ACL, understanding how this intra- and interindividual variability affects risk may 
be critically important. There is also evidence of a time and dose-dependent effect by 
which soft tissues changes may occur in response to hormone concentration changes 
(Shultz et al. 2004; Yu et al.  2001), which complicates our ability to align the timing 
of injury occurrence to the hormone concentrations that may be responsible for that 
risk. Finally, it is unlikely that any effect is due to a single hormone, but rather 
represents a complex interaction among multiple hormones (Shultz et al. 2004; Yu  
et al. 2001; Dragoo et al. 2011a) and other relevant factors such as an individual’s 
genotypic profile (Posthumus et al. 2009; Shultz et al. 2015) and exercise habits (Lee 
et al. 2004) that together may determine the extent to which a female is susceptible 
to injury. To address many of these challenges, prospective study designs that track 
a female’s hormone profiles over several months would be required. Unfortunately, 
this approach is impractical given the relative infrequency in which these injuries 
occur. 

Effect of Sex Hormones on Collagen Metabolism, Tissue 
Remodeling, and Mechanical Properties 

Steroidal hormones have the potential to exert substantial influence on soft tissue 
structures composed of collagen, including the ACL. Tissues exposed to estradiol 
are reported to increase both collagen synthesis (Dyer et al. 1980; Hassager et al. 
1990; Ho and Weissberger 1992; Hosokawa et al. 1981) and absorption (Dyer et al.
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1980; Fischer 1973), indicating increased metabolic activity. Structural changes in 
tissue have also been observed in response to estrogen exposure, noting decreases in 
total collagen and protein content, and fiber diameter and density (Abubaker et al. 
1996; Dubey et al. 1998; Hama et al.  1976). These tissue responses appear to be 
enhanced with exposure to both estrogen and progesterone (Abubaker et al. 1996; 
Dubey et al. 1998), but are diminished when the tissue is exposed to either proges-
terone or testosterone alone (Abubaker et al. 1996; Hama et al.  1976; Shikata et al. 
1979). Although these findings are based on a variety of connective tissues and 
research models, the general consensus from the literature is that collagen structure 
and metabolism are greatly influenced by sex hormones. 

These investigations, along with the identification of sex hormone receptors on 
the human ACL (Dragoo et al. 2003; Hamlet et al.  1997; Liu et al. 1996), have led 
to considerable interest in how sex hormones might modify the structural integrity 
of the ACL (Hamlet et al. 1997; Lee et al. 2015; Liu et al. 1996; Yu et al.  1997). 
Investigations include both animal and human models that have primarily examined 
the effects of estrogen (with or without progesterone) on collagen metabolism and 
the mechanical properties of the ACL. 

Effect on Collagen Metabolism 

The effect of estrogen on collagen metabolism of the ACL has primarily been exam-
ined in animal (Seneviratne et al. 2004; Liu et al. 1997) and human cell culture 
models (Yu et al. 1999, 2001), and more recently in engineered ligaments (Lee et al. 
2015). 

Yu et al. (1999, 2001) examined human ACL tissue in cell culture to prospectively 
evaluate the effects of both physiologic and supraphysiologic levels of 17β-estradiol 
(range 2.9–2500 pg/mL) and progesterone on cell proliferation and collagen synthesis 
in vitro. They observed progressive decreases in fibroblast proliferation and Type 1 
procollagen synthesis as estradiol levels progressively increased, which eventually 
leveled off at supraphysiologic levels. Increasing levels of progesterone attenuated 
this inhibitory effect, and when estradiol levels were controlled, increasing proges-
terone levels actually resulted in dose-dependent increases in fibroblast proliferation 
and Type 1 procollagen synthesis. The second relevant finding is that these hormone 
effects were transient, with the most pronounced effects observed in the initial days 
after hormone exposure (days 1 and 3), which then began to attenuate within 7 days of 
exposure. Conversely, Lee et al. (2015) observed an increase in collagen production 
in engineered ligaments from human ACLs when exposed to low (5 pg/ml), medium 
(50 pg/ml), and high (500 pg/ml) physiological estrogen levels. 

Results from animal model studies also reveal conflicting findings. Liu et al. (1997) 
prospectively examined female rabbit ACLs in cell culture after 2 weeks of exposure 
to control (0 pg/ml) physiologic (2.9, 25, and 250 pg/mL) and supraphysiologic (2500 
and 25,000 pg/mL) concentrations of estradiol. A decrease in collagen synthesis 
and fibroblast proliferation was noted with increasing concentrations of estradiol,
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starting with physiological levels of 25 pg/mL, compared to a control group with no 
exposure to estradiol. Conversely, Seneviratne et al. (2004) prospectively examined 
sheep ACL fibroblasts in cell culture 4 and 6 days after being subjected to somewhat 
similar incremental doses of estradiol [2.2 (control), 5, 15, 25, 250, and 2500 pg/mL], 
and found no difference in fibroblast proliferation and collagen synthesis at any 
concentration level. 

Because of the limited and conflicting studies in this area, it is difficult to draw 
meaningful conclusions. Differences in the study designs, including the length and 
magnitude of estradiol exposure and the control group that was used, and how 
collagen production is measured, make it somewhat difficult to directly compare 
results between studies. Where Liu et al. (1997) used a control group that received 
no estradiol, and examined changes after 2 weeks of exposure, Seneviratne et al. 
(2004) compared their data to a control group receiving 2.2 pg/mL after 4 and 6 
days following exposure. Yu et al. (1999) also compared their data to a control group 
that received no estradiol and was the only study to look at transient changes that 
occurred within days of exposure. 

While these results are inconclusive as to directionality of impact, they do suggest 
the potential transient changes in estrogen and progesterone across the menstrual 
cycle may influence ACL metabolism and collagen synthesis in an interactive, dose-, 
and time-dependent manner. 

Effect on Mechanical Properties 

Estrogen effects on the ultimate mechanical properties of the ACL are equivocal and 
largely based on animal models, including rabbit (Slauterbeck et al. 1999; Hattori 
et al. 2010; Komatsuda et al. 2006), sheep (Strickland et al. 2003), and monkey 
(Wentorf et al. 2006), with more recent work using engineered ligaments from 
human ACLs (Lee et al. 2015). As with studies of collagen synthesis, a variety 
of methodologies and hormone concentrations have been utilized. Using a prospec-
tive, matched control design, Slauterbeck et al. (1999) examined the ultimate failure 
load on the ACL in ovariectomized rabbits with and without 30 days of exposure 
to estradiol concentrations consistent with pregnancy levels. While biomechanical 
testing revealed the estrogen-treated ACLs failed at a 10% lower load compared 
to control ACLs, these results were limited to supraphysiological levels of estra-
diol exposure. Komatsuda et al. (2006) examined mechanical properties in ovariec-
tomized rabbits receiving different physiological [no (control), low and medium 
concentrations] or supraphysiologic levels (high concentrations) of estradiol over 5 
weeks. Those administered high concentrations (supraphysiologic) demonstrated a 
decrease in ultimate tensile stress and linear stiffness compared to those administered 
medium (high physiologic) concentrations who had the highest values of all groups 
(but not significantly more than control or low concentration groups). 

Studies investigating the effects of estrogen on mechanical properties at more 
physiological levels have not consistently demonstrated an effect (Hattori et al. 2010;
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Lee et al. 2015; Strickland et al. 2003; Wentorf et al. 2006). In subsequent analyses 
of the work by Komatsuda et al. (2006), those administered medium concentra-
tions of estradiol had less tissue elasticity than controls as measured by scanning 
acoustic microscopy (lower sound speed and attenuation) (Hattori et al. 2010). Strick-
land et al. (2003) examined the biomechanical properties of sheep knee ligaments 6 
months following random assignment to sham-operated, ovariectomy, ovariectomy 
+ estradiol implant, as well as low-dose and high-dose raloxifene (estrogen receptor 
agonist) groups. For this study, estradiol was administered at concentrations near 
2 pg/ml, which was deemed similar to that experienced during the normal luteal 
phase of their estrus cycle. While the ultimate stress of the ram was greater than the 
ewes, they observed no difference in ligament strength (maximum force, stiffness, 
energy to failure) between groups. Similar findings were reported by Wentorf et al. 
(2006), who examined the mechanical properties of the ACLs and patellar tendons 
obtained from Cynomolgus macaque monkeys two years after they were divided into 
sham-operated and ovariectomized groups. They found no difference in any of the 
mechanical or material properties tested, including failure load, stiffness, elongation 
at failure, ultimate stress or strain, or energy at failure. A strength of the latter study 
is that monkeys were examined, who closely mirror the estrogen levels and cyclic 
variations of the human menstrual cycle (Goodman et al. 1977). 

While these studies suggest that mechanical properties of the ACL may not be 
substantially altered after prolonged exposure to different physiological concentra-
tions of estrogen (6 months to 2 years) (Strickland et al. 2003; Wentorf et al. 2006), 
the tissue may be more affected by acute changes (5 weeks) (Hattori et al. 2010; Yu  
et al. 2001). This was also demonstrated by Lee et al. (2015) who examined changes 
in both collagen production, collagen content, and mechanical properties in engi-
neered ligaments derived from human female and male ACLs. While they observed 
increases in collagen production with low (5 pg/ml), medium (50 pg/ml), and high 
(500 pg/ml) physiological concentrations of estradiol for 14 days, they observed no 
change in the mechanical properties of the ACL. Only when they exposed the liga-
ments to the higher estrogen levels for a short time (500 pg/ml for 48 hours) did 
they observe a decrease in tensile strength and mechanical stiffness. Moreover, this 
change in mechanical properties was not attributable to a decrease in collagen, but 
rather due to inhibition of lysyl oxidase (LOX) activity, the primary enzyme that 
produces collagen cross-links. Appreciating the stable nature of collagen, this may 
provide a more plausible explanation for acute changes in ligament behavior that 
have been observed across the menstrual cycle (see next section). 

Future studies should examine more acute, physiological changes in estradiol 
concentrations that more closely mimic what women experience and include sex 
hormones other than estrogen (either in combination or isolation), as estrogen alone 
may not be responsible for changes in ligament properties. Given the attenuating 
hormone effects on collagen metabolism over time described by Yu et al. (1999, 
2001), and the cyclic variations that occur in sex hormones across the female 
menstrual cycle, examining both acute and chronic effects seems prudent. Work by 
Lee et al (2015) suggests we need to look beyond collagen content to factors that have 
the potential to change more transiently (e.g., collagen cross-links). Finally, more
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studies using human models are recommended. While data from various animal 
studies have improved our understanding of the effects of estradiol on mechanical 
properties of the ligament, their clinical relevance to the human ACL is uncertain 
since non-primates have estrous cycles rather than menstrual cycles and therefore 
experience very different hormone profiles (Griffin et al. 2006). 

Effect of Sex Hormones on Knee Joint Laxity 

While direct biomechanical measurement of the mechanical properties of the ACL 
is not possible to obtain in vivo, indirect noninvasive clinical measures of knee joint 
behavior provide important insights into the structural integrity of the ACL and the 
biological processes that may mediate its structural integrity. 

Sex Differences in Knee Laxity and ACL Injury Risk 

Anterior knee laxity (the amount of anterior displacement of the tibia relative to 
the femur when an anterior directed load is applied to the posterior tibia) is often 
used to characterize an individual’s ACL integrity, because the ACL acts as the 
primary restraint to this motion (Butler et al. 1980). Research has shown that ACLs 
that are smaller would be less volume, smaller cross sectional area (Wang et al 
2016, 2021) and that are less dense (fewer collagen fibers per unit area) and have 
lower mechanical properties (less strain/stress at failure)(Chandrashekar et al. 2006; 
Hashemi et al. 2008) tend to be more lax. It is well documented that females have 
smaller ACLs (Cone et al. 2019) and greater anterior knee laxity compared males 
(Scerpella et al. 2005; Rozzi et al. 1999; Shultz et al. 2005; Beynnon et al. 2005; 
Uhorchak et al. 2003; Nguyen and Shultz 2007), and both smaller ACLs (Chaudhari 
et al. 2009; Whitney et al. 2014; Wang et al. 2020) and greater knee laxity (Uhorchak 
et al. 2003; Vacek et al. 2016) have been associated with a greater risk of ACL 
injury. In fact, two large multivariate studies have identified anterior knee laxity 
to be among the strongest independent predictors of ACL injury in females. In a 
prospective study of US military cadets, the risk of ACL injury was 2.7 times greater 
when females had AKL values ≥1 SD above the mean (Uhorchak et al. 2003). In a 
prospective cohort study with a nested, matched case–control analysis of high school 
and college aged athletes, anteroposterior knee laxity was a significant predictor in 
the final multivariate model along with greater body mass index (BMI = weight 
in kilograms/height in meters2) and having a parent with history of ACL injury in 
females (Vacek et al 2016). Specifically, females with knee laxity values 1sd (2.7) 
and 2 sd (5.4 mm) above the mean had a 70 and 140% greater risk of suffering an 
ACL injury. 

There are two likely mechanisms through which greater knee laxity is associated 
with a greater risk of ACL injury. One is a biomechanical mechanism where the
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ACL acts as a passive restraint to control tibial motion during weight bearing tasks. 
Studies have shown that greater knee laxity is associated with greater anterior tibial 
translation of the tibia on the femur during the transition of the knee from non-weight 
bearing to weight bearing (Shultz et al. 2006b), a stiffer (less absorptive) landing upon 
ground contact that leads to greater knee extensor loads (Shultz et al. 2010b, 2013), 
and greater knee valgus motion and moments during landing (i.e., a more inward 
collapse of the knee) (Shultz and Schmitz 2009), all of which have the potential to 
increase loading of the ACL during weight bearing activities. 

The second is a biological mechanism. Sex differences in ACL size and laxity 
are thought to be modulated by metabolic/remodeling processes that regulate the 
material properties of the ligament (Comerford et al. 2005; Chandrashekar et al. 
2006). This is supported by animal studies, where greater laxity was associated with 
ligament biomarkers indicative of greater collagen turnover (Comerford et al. 2005; 
Quasnichka et al. 2005), more immature cross-links (Quasnichka et al. 2005), and 
lower failure loads (Comerford et al. 2005; Quasnichka et al. 2005; Wang et al. 
2006). Given the potent effects of sex hormones on collagen metabolism and cross-
links previously described, the changing sex hormone concentrations that females 
experience likely play a critical role in the biological processes that contribute to 
their greater magnitudes of knee laxity, thus their greater risk of ACL injury. 

Sex Hormone Effects on Knee Laxity 

Boys and girls have similar magnitudes of knee laxity prior to puberty. During matu-
ration, knee laxity decreases in males to a greater extent than females (Ahmad et al. 
2006; Shultz et al. 2008), and this results in greater average knee laxity values in 
females compared to males throughout adulthood (Scerpella et al. 2005; Rozzi et al. 
1999; Shultz et al. 2005; Beynnon et al. 2005; Uhorchak et al. 2003; Nguyen and 
Shultz 2007). Additionally, females are unique in that they experience substantial 
changes in knee laxity across their menstrual cycle. Studies have largely concluded 
that knee laxity is generally greater in the peri-ovulatory days of the cycle and, to 
a lesser extent, in the mid-luteal days of the cycle compared to the days of menses 
(Herzberg et al 2017; Somerson et al. 2019). When sex hormones and knee laxity 
changes are tracked and compared daily across one complete menstrual cycle, knee 
laxity was observed to change on average 3–4 days following changes in sex hormone 
concentrations (Shultz et al. 2004). When this time delay was accounted for, changes 
in estradiol, progesterone, testosterone, and their interactions explained on average 
63 ± 7.7% of the variance in knee laxity changes (compared to 5.4 and 26% when 
changes in estradiol alone or in combination with progesterone and testosterone were 
examined without accounting for this time delay) (Shultz et al. 2004). However, the 
magnitude of change in knee laxity was quite variable among the women studied 
(range 1.5–5.3 mm) and was found to be more pronounced in response to rising 
concentrations of estradiol and testosterone in women who had lower minimum estra-
diol and higher minimum progesterone concentrations at menses (a more androgenic
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environment) (Shultz et al. 2006a). This individual variability in hormone profiles 
and knee laxity responsiveness is important for clinicians and scientists to under-
stand, as it may expose some women to a greater risk of injury compared to others. 
For example, studies have shown that those who experience greater acute increases 
in knee laxity are more likely to move toward higher risk biomechanics when knee 
laxity is increased, including greater anterior tibial translation during the transition 
from non-weight bearing to weight bearing (Shultz et al. 2011a), greater knee stiff-
ness upon landing (Shultz et al. 2013), and greater dynamic knee valgus movement 
and forces during landing and cutting maneuvers (Park et al. 2009b; Shultz et al. 
2012a). 

To further understand the mechanisms by which sex hormone changes may lead 
to knee laxity changes, Shultz et al. (2012b) completed a secondary analysis of their 
data by assaying serum markers of collagen production (CICP; C-terminal propep-
tide of collagen type I) and degradation (ICTP; carboxyterminal telopeptide of type I 
collagen) and insulin-like growth factor-I (IGF-I; a mediator of collagen production) 
(Malloy 2003). Their purpose was to determine if normal physiological changes 
in hormone concentrations across the menstrual cycle were sufficient to stimulate 
changes in collagen metabolism, and if these changes in collagen metabolism coin-
cided with the changes in knee laxity observed. They also compared eumenorrheic 
females to females taking oral contraceptives (who were expected to maintain more 
stable hormone concentrations). Based on prior study findings (Hansen et al. 2008; 
Hansen et al. 2009; Wreje et al. 2000; Yu et al.  2001), it was expected that concentra-
tions of CICP, ICTP, and IGF-I would generally be lower (i.e., collagen production 
and synthesis depressed) during days of the cycle when estradiol levels were elevated, 
and that greater suppression of collagen synthesis (greater decreases in CICP, ICTP, 
and IGF-I concentrations) would be associated with greater anterior knee laxity. 
Results revealed that serum levels of CICP and ICTP tended to be higher during the 
days of menses, then decreased during the peri-ovulatory and luteal days compared to 
menses while IGF-I values stayed relative stable (Shultz et al. 2012b). This decrease 
in CICP and ICTP was most pronounced in the initial days post-ovulation when 
estrogen was rising unopposed, and this effect began to attenuate in the early luteal 
phase once progesterone began to rise. When these data were compared to women 
taking oral contraceptives, eumenorrheic women generally had lower CICP and 
ICTP concentrations and tended to demonstrate more variability in these concen-
tration changes across time compared to women on oral contraceptives. However, in 
both groups, decreasing CICP concentrations and increasing IGF-I concentrations 
predicted increasing anterior knee laxity across the cycle (R2 = 0.310 and 0.400). 
While these results tend to support the findings from in vitro cell culture models that 
increasing estradiol concentrations have the potential to influence collagen synthesis 
and ligament integrity in a dose-dependent and negative manner, this study repre-
sents a fairly rudimentary step in attempting to understand these mechanisms. When 
markers of Type I collagen synthesis and degradation are measured in the serum, they 
represent changes from a variety of collagen tissue and do not directly represent the 
local environment of the knee (Hansen et al. 2008, 2009). Additionally, the temporal 
sequencing of these changes was not examined, which makes it difficult to ascertain
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the sequencing of these events with the times in the cycle when ACL injury risk may 
be elevated (Renstrom et al. 2008). Further research examining these mechanisms is 
warranted. 

Summary 

It is clear that sex hormones have the potential to have a profound effect on collagen 
metabolism in a way that may impact the structural integrity of the ACL, which may 
impact both the functional stability of the knee and the resiliency of the ligament 
to external loading. There remains much we do not know about the mechanisms 
through which these hormone actions occur, the time dependency of these actions, 
or the hormone profiles that are most likely to contribute to an inferior collagen 
structure or a more lax ligament. It should also be noted that the majority of in vivo 
studies examining hormone effects on knee laxity and injury risk are limited to 
eumenorrheic females with “normal” cycles that are consistent month to month. 
Menstrual dysfunction in exercising females is common, and reported to be as high 
as 50% in some athletic populations (DeSouza et al. 2010; Thein-Nissenbaum et al. 
2014; Tourville et al. 2016; Vescovi 2011), and current sampling techniques cannot 
distinguish between ovulatory and anovulatory cycles. Given the high prevalence of 
menstrual dysfunction, it is equally important to examine relationships between sex 
hormones, collagen metabolism, ligament behavior, and ACL injury risk in oligomen-
orrheic and amenorrheic females. In fact, limited research suggests that the risk for 
severe musculoskeletal injury may be somewhat higher in high school female athletes 
who experience menstrual cycle disturbances (i.e., those with nine or fewer cycles in 
previous year and those with primary amenorrhea) (Thein-Nissenbaum et al. 2012). 
Moreover, a large percentage of physically active females use oral contraceptives, 
which may also differentially exert their influence on ligament structures. The effect 
of oral contraceptive use will be covered in the next section. 

Contraceptive Hormones 

A large portion of physically active females use oral contraceptives (OC) for a variety 
of reasons. Research estimates that 8–14% of adolescents and 27–42% of collegiate 
females (and as high as 70% in collegiate soccer athletes) use birth control hormones 
of some kind (Agel et al. 2006; Beals and Manore 2002; Miller et al. 1999; Paulus 
et al. 2000; Thein-Nissenbaum et al. 2014). Because contraceptive hormones stabilize 
and lower endogenous sex hormone levels, it is often theorized that these stabilizing 
effects would have a protective effect against ACL injury. To date, however, there 
is limited evidence in the literature to support this. In two studies that included a 
control group to account for proportional population statistics, there was no evidence 
that OC users were at lower risk for ACL injury in female athletes (Agel et al. 2006; 
Ruedl et al. 2009). However, in more recent case–control studies using large national
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insurance databases (De Froda et al. 2019;Gray et al.  2016; Rahr-Wagner et al. 2014), 
studies consistently observed a ~20% reduction in injuries in those using OCs. Two 
of these studies suggest this protective effect may change over time and may be most 
effective in the 15–19 year age group (Gray et al. 2016; De Froda et al. 2019). Gray 
et al. reported that ACL-reconstructed females who were 15–19 years of age were 
18% less likely to use OC in the 12 months preceding the injury date than matched 
controls, while those who were 25–34 years of age were 15% more likely to use 
OCPs than matched controls. De Froda et al. reported that the overall reduction in 
ACL injury in the OCP group was largely driven by 15–19 year olds, where the risk 
reduction was 63%. While this may suggest that the duration of OCP use may modify 
its effect on ACL injury risk over time, these latter studies were not specific to sport 
participation and only represent those who underwent ACL reconstruction. Because 
athletes are more likely to use OCs and seek reconstructive surgery so that they 
can continue sport participation, this may have introduced a bias in the proportional 
use of OCPs in ACL-reconstructed cases versus control subjects. Thus, while these 
results may be promising, more research is needed to confirm a potential protective 
effect of OCPs. 

Although contraceptive hormones stabilize and lower endogenous hormone levels 
(Clark et al. 2001; Coney and DelConte 1999; Henzyl 2001; London et al. 1992), 
and may also reduce relaxin concentrations (Nose-Ogura et al. 2017), they are also 
biologically active and able to exert their influence on soft tissue structures. It is often 
posited that contraceptive hormones provide a more stable, predictable hormone envi-
ronment, yet this environment may differ widely depending on how the contracep-
tive hormone is administered. For example, dosing can be monophasic or triphasic, 
and therefore, concentrations may or may not vary over the 21 pill days of the 
cycle. The concentration of exogenous estradiol (ethinyl estradiol) and progesterone 
(progestogen) can also differ and can be as much as three to five times and one to two 
times higher, respectively, than normal, physiological endogenous levels (Burrows 
and Peters 2007). Also, while ethinyl estradiol is the only form of synthetic estrogen 
used in OCs, multiple progestogens are used (e.g., levonorgestrel, norethindrone, 
desogestrel, norgestimate, gestodene). Because the type, potency, and androgenicity 
of these progestogens may differ, the extent to which the progestogen counteracts 
the estrogenic effects may also differ (Burrows and Peters 2007). 

These variations in oral contraceptive preparations may in part explain incon-
sistent findings when comparing the effects of OCs on collagen metabolism, tissue 
structure, and knee joint laxity. Wreje et al. (2000) compared serum markers of 
collagen synthesis and degradation prior to and following 2 months administration 
of an oral contraceptive that contained a progestogen with high androgenicity in 
healthy women. They reported lower concentrations of serum markers of collagen 
synthesis and degradation after OC administration as compared to pre-administration 
when measured during the luteal phase (Wreje et al. 2000). Hansen and colleagues 
compared local markers of tendon collagen synthesis and collagen fibril diame-
ters during the luteal days of women on OCs (which contained high estradiol 
dosing and a progestogen with low androgenicity) compared to days of menses in 
eumenorrheic women (when hormones are at their nadirs). They observed reduced
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markers of collagen synthesis and smaller tendon fibril diameters in women using 
OCs (Hansen et al. 2008, 2009). However, in subsequent analyses, they found no 
detrimental effects on tendon biomechanical properties, tendon fibril characteris-
tics, or collagen cross-linking when comparing women who were long term users 
of OC versus non-OC users (Hansen et al. 2015). In other work comparing OCP 
versus eumenorrheic females across multiple days of the cycle, women on various 
types of OCs were reported to have higher concentrations of markers of both 
collagen synthesis and degradation (CICP and ICTP), and these differences were 
most pronounced when eumenorrheic women were at peak estradiol concentrations 
in the post-ovulatory/early luteal days of the cycle (Shultz et al. 2012b). Moreover, 
secondary correlational analyses suggested that the OCs that contained progestogens 
with greater androgenicity were more likely to be associated with decreases in IGF-I 
(marker of collagen production) and ICTP (marker of collagen degradation) concen-
trations than OCs that contained progestogens with lower androgenicity. In all three 
studies, IGF-I concentrations (a mediator of collagen production) were reported to 
be lower in women using oral contraceptives, particularly when comparisons were 
made in the luteal phase (Hansen et al. 2008, 2009; Shultz et al. 2012b; Wreje et al. 
2000). 

Limited studies have examined the effects of OCP use on knee laxity (Konopka 
et al. 2019). In studies comparing knee laxity in OC users and nonusers, one study 
observed no group differences in knee laxity (Pokorny et al. 2000) while another 
observed lower knee laxity in OC users (Martineau et al. 2004) when a single sample 
was measured on a random day during the cycle. When laxity changes were compared 
at different phases of the menstrual cycle, OC users were reported to have less anterior 
knee laxity than nonusers at all points, but this was most pronounced when knee laxity 
was increased in eumenorrheic women during ovulatory and luteal test days (Lee 
et al. 2014). When compared daily across the menstrual cycle, similar laxity values 
were observed for OC and eumenorrheic females across the majority of test days 
except for the early luteal phase (post-estrogen peak, before the rise in progesterone 
levels) when eumenorrheic females were found to increase their laxity values (Shultz 
et al. 2012b). In both studies (Lee et al. 2014; Shultz et al. 2012b), laxity values were 
more stable over time in women using OCs versus eumenorrheic women. 

Summary 

It is difficult to build a clear consensus of the effects of OC use on collagen metabolism 
knee laxity and ACL injury based on current literature because studies vary so much 
in the timing of sample(s) acquisition as well as in the type of OC administered 
(e.g., dosage of ethinyl estradiol and progestogen delivered, consistency of hormone 
concentrations over the cycle, and the androgenicity of progestogen). Because the 
patterns of variability in serum markers and knee laxity values are different across 
the cycle in OC users versus eumenorrheic females (Gorai et al. 1998; Shultz et al. 
2012b), it is difficult to compare findings when serum samples are acquired at a single
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random time point or at different phases of the cycle. Further, findings by Shultz et al. 
(2012b) suggest the need to control for dosage and periodicity of the estrogen, and 
the androgencity and potency of the progestins administered. A greater focus on the 
physically active female is also important. Addressing these limitations will help to 
further elucidate if OCs (or certain types of OCs) have a negative or positive effect 
on collagen metabolism, tissue integrity, and injury risk. 

Relaxin 

Although relaxin has been traditionally considered a pregnancy hormone responsible 
for relaxing pelvic ligaments in preparation for labor (Samuel et al. 2007), it is also 
detectable in the serum of non-pregnant females (Dragoo et al. 2011b; Johnson et al. 
1993; Pehrsson et al. 2007; Stewart et al. 1990; Wolf et al.  2013b; Wreje et al. 1995). 
Relaxin is typically lower during the follicular phase, then rises by day 6 and peaks 
within 8–10 days following the LH surge at ovulation (Bryant et al. 1975; Johnson 
et al. 1993; Stewart et al. 1990; Wreje et al. 1995). However, actual levels can vary 
widely among females within this window both in magnitude and timing (Casey 
et al. 2018), with some having undetectable levels and others having unusually high 
levels that are similar to pregnancy concentrations (Dragoo et al. 2011b; Stewart  
et al. 1990). Additionally, some women are reported to have episodic peaks during 
the follicular phase (Bryant et al. 1975), while others have abnormally high values 
throughout the cycle (Bryant et al. 1975; Stewart et al. 1990). These interindividual 
variations in relaxin levels are likely in part due to large, interindividual variability in 
the timing and magnitude of sex steroid concentrations (Shultz et al. 2004, 2011b), 
as relaxin secretion and its impact on collagen metabolism are thought to be largely 
regulated by estradiol (Dragoo et al. 2011b; Konopka et al. 2016; Johnson et al. 1993; 
Wreje et al. 1995). 

Relaxin and Collagen Metabolism 

Relaxin is a member of the insulin superfamily of peptide hormones which initiate 
their actions by binding to receptors on the cell surface, utilizing cellular signaling 
pathways to further transmit messages, ultimately resulting in altered cellular func-
tion. Relaxin-2 is the predominant circulating form of relaxin in humans (Sherwood 
2004). While it is difficult to study the effect of relaxin on collagen metabolism in 
human knee ligaments in situ, in vivo and in vitro animal studies and human cell 
culture studies suggest that relaxin administered at physiological levels can have a 
profound effect on soft tissue remodeling (ligament fibrocartilage, articular cartilage, 
tendon, and dermal). Specifically, circulating relaxin increases expression of relaxin 
receptors on target tissues (Kang et al. 2014), leading to dose-dependent increases 
in the expression of matrix metalloproteinases (MMPs) for collagenases (MMPs 1
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and 13), gelatinases (MMP 2 and 9), and stromelysins (MMP 3) that break down 
fibrillar collagens, fibrocartilage, and extracellular matrix proteins (Konopka et al. 
2016; Naqvi et al. 2005; Takano et al. 2009; Unemori and Amento 1990). Relaxin also 
decreases the expression of Type I, III, and IV collagen in a dose-dependent manner 
(Kang et al. 2014; Takano et al. 2009; Unemori and Amento 1990) and modestly 
reduces expression of tissue inhibitors (TIMPs) that regulate collagenase activity 
(Takano et al. 2009; Unemori and Amento 1990). These collagenolytic effects have 
also been shown in fibrotic and healing tissues where collagen synthesis and depo-
sition (thus scar formation) were greatly reduced (Kang et al. 2014; Negishi et al. 
2005). The net effect of this tissue remodeling is a less organized (Unemori et al. 
1993) and less dense (both in fiber diameter and density) collagen structure (Naqvi 
et al. 2005; Unemori et al. 1993). Because these same tissue properties have been 
associated with a more lax (less stiff) and structurally weaker ligament in ACL animal 
models (Comerford et al. 2005; Dragoo et al. 2009; Fleming et al. 2011; Quasnichka 
et al. 2005; Hashem et al. 2006), these findings provide evidence of the potential for 
relaxin to alter ligament structure and function in ways that may contribute to greater 
ligament laxity and risk of ACL injury. 

Because of the stability of collagen, the aforementioned changes are thought 
to result more from chronic exposure (Dragoo et al. 2011a; Konopka et al. 2016) 
and more likely explain the higher baseline laxity values and perhaps structural 
weakening of the female ACL over time. Yet there is evidence that relaxin may 
also contribute to acute elongations of the ligament by interrupting interfibrillar 
bonds, allowing the fibers to slip and reorient (Wood et al. 2003). This collagen 
sliding has been demonstrated in rat tail tendon where a fluorescent dye was used 
to label collagen fibers, and changes in fiber orientation were observed over 48 h 
while the tendon was under strain (Wood et al. 2003). Tendons treated with relaxin 
demonstrated significantly more creep than controls within 3 h of relaxin exposure 
(3% vs. 1% of tendon length), and this creep gradually increased over 48 h (10– 
12% vs. 1%). Hence, acute collagen fiber sliding provides a plausible explanation 
for the acute increases in knee laxity that are commonly observed in females during 
the luteal phase of the menstrual cycle (i.e., similar in timing to the rise in relaxin 
concentrations) (Shultz et al. 2004, 2010a; Deie et al.  2002; Heitz 1999). This would 
also be consistent with the findings of Lee et al. (2015) who observed inhibition of 
collagen cross-links with acute changes in estradiol exposure. This collagen fiber 
sliding may also explain why greater relaxin concentrations were associated with 
decreased tendon stiffness (r2 = 0.31), but not changes in cross-sectional area, when 
human tendon force-elongation characteristics were examined across three times 
points in the menstrual cycle (Pearson et al. 2011). 

Relaxin, Knee Laxity, and ACL Injury 

Relaxin receptors have been identified on the human ACL (Dragoo et al. 2003; Fary-
niarz et al. 2006; Galey et al. 2003) and are therefore capable of directly impacting
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ACL laxity and structural integrity. Relaxin receptors on the human ACL are reported 
to be more prevalent in females versus males (Dragoo et al. 2003; Faryniarz et al. 
2006; Galey et al. 2003) and in younger versus older women (Galey et al. 2003). 
Since collagen is the main load bearing structure of the ACL, the acute and chronic 
effects of relaxin on collagen organization and content previously described suggest 
that higher serum relaxin concentrations may lead to clinically relevant increases 
in laxity and weakness of the ACL (Dragoo et al. 2003). This is supported by a 
prospective study of Division I female athletes where relaxin levels were threefold 
higher and more variable in those who suffered an ACL injury compared to non-
injured controls (6.0 ± 8.1 vs. 1.8 ± 3.4 pg/mL) and where females with relaxin 
levels greater than 6.0 pg/mL were reported to be four times more likely to suffer 
an ACL injury (Dragoo et al. 2011a). While the authors theorized this increased risk 
was likely due to altered ligament laxity and strength (Dragoo et al. 2011a, 2012), 
laxity was not measured in these participants. The likelihood of greater knee laxity 
in these individuals is supported by an animal model where guinea pig ACLs treated 
with relaxin at pregnancy levels were 13% more lax and 36–49% weaker (Dragoo 
et al. 2009). Other retrospective work indirectly corroborates these findings, as both 
serum relaxin and knee laxity values were significantly higher in females with a 
history of ACL injury compared to uninjured controls (Arnold et al. 2002). 

Few studies have examined associations between relaxin and joint laxity in eumen-
orrheic females, and results are inconclusive (Konopka et al. 2019). Three studies 
by one group of authors reported no significant correlations between serum relaxin 
levels and general joint laxity (Wolf et al. 2013a, b, 2014). However, they only 
sampled relaxin at one time point, and this was not timed with the mid-luteal phase 
when relaxin is known to be elevated (Anderson et al. 2019; Casey et al. 2018). 
It is unlikely that representative peak relaxin levels were obtained in many of these 
women, and this may explain the large proportion of females they reported with unde-
tectable levels (58–80%). One study examined anterior knee laxity while obtaining 
weekly samples of serum relaxin and anterior knee laxity for 4 weeks in 57 collegiate 
non-pregnant females (eight of which were ACL injured) (Arnold et al. 2002). Both 
serum relaxin and anterior knee laxity were higher in ACL injured versus non-injured, 
but no significant within-day correlations were identified. One sample was obtained 
each week, and the timing of each sample relative to known hormone events was 
not controlled (Arnold et al. 2002). Once again, considering the relatively transient 
peak in relaxin (Johnson et al. 1993; Stewart et al. 1990; Wreje et al. 1995), it is 
unclear how accurately minimum and peak relaxin was captured in all females, thus 
the magnitude of change in relaxin these women experienced. It is also unknown 
whether the relaxin concentrations obtained on the day of laxity testing would suffi-
ciently characterize the relationship between relaxin and either baseline or cyclic 
increases in laxity. 

Prior studies have not controlled for circulating sex hormone concentrations. This 
may be important in clarifying relationships between relaxin, knee laxity, and injury 
risk, as sex hormones are reported to alter the effect of relaxin on collagen struc-
ture and metabolism (Dehghan et al. 2014a, b; Hashem et al. 2006; Naqvi et al. 
2005) and circulating estradiol is considered a primary regulator of relaxin secretion
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(Johnson et al. 1993; Konopka et al. 2016; Wreje et al. 1995). Konopka demon-
strated that ACL cells obtained from human female donors that were treated with 
relaxin and primed with estrogen showed a greater increase in MMP1 and MMP3 
expression and greater decreases in Type I and III collagen expression compared 
to those treated with estrogen alone. In ovariectomized rabbits, relaxin secretion 
increased when primed with estradiol, and total collagen content in knee artic-
ular and temporomandibular joint (TMJ) fibrocartilage decreased with adminis-
tration of relaxin, estradiol, and relaxin+estradiol, while it was maintained with 
relaxin+progesterone or relaxin+estradiol+progesterone (Hashem et al. 2006). In 
rabbit cell cultures, MMP1 and MMP2 expression were 1.7-fold higher when relaxin 
and relaxin+estradiol were administered at normal physiological levels, and this was 
substantially greater than when estradiol was administered alone (Naqvi et al. 2005). 
In ovarectomized rats, relaxin+estrogen, and relaxin+progesterone resulted in a dose-
dependent increase in relaxin protein and mRNA expression in medial collateral 
ligaments and patellar tendons (Dehghan et al. 2014a), while relaxin+testosterone 
downregulated this response and subsequently inhibited an increase in passive knee 
motion that was observed with relaxin administration alone (Dehghan et al. 2014a, 
b). Although relaxin and estrogen are strongly correlated within a day (Johnson et al. 
1993; Wreje et al. 1995), and estrogen is thought to be the primary regulator of relaxin 
secretion (Johnson et al. 1993), their combined impact on collagen metabolism is 
unclear as some studies suggest that estrogen does not enhance or alter relaxin’s 
effect on target tissue (Dehghan et al. 2014a, b; Hashem et al. 2006; Naqvi et al. 
2005), while other works suggest it does (Konopka 2016). Because progesterone 
and testosterone are reported to modify relaxin expression in target tissues, it may be 
important to control for these hormone levels when examining associations between 
relaxin, knee laxity, and ACL injury risk. The potential for progesterone and testos-
terone to downregulate relaxin expression and subsequently inhibit an increase in 
passive knee motion (Dehghan et al. 2014a, b) may also explain in part the highly 
variable associations previously observed between sex hormone changes and knee 
laxity changes in eumenorrheic women (Shultz et al. 2004, 2006a). 

Together, these findings support the need for future in vivo studies examining the 
relationship between relaxin, knee laxity, and ACL injury risk in normal menstruating 
females. Future work should consider: (1) timing the sampling of relaxin to known 
hormone events (i.e., rather than calendar days of the cycle), (2) ideally obtaining 
serial measures around the time that relaxin is known to be at its nadir and peak 
levels in order to fully capture an individual’s relaxin profile, and (3) accounting for 
circulating sex hormone concentrations to control for their moderating effects when 
characterizing these relationships. 

Summary and Future Directions 

Greater knee joint laxity has consistently been associated with a greater risk of 
ACL injury. Females, who are at greater risk for ACL injury, have consistently
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been shown to have greater and more variable knee laxity than males both in terms 
of absolute magnitude and in the cyclic increases and decreases they experience 
across their menstrual cycle. While greater laxity in vivo has been shown to have 
detrimental biomechanical effects on knee stability during sport activity, there is 
also strong evidence that greater knee laxity in females is also associated with a 
smaller, less dense, less organized, and structurally weaker ligament that in part 
results from metabolic and remodeling processes that influence ligament structural 
integrity. The factors that differentially regulate these processes in females versus 
males and cause one female to have more laxity than another are complex and remain 
poorly understood. 

What is clear is that sex steroid hormones (both endogenous and exogenous) and 
relaxin likely play a role in these processes given their potential to exert tremendous 
influences on the metabolism and structural and mechanical properties of soft tissue 
structures. However, we are just beginning to understand the extent to which normal 
physiological variations in these hormones impact the structural and mechanical 
properties of the ACL in a way that renders it more susceptible to injury in vivo. This 
work is challenging because of the large variability in hormone profiles in physically 
active women, and the potential time dependency of the tissues responsiveness to 
hormones, which make it difficult to understand these relationships without prospec-
tively tracking hormone concentrations and variables or outcomes of interest over 
time. Addressing this individual variability and time dependency in future study 
designs is critical if we are to better align the time of injury occurrence with acute 
changes in ACL structure and metabolism and understand how the rate of increase or 
time duration of elevated hormone concentrations impacts ligament integrity (Shultz 
et al. 2015). Unfortunately, the study designs commonly used in this area of research 
fall well short of the complexity of these issues. The scientific community must 
become more vigilant in verifying the hormonal milieu at the time of and prior to the 
time of injury or outcome measurement of interest. This will likely require multiple 
samples taken over repeated days to accurately characterize a female’s hormone 
environment. 

Moreover, it is becoming increasingly evident that there is no one hormone that 
acts independently to exert these effects, but rather there is likely a complex interac-
tion among multiple hormones and other relevant factors such as exercise status and 
one’s genetic makeup. It is also critical that we expand our study designs to women 
taking contraceptive hormones and those who experience menstrual dysfunction 
(amenhorreic, oligomenorrheic), given the high prevalence of these conditions in 
physically active females. Despite these challenges, this remains an important area 
of study if we are to fully elucidate the underlying mechanisms for the increased risk 
of ACL injury in females and develop the most effective intervention strategies to 
mitigate that risk. 
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RPE Rate of perceived exertion 
s Second(s) 
VE Minute expired ventilation 
VO2 Oxygen uptake 
VO2peak Peak oxygen uptake 
VCO2 Carbon dioxide production 
W Watt(s) 
yr Year(s) 

Introduction 

Continuous, whole-body, dynamic exercise that is fueled predominately by the 
aerobic energy system is considered endurance exercise, with efforts/events lasting 
greater than 6 h deemed ultra-endurance exercise (Zaryski and Smith 2005). 
Endurance exercise includes efforts at intensities ranging from moderate to severe 
with the contribution of the aerobic energy system ranging from 50% to almost 
100% (Burnley and Jones 2007). Ultimately, endurance exercise performance can 
only be resolved by event placings or time trials. However, due to the complexity 
of experimental control on event performances (e.g., environmental conditions) and 
variable female sex hormone profiles (e.g., fluctuating hormones across the menstrual 
cycle; MC), little data are available confirming or refuting a relationship between 
female sex hormones and endurance exercise performance. Nonetheless, endurance 
exercise performance can be predicted by measuring physiological characteristics 
such as peak oxygen uptake (VO2peak), intensity domain thresholds, and exercise 
economy (Joyner 2017). While psychological determinants of endurance exercise 
performance are less well understood, characteristics such as achievement behavior, 
pain tolerance, and self-efficacy also play an important role (Cooke et al. 2011). 

Optimization of performance in endurance events involves the integration of 
various biological systems, including the musculoskeletal, cardiovascular, respira-
tory, and nervous systems to defend homeostasis and sustain repeated muscle contrac-
tions. The female sex hormones, estrogen and progesterone, have been reported to 
affect the musculoskeletal (Enns and Tiidus 2010), nervous (McEwen and Alves 
1999; Mercuro et al. 2000), respiratory (Harms 2006), and circulatory (Sarrel 1990) 
systems as well as immunological (Timmons et al. 2005; Larsen et al.  2020), ther-
moregulatory (Charkoudian and Stachenfeld 2014), and metabolic (Tarnopolsky et al. 
2000; Weber and Schneider 2002) processes. Therefore, it is reasonable to propose 
that changes to the female sex hormone profile could affect endurance exercise perfor-
mance as well as the rate and magnitude of changes to the physical and psycholog-
ical characteristics associated with improved endurance exercise performance with 
training. 

This chapter aims to present an overview of the physical and psychological charac-
teristics used to predict endurance exercise performance and consider how female sex
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hormones may influence these characteristics and performance outcomes. Given the 
paucity of data investigating the effect of female sex hormones on endurance exercise 
performance and endurance-type adaptations to training in women, this chapter is 
limited to interrogating the physical and psychological characteristics used to predict 
performance in endurance events, as well as the limiting factors for these character-
istics. To that end, limiting factors related to societal influence on endurance exercise 
performance are not considered here. 

Female Sex Hormone Profiles 

To support theoretical relationships between female sex hormones and physical and 
psychological characteristics, two of the seven potential female sex hormone profiles 
of athletes are the focus of this chapter (see Table 9.1), including the MC phase in 
naturally-cycling women and women taking hormonal contraception (HC).

Effect of Female Sex Hormones on Endurance Exercise 
Events, Time Trials, and Field-Test Performances 

At present, there is limited evidence to support the notion that female sex hormones 
affect endurance exercise performance in competitive events such as the Marathon, 
a 400-m swim, or 1-km track cycling. Nonetheless, examining the results of planned 
time trials among different female sex hormone profiles (i.e., MC phase, HC) provides 
the impetus to ask the question, “Do female sex hormones affect endurance exercise 
performance?”. 

Several studies have demonstrated poorer endurance exercise performances in 
the luteal compared with the follicular phase of the MC. For example, in a 
1000-m time trial, Redman and Weatherby (2004) reported that rowing performance 
was enhanced during the early-follicular compared to the mid-luteal phase of the 
MC. Furthermore, Freemas et al. (2021) reported that fifteen recreationally active 
naturally-cycling women were 26 ± 36 s faster in an 8-km cycling time trial during 
the follicular (17.8 ± 1.7 min) compared with the mid-luteal (18.3 ± 2.0 min) phase 
of their MC. Finally, Campbell et al. (2001) reported that fasted subjects completed 
4 kJ/kg of work 13% more quickly during a cycling time trial in the follicular phase 
compared with the luteal phase of the MC. This trend is mirrored in field tests of 
endurance exercise performance whereby female football athletes demonstrated that 
performance on the Yo-Yo Intermittent Endurance Test was lower during the mid-
luteal (2833 ± 896 m) compared with the early-follicular (3288 ± 800 m) phase of 
the MC, as indicated by magnitude-based inferences suggesting a 39% probability of 
inferior performance during the mid-luteal phase (Julian et al. 2017). However, these 
findings are not categorical; others have either reported no difference in endurance
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Table 9.1 Female sex hormone profiles 

Profile Description Hormone profile 

Menarche First occurrence of a menstrual 
period in female adolescents 

Variable levels of estrogen and 
progesterone for the first 2 yr 
from start 

Eumenorrhea Naturally-cycling women (i.e., 
no HC) with MC lengths of ≥ 
21 d and  ≤ 35 d and evidence of 
luteinizing hormone surge 

Repeating pattern of fluctuating 
estrogen and progesterone 
across MC 

Hormonal contraception Presence of synthetic 
estrogen/progesterone via oral 
contraceptive pill, intrauterine 
device, injection, vaginal ring, 
implant, skin patch 

Elevated concentrations of 
synthetic estrogen and/or 
progesterone with suppressed 
concentrations of endogenous 
estrogen and progesterone 

Amenorrhea Absence of ≥ 3 consecutive 
periods in previously 
eumenorrheic, non-pregnant, 
women 

Suppressed concentrations of 
estrogen and progesterone 

Menstrual disturbance Perturbations of the 
eumenorrheic MC, such as 
anovulation and oligomenorrhea 

Variable levels of estrogen and 
progesterone 

Pregnancy The gestation of a fetus inside the 
womb from conception to birth 

Elevated concentrations of 
endogenous estrogen and 
progesterone 

Menopause Change in hormone profile 
(perimenopause) and complete 
cessation of menstruation for 
12 months (menopause) in 
women aged 40–60 yr 

Suppressed concentrations of 
estrogen and progesterone 

Source Elliott-Sale et al. (2021)

exercise performance among phases of the MC (Nicklas et al. 1989; Oosthuyse et al. 
2005; Forsyth and Reilly, 2008) or superior performance during exhaustive exercise 
in the luteal compared with the follicular phase of the MC (Jurkowski et al. 1981). 
Furthermore, differences in the performances of endurance exercise events in women 
taking HC compared with eumenorrheic women are not clear. 

Defining the Predictors of Endurance Exercise Performance 

While there is limited evidence suggesting that specific hormone profiles affect 
endurance exercise events and time trials, the variability in performances may be 
masked by environmental influences. Therefore, examining the effect of various 
hormone profiles on the predictors of endurance exercise performance under 
controlled laboratory conditions may provide important insight into the potential
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of estrogen and progesterone to affect endurance exercise performance. Here, we 
define the predictors of endurance exercise performance and the factors that limit 
their potential to provide a clear framework with which to understand the effects 
of female sex hormones on endurance exercise performance. Then, we explore the 
effect, if any, of MC phase and the administration of HC on the defined physiological 
and psychological predictors of endurance exercise performance. 

Peak Oxygen Uptake 

The ability to take up, transport, and consume oxygen by the body provides the 
main energetic basis for sustained muscular activity, and the maximum or peak rate 
of oxygen uptake (VO2peak) attained during dynamic exercise that engages a large 
muscle mass is a key determinant of endurance performance success (Joyner and 
Coyle 2008). VO2peak is expressed in absolute terms as a function of time (i.e., L/min) 
or relative to body mass (mL/kg/min; Bassett and Howley 2000) and is typically 
measured in a laboratory setting during an incremental exercise test that concludes 
at volitional exhaustion in healthy individuals. The ability of the cardiorespiratory 
system to deliver oxygen to the exercising muscles and the ability of the muscles to 
uptake and utilize oxygen limits an individual’s VO2peak. Physiological limitations 
to the delivery and uptake of oxygen during exercise include pulmonary diffusion 
capacity, maximal cardiac output, the oxygen-carrying capacity of the blood, and 
skeletal muscle characteristics (Bassett and Howley 2000; Joyner and Coyle 2008). 

It is widely accepted that a high VO2peak is obligatory for endurance performance 
success (see, for example, Joyner and Coyle 2008), given that most endurance events 
are performed at an appreciable fraction of an individual’s VO2peak. Thus, a high 
VO2peak enables an athlete to maintain a high power output (e.g., W or km/h) for 
a prolonged period of time. Nevertheless, a high rate of VO2 is not the only pre-
requisite for endurance performance success. The energetic demand for a given rate 
of external work is also highly dependent on where this power output is situated 
within an individual’s range of sustainable intensities that, in turn, are governed by 
key submaximal exercise thresholds and the attendant intensity domains that these 
thresholds demarcate (Burnley and Jones 2007). 

Intensity Domain Thresholds 

Exercise intensity domain thresholds demarcate the boundaries of moderate-, heavy-
, and severe-intensity exercise. Exercise performed at an intensity below the point 
at which blood lactate concentration ([La−]) begins to increase in the blood (i.e., 
lactate threshold) is considered “moderate-intensity” exercise, and metabolic steady-
state is typically achieved within 2–3 min in healthy individuals when the power 
output is constant. Within the moderate-intensity exercise domain, the steady-state
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VO2 response increases linearly with power output and the oxygen cost of exer-
cise (change in VO2 for a given change in power output, or VO2 gain) is relatively 
constant at 9–10 mL/min/W (Barstow et al. 1993). Thus, moderate-intensity exer-
cise can be sustained for prolonged periods of time. Above the lactate threshold, a 
slow component of increasing VO2 can be observed that is also accompanied by a 
rise in [La−] (Poole et al. 1988). Power outputs above the lactate threshold, where 
these variables eventually stabilize, are considered “heavy-intensity” exercise. A 
key distinguishing characteristic of moderate- and heavy-intensity exercise is the 
higher oxygen and, consequently, ATP cost of exercise associated with the latter— 
the VO2 gain exceeds 10 mL/min/W during heavy-intensity exercise (Barstow et al. 
1993). Nevertheless, heavy-intensity exercise can be sustained for prolonged periods 
of time in well-trained individuals (Coyle et al. 1986). The upper limit of heavy-
intensity exercise corresponds to the highest power output at which an elevated 
steady-state VO2 and [La−] can be sustained, i.e., maximal metabolic steady-state. 
By definition, exercise performed at an intensity beyond the maximal metabolic 
steady-state threshold is considered severe-intensity exercise and, if sustained, will 
rapidly drive VO2 to peak values accompanied by an inexorable rise in [La−] and 
fatigue or exhaustion (Burnley and Jones 2007). The maximal metabolic steady-
state threshold is usually identified by measuring the maximal lactate steady-state 
(MLSS) exercise intensity and/or critical power, speed, or velocity (Jones et al. 2019). 
It is purported that discrete exercise intensity domains have clear implications for 
fatigue development and endurance exercise performance (Whipp and Ward 1992; 
Jones et al. 2011). Furthermore, Jones and colleagues have suggested that the lactate 
threshold is relevant for ultra-endurance and low-intensity endurance events while 
the maximal metabolic steady-state is more relevant to Olympic-distance endurance 
exercise events (Jones and Poole 2008; Jones and Vanhatalox 2017; Jones et al. 
2019). 

The lactate threshold is almost always determined during an incremental exercise 
test with step increases in power output occurring no less than 3 min apart. Alter-
natively, disproportionate changes in gas exchange indices such as VE and VCO2 

relative to VO2 or power output (i.e., the ventilatory and gas exchange thresholds) 
during an incremental exercise test are commonly used as proxies for the lactate 
threshold (Poole et al. 2021). The MLSS is derived from four-to-five 30-min constant 
power output exercise bouts, where [La−] is measured after every bout. The highest 
power output that does not result in a rise of [La−] greater than 1 mmol/L between 
10 and 30 min denotes MLSS (Jones and Doust 1998). On the other hand, crit-
ical power is defined as the highest sustainable power output derived from multiple 
exhaustive constant power output tests that are then to generate a hyperbolic power-
duration curve: tlim = W’/(P–CP), where tlim is the tolerable exercise duration, W’ 
the curvature constant and CP is critical power (Moritani et al. 1981). More recently, 
a single, 3-min all-out test provides an expedited protocol to determine critical power 
(Vanhatalo et al. 2007). 

The ability to sustain high rates of oxidative phosphorylation at a metabolic steady-
state is dependent on the muscles’ overall capacity to generate ATP without stimu-
lating phosphofructokinase and driving carbohydrate turnover (i.e., glycolysis) with
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a resulting increase in blood [La−]. Thus, the dominant limiting factor of the lactate 
and metabolic steady-state thresholds is linked primarily to skeletal muscle charac-
teristics including mitochondrial density and mitochondrial enzyme activity (Bassett 
and Howley 2000). 

Exercise Economy 

Exercise economy is the term given to express the VO2 required to exercise at a given 
power output, i.e., the VO2 gain. There is a strong association between economy and 
endurance exercise performance, with some researchers demonstrating that exercise 
economy largely explains the difference in endurance exercise performance outcomes 
in elite athletes with a similar VO2peak (Shaw et al. 2015). Exercise economy can be 
determined by calculating the inverse relationship of the VO2/power output rela-
tionship during continuous incremental exercise or by measuring steady-state VO2 

during a single submaximal, constant power output exercise bout. As mentioned 
earlier, a gradual increase in VO2 that is apparent during heavy-intensity constant 
power output exercise (i.e., VO2 “slow component”) erodes exercise economy by 
increasing the oxygen required to fuel exercise despite the power output remaining 
unchanged. 

There are numerous proposed physiological, biochemical, anthropometric, and 
biomechanical influences on exercise economy (Lundby et al. 2017). Several inves-
tigators have demonstrated that a greater dependence on type II muscle fibers is 
associated with higher VO2 values measured during moderate- to heavy-intensity 
exercise (Hunter et al. 2001; Coyle et al. 1992; Lucia et al. 2002). Furthermore, 
higher rates of fat oxidation may lower exercise economy by requiring more oxygen 
at the same power output since less energy is released per liter of oxygen during 
fat oxidation when compared to glucose oxidation (Pate et al. 1992). Biomechan-
ical factors appear to be a dominant factor that influence exercise economy in elite 
athletes including superior movement patterns (i.e., technique) and muscle recruit-
ment patterns (Lucia et al. 2002), as well as the ability of the muscles and tendons 
to store and release elastic energy by increasing their stiffness (Barnes et al. 2014). 
Both elevated ventilation rate and core body temperature may also contribute to an 
increase in oxygen uptake during exercise, thus reducing exercise economy (Jones 
et al. 2011). Importantly, Lundby et al. (2017) explain that body weight is the primary 
determinant of exercise economy during running explaining 94% of the variability. 

Achievement Behavior 

The concept of achievement is associated with expectations of success or failure and 
can be measured in relation to one’s peers or oneself. In endurance exercise events, 
achievement can be measured based on event placings and/or relative to personal
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goals. We know that the achievement behavior of individuals may influence their 
athletic performance (McCormick et al. 2015; Wilmore 1968; Higgs 1972; Corbett 
et al. 2012; Peveler and Green 2010), and female and male athletes score higher on 
measures of achievement behavior than their non-athletic counterparts (Helmreich 
and Spence 1978). Many tools have been developed to investigate specific person-
ality traits which may align with these psychological characteristics. In sports, the 
Sports Orientation Questionnaire (Gill and Deeter 1988) and the Sports Competition 
Trait Inventory (Fabian and Ross 1984) explore personal desires and standards to 
measure behavior related to sports performances. The questionnaires explore two 
main achievement behaviors: (i) Competitiveness and (ii) Mastery. Competitive-
ness relates to an individual’s desire to win in interpersonal situations and/or gain 
rewards/incentives for superior performances over one’s peers. In contrast, mastery 
relates to an individual’s motivation to achieve competence at challenging tasks. 

The associated mechanisms responsible for performance-enhancing psycholog-
ical characteristics such as competitiveness and mastery are poorly understood. One 
theory that may drive competitiveness in some individuals is the hormonal response 
to an external stimulus such as an athletic event (Cooke et al. 2011). That is, in 
competitive environments, individuals with heightened competitiveness display a 
greater sympathetic response. This sympathetic reactivity in competitive individuals 
can drive an elevated cardiovascular response (Lee and Harley 2012) and an increase 
in muscle activity (Cooke et al. 2010; Voor et al. 1969). Whether these mechanisms 
augment endurance exercise performance directly is yet to be determined. 

Pain Tolerance 

The maximum level of perceived pain that someone can tolerate or the duration 
someone is willing to endure a given pain intensity can be described as “pain 
tolerance” and may be an important predictor of endurance exercise performance 
(Astokorki and Mauger 2017; Mauger 2014). Although pain is subjective, and the 
perception of pain is not always proportional to the size of the nociceptive signal, pain 
serves a protective function that signals tissue damage or a warning to disengage with 
the behavior that is causing it (Stevens et al. 2018). During endurance exercise, pain 
may arise as a consequence of the accumulation of deleterious metabolic by-products 
and heat stress (Wallace et al. 2017). Highly trained athletes demonstrate signifi-
cantly enhanced pain tolerance and a dampened interpretation of thermal perception 
compared with non-athletic controls (for review see Stevens et al. 2018). Specific pain 
intensity and thermal discomfort rating scales as well as global ratings of perceived 
exertion (RPE) are typically used to assess the limiting factors of gpain to exercise 
tolerance (Borg 1998). RPE is suggested to signify overall effort and is a reflection of 
heart and breathing rates, muscle fatigue, perceived pain, temperature, and exertion.
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Although improved pain inhibition would reduce the level of perceived pain expe-
rienced at a given exercise intensity, higher pain tolerance has been attributed predom-
inantly to psychological adaptations (i.e., adaptive coping) rather than physiolog-
ical adaptations in trained individuals (Astokorki and Mauger 2017). Nonetheless, 
some researchers have proposed actual desensitization of the nociceptors, resulting 
in a diminished signaling in response to exercise-induced pain. Endogenous opioids 
and stress hormones have been implicated as possible candidates contributing to 
pain-inhibition mechanisms (Micalos 2014). 

Effect of Female Sex Hormones on the Predictors 
of Endurance Exercise Performance 

Peak Oxygen Uptake 

Numerous studies have investigated the effect of MC phase or HC on the physiolog-
ical predictors of endurance exercise performance. These studies span almost 45 yr 
(e.g., Allsen et al. 1977; Rael et al. 2021), have been performed in almost every 
continent across the globe (e.g., Sunitha et al. 2013; Rael et al. 2021; Hackney et al. 
1994; Castro et al. 2022; Oosthuyse et al. 2005; Joyce et al. 2013), are affiliated with 
world-top 10 and more moderately ranked research institutions (e.g., Gordon et al. 
2018; Stone et al. 2021; Joyce et al. 2013), and performed with both robust and ques-
tionable experimental design (for review see McNulty et al. 2020). There appears 
to be a general consensus that MC phase does not affect VO2peak (Jurkowski et al. 
1981; Stephenson et al. 1982; Dombovy et al. 1987; Bemben et al. 1995; Beidleman 
et al. 1999; Casazza et al. 2003; Dean et al. 2003; Redman et al. 2003; Vaiksaar 
2011; Smekal 2007; Janse de Jonge et al. 2012; Gordon et al. 2018; Lara et al.  2020), 
although this is not always the case—some studies have reported a lower VO2peak 

measured in trained (Lebrun et al. 1995; De Souza et al. 1990) and untrained (Brut-
saert et al.  2002) women during the luteal compared with follicular phase of the MC. 
Importantly, while most studies demonstrate no differences in VO2peak among the 
phases of the MC, and some studies show higher VO2peak values during the follic-
ular phase, no study has reported higher VO2peak values during the mid-luteal phase 
of the MC when compared with any other phase. Therefore, any influence of the 
MC on VO2peak is likely to be related to elevated concentrations of estrogen in the 
late-follicular phase, elevated progesterone in the mid-luteal phase, or both. 

It is worth noting some of the findings of the most methodologically sound studies 
as assessed by McNulty et al. (2020). For example, in a study by Janse de Jonge and 
colleagues (2012), VO2peak was measured during the early-follicular (day 3–6) and 
the mid-luteal (day 19–25) phases of the MC. Daily oral temperature monitoring was 
used to predict the follicular and mid-luteal phases of the MC in twelve recreationally 
active women (40.0 ± 6.9 mL/kg/min). A resting blood sample was subsequently
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analyzed for estradiol and progesterone concentration to verify MC phase. Further-
more, a progesterone concentration of greater than 16 nmol/L was required to confirm 
luteal-VO2. No difference in VO2peak between the follicular (2.5 ± 0.40 L/min) and 
mid-luteal (2.5± 0.43 L/min) phases of the MC was observed. Lebrun and colleagues 
(1995) measured VO2peak during the early-follicular (days 3–8 of MC) and mid-luteal 
phase (4–9 d after predicted ovulation determined via a rise in basal body temperature 
of between 0.2–0.3 °C) of the MC in sixteen trained mixed-sport athletes (VO2peak 

53.7 ± 0.9 mL/kg/min). This study also utilized a strict MC phase confirmation with 
validation by measurement of estrogen and progesterone and confirmed the luteal 
phase of the MC with a progesterone concentration of greater than 16 nmol/L. In 
contrast to the study by Janse de Jonge et al. (2012), Lebrun et al. (1995) reported a 
difference (nota bene, p = 0.06) in the VO2peak determined during the early-follicular 
(3.19 ± 0.09 L/min) compared to the mid-luteal (3.13 ± 0.08 L/min) phase of the 
MC. Despite the quality of these studies considered as high, their opposing find-
ings could be attributed to differences in participant training status (trained versus 
recreationally active), exercise mode (cycle ergometry vs. treadmill running), and/or 
individual variability influencing the group mean average values. Despite Lebrun and 
colleagues stating in 1995 that, “this study needs to be repeated with a large number 
of subjects, and at different phases of the menstrual cycle including the midcycle 
estrogen peak…”, no high-quality, large-scale study has been conducted to date, and 
therefore, the effect of MC on VO2peak remains uncertain. 

Two studies have dominated the narrative around the effect of HC on VO2peak 

over the last 20 yr (Lebrun et al. 2003; Cazazza et al. 2002). This is due to the poten-
tial impact of their findings on female athletes and the nature of their experimental 
design. Lebrun et al. (2003) included MC phase confirmation with the determination 
of sex hormones, imposed a randomized, double-blind, placebo-control, and longi-
tudinal experimental design where the VO2peak of each participant was determined 
while naturally menstruating and after 6-wk administration of either a tri-phasic 
oral contraceptive or a placebo treatment. These authors reported that the change 
in VO2peak determined after the administration of oral contraceptives in previously 
naturally menstruating women was 4.7% in the oral contraceptive group compared 
with a 1.5% improvement with placebo. Casazza et al. (2002) reported a signifi-
cant decrease in both absolute (11%, L/min) and relative (13%, mL/kg/min) VO2peak 

after, compared to before, 4 months of oral contraceptive administration. Numerous 
other studies support the notion that the administration of HC may reduce VO2peak 

in women (Notelovitz et al. 1987; Bryner et al. 1996; Joyce et al. 2013). Nonethe-
less, others have reported no difference in VO2peak between naturally menstruating 
women and women taking HC (Rebelo et al. 2010). 

Intensity Domain Thresholds 

It is widely accepted that the lactate threshold can vary between individuals, as 
well as before and after an exercise-training program, without differences occurring
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in VO2peak (Moquin et al. 2000). Furthermore, several studies demonstrate lower 
blood [La−] at a given power output in the luteal- compared with the mid-follicular 
phase of the MC (De Souza et al. 1990; Dombovy et al. 1987; Jurkowski et al. 1981). 
Together with this, and the knowledge that female sex hormones can alter energy and 
substrate metabolism (Hackney 1999; Hackney et al. 1994), ventilation (Jurkowski 
et al. 1981), thermoregulation (Kolka and Stephenson 1997; Charkoudian et al. 2014; 
Minahan et al. 2017), and the catecholamine response to exercise (Sutton et al. 1980), 
examination of the intensity domain thresholds across the MC is warranted. 

Numerous studies have shown that the lactate and/or ventilatory threshold is 
unaffected by MC phase (Stephenson et al. 1982; Dombovy et al. 1987; Redman 
et al. 2003; Gordon et al. 2018), although one study found that the ventilatory 
threshold occurred at a higher %VO2peak during the early-follicular compared with 
the mid-luteal phase (Bemben et al. 1995). Bemben et al. (1995) examined the 
ventilatory threshold during incremental running in five eumenorrheic recreation-
ally active women in the early-follicular (2–5 d), late-follicular (12–15 d), and mid-
luteal phases of the MC, carefully predicted with body temperature measurements 
and subsequently verified with progesterone concentrations. Despite no differences 
in VO2peak, the ventilatory threshold occurred at a significantly higher %VO2peak 

in the early-follicular, compared with the mid-luteal, phase of the MC. No clear 
mechanistic explanation was provided by Bemben et al. (1995) to explain these find-
ings. Interestingly, Dean et al. (2003) provide a sound rationale for why the lactate 
threshold could be higher in the mid-luteal, compared to the early-follicular, phase 
of the MC. Nonetheless, Dean et al. (2003) observed no significant difference in the 
VO2 values corresponding to the lactate threshold measured during an incremental 
cycling test to exhaustion in ten naturally-menstruating women at three phases of the 
MC (early-follicular, mid-follicular, mid-luteal). 

Few studies appear in the literature examining the effect of MC phase on maximal 
metabolic steady-state. In fact, no data are available examining the maximal lactate 
steady-state or critical power among MC phases. Nonetheless, a blood [La−] of  
4 mmol/L measured during an incremental exercise test has been used to calculate 
the power output or VO2 value associated with the maximal metabolic steady-state. 
Forsyth and Reilly (2005) demonstrated a lower power output and lower VO2 values 
associated with a blood [La-] of 4 mmol/L in the mid-follicular, compared with the 
mid-luteal, phase of the MC during rowing ergometry in twelve recreationally active 
naturally-menstruating women. However, Goldsmith and Glaister (2020) reported 
no effect of MC phase on treadmill speed achieved at a blood [La−] of 4 mmol/L,  
and Smekal et al. (2007) did not report a difference in the power output or VO2 

associated with lactate turn-point two (Ribeiro et al. 1986). 
There is little evidence to suggest that intensity domain thresholds are changed 

with the administration of HC. No studies have compared the maximal metabolic 
steady-state in women with and without HC and although both Casazza et al. (2002) 
and Lebrun et al. (2003) showed a decrease in VO2 peak with HC administration, the 
lactate threshold was not reported in either study. Rebelo et al. (2010) examined the 
ventilatory threshold in active and sedentary naturally-cycling women and women 
taking HC; these authors demonstrated that HC does not affect the VO2 achieved at
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the ventilatory threshold. Joyce et al. (2013) examined the effect of a monophasic 
oral contraceptive on the VO2 achieved at the ventilatory threshold reporting it was 
higher in naturally menstruating compared to women taking HC. However, when 
the ventilatory threshold was reported relative to VO2peak, there were no differences 
between the two groups. 

Exercise Economy 

There is some suggestion that exercise economy is influenced by both MC phase 
and HC administration. Williams and Krahenbuhl (1997) investigated the economy 
during two, 6-min treadmill running bouts at 55 and 80% of VO2peak in naturally-
cycling trained runners. While running at 55% VO2peak did not significantly alter 
exercise economy, running at 80% VO2peak resulted in significantly higher VO2 

values (i.e., poorer economy) of 41.4 ± 0.8 mL/kg/min during the early-follicular 
versus 40.2± 0.5 mL/kg/min during the mid-luteal phase of the MC. Furthermore, by 
calculating the average VO2 value of the last 30 s of each step of an incremental exer-
cise test in trained female runners, Goldsmith and Glaister (2020) reported inferior 
exercise economy measured during the mid-luteal MC phase in trained naturally-
menstruating runners. Specifically, VO2 was increased from the early-follicular to the 
mid-luteal phase of the MC by 2.33 mL/kg/min, indicating that running economy is 
adversely affected in the mid-luteal phase of the MC. In contrast, Dokumacı and Hazır 
(2019) demonstrated that exercise economy was degraded during the follicular phase 
of the MC. These contrasting findings are most likely due to the differences in the 
calculation of exercise economy and the intensity at which exercise was performed. 

It is possible that HC could have an effect on substrate utilization, thermoregula-
tion, ventilation, and perhaps muscle/ligament stiffness; therefore, HC administration 
in exercise women as such could alter their exercise economy. Nonetheless, no differ-
ence in exercise economy between naturally menstruating women and women taking 
HC has been previously reported in recreationally active participants (Joyce et al. 
2013). However, Giacomoni and Falgairette (2000) did find an effect of the HC on 
exercise economy, reporting that women taking an oral contraceptive demonstrated 
VO2 values that were 3.0–5.8% lower than when they were not taking contraceptives. 

Achievement Behavior 

Achievement behavior is relevant to a broad variety of settings and individuals 
including salespeople, defense personnel, and athletes, for example. The body of 
research examining the effect of hormones on competitiveness and mastery is scarce 
and predominately explores testosterone as a key mechanism underlying an indi-
vidual’s concern with having an impact on and dominating others as well as the need 
for achievement and mastering challenging tasks (for reviews see Schultheiss 2007;



9 Sex Hormones and Endurance Exercise in Women: Physiological … 209

Stanton and Schultheiss 2009). Nonetheless, it is plausible that female sex hormones 
play a key role in a woman’s dominance disposition suggesting that estrogen deter-
mines, in part, a woman’s ability to derive reward from having a mental, emotional, 
or physical impact on other individuals (i.e., implicit power motivation; Stanton 
and Schultheiss 2007, 2009). Schultheiss, Stanton, and colleagues (Schultheiss et al. 
2003; Stanton and Schultheiss 2007; Stanton and Edelstein 2009) demonstrate that 
basal concentrations of estrogen, as well as post-contest increases in estrogen (after an 
experimental contest), were positively associated with power motivation in women. 
The effect of female sex hormones on competitive behavior toward athletic competi-
tion is yet to be explicitly investigated. Nonetheless, given the relationship between 
estrogen and implicit power motivation in women, it could be suggested that MC 
phase might be related to a specific behavior in women during competitive endurance 
exercise events. 

The effect of female sex hormones on achievement behavior has predominantly 
focused on “choices” and “risk taking” during economic challenges and rewards, 
not exercise performance. The mechanisms by which hormones affect behavior have 
been explained by neuro-endocrinological research examining how hormones alter 
brain activity and emotions. Indeed, estrogen has been reported to affect serotonin-
binding sites in the brain associated with anticipation and receipt of reward (Fink 
et al. 1996; Bethea et al. 2002). Studies that have explored MC effects on compet-
itive behavior (outside of intrasexual competition, i.e., individuals compete with 
members of their own sex for reproductively relevant resources) have shown that 
competitiveness among women is highest in the late-follicular phase, when estrogen 
concentrations are high (Eisenbruch and Roney 2016; Pearson and Schipper 2013) or  
when progesterone levels are relatively low (Buser 2012). Buser (2012) explains this 
finding by proposing that elevated progesterone may decrease anxiety and increase 
sedation. 

Furthermore, it has been suggested that competitive behavior, expressed as risk-
taking during competitive bidding in auctions, can be explained with an evolu-
tionary hypothesis whereby female participants are predisposed by hormones to 
generally behave more riskily during the late-follicular phase of their MC (Pearson 
and Schipper 2013). Interestingly, McNamara et al (2022) reported that elite female 
athletes training for the 2020 Tokyo Olympic Games reported that their preference 
for the competition was during the second week of their MC (i.e., late-follicular 
phase) perhaps indicating heighten competitiveness during a high-estrogen/low 
progesterone hormone profile. Regarding competitive bidding activity, Pearson and 
Schipper (2013) report that women taking HCs make less advantageous competitive 
bidding decisions compared to naturally-cycling women. Collectively, these studies 
suggest that MC phase and HC use could be important for understanding competitive 
behavior during endurance exercise performances.
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Pain Tolerance 

It is difficult to provide an accurate explanation as to the mechanisms responsible 
for changes in pain sensation across the MC. It is plausible that hormonally induced 
opiate receptor desensitization could alter pain sensitivity across MC phase among 
women (for review see Iacovides et al. 2015). However, much of this evidence is 
based on clinical pain (e.g., migraine, arthritis) across the MC, not pain expressed 
as “perceived exertion” in response to an endurance exercise task. Nonetheless, it is 
interesting to note that in summarizing the literature, Iacovides et al. (2015) suggest 
that there is no obvious relationship between MC phase and various measures of 
clinical pain, e.g., the most severe incidence of headache occurs during menstruation 
while increased joint pain relating to arthritis occurs during the late-follicular phase 
of the MC. In contrast, Riley et al. suggest that for pressure stimulation, cold pressor 
pain, thermal heat stimulation, and ischemic muscle pain, a clear pattern emerges 
with the follicular phase of the MC associated with higher pain thresholds when 
compared with the luteal phase. 

There is little evidence to support a difference in perceived “pain” (i.e., “exer-
tion”, expressed as RPE) measured during endurance exercise across the phases of 
the MC. For example, Rael et al. (2021) observed no difference in RPE measured 
during heavy-intensity interval running in twenty-one naturally-cycling endurance-
trained females across three phases of the MC: early-follicular, late-follicular, and 
mid-luteal. This finding is common in other studies reporting no difference in RPE 
measured across the MC during running (De Souza et al. 1990; Beidleman et al. 
1999; Sunderland and Nevillx 2003) and cycling (Stephenson et al. 1982; Bailey 
et al. 2000; Janse et al. 2012; Lara et al.  2019) in naturally-cycling women. Interest-
ingly, Hackney et al. (1991) reported that “leg” RPE during cycling was 1–2 points 
greater during the late-follicular phase, but that there was no statistically signifi-
cant change in global RPE across the MC. Furthermore, Gamberale et al. (1975) 
and Higgs and Robertson (1983) reported that RPE during maximal exercise was 
greater during the early-follicular compared with the mid-luteal phase of the MC. 
An estrogen-mediated change in localized blood flow is a plausible mechanism with 
which to base assertions about RPE changing across MC phases (Jurkowski et al. 
1981; Hackney et al. 1991), but inconsistency in experimental findings renders this 
hypothesis currently unconfirmed. 

Minahan et al. (2017) reported no difference in RPE values during heavy-intensity 
cycling in naturally-cycling women compared with women taking HC in temperate 
environmental conditions (22 °C). However, after repeating the cycling bout in hot 
conditions (35 °C), RPE for women taking HC was greater, resulting in higher RPE 
values compared to naturally-cycling women. These findings indicate that women 
taking HC found cycling in a hot environment more challenging compared with 
naturally-cycling women despite exercising at the same relative intensity, which 
could have important implications for endurance exercise performance (Crewe et al. 
2008).
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Self-efficacy refers to a belief in one’s capabilities and represents an individual’s 
belief as to what they are capable of doing, such as an athlete believing they can 
perform at their best or beat an opponent. Individuals possessing a strong sense 
of self-efficacy are likely to set higher goals concerning a particular task (Bandura 
and Locke 2003) and demonstrate higher levels of perseverance when challenged 
(Feltz et al. 2008). Self-efficacy is positively related to endurance exercise perfor-
mance including triathlon (Burke and Jin 1996), distance running (Bueno et al. 2008), 
and swimming (Miller 1993). Interestingly, self-efficacy has been associated with 
improvements in pain tolerance and reductions in the perception of effort (i.e., lower 
RPE values) as it encourages continued engagement in the required task and coping 
mechanisms, respectively (Bandura 1997; Johnson et al. 2012; Peerdeman et al. 
2016; Hutchinson et al. 2008). While there is some acknowledgment of a potential 
effect of MC phase on self-efficacy (Motl et al. 2007), we are unaware of any study 
that has deliberately examined if female sex hormone profiles alter self-efficacy and 
subsequently influence pain tolerance during endurance exercise. 

Effect of Female Sex Hormones on the Physiological 
Limiting Factors of Endurance Exercise Performance 

Pulmonary Diffusion 

Pulmonary diffusion is dependent, in part, on pulmonary capillary blood volume 
as increased blood volume results in a greater surface area available for pulmonary 
diffusion. Elevated estrogen concentrations have been associated with increased fluid 
retention and consequently an increase in blood volume (Carlberg et al. 1984). There-
fore, it is reasonable to suggest that phases of the MC characterized by elevated 
estrogen concentrations (i.e., late-follicular and mid-luteal) would be associated 
with both increased blood volume and higher rates of pulmonary diffusion. Sansores 
et al. (1995) investigated pulmonary diffusion capacity during the early-follicular, 
late-follicular, and mid-luteal phases of the MC in fourteen women. These authors 
demonstrated that resting pulmonary diffusion capacity was reduced during the early-
follicular phase when compared to the late-follicular and mid-luteal phases. In agree-
ment with Sansores et al. (1995), Smith et al. (2015) found that pulmonary diffusion 
capacity during heavy exercise was ∼10% less in the early-follicular phase of the MC 
compared to the mid-luteal phase. Importantly, this finding is not universal (Seaton 
1972; Bacon et al. 2005) and methodological missteps, such as the inclusion of 
women using HC included in the participant group (Smith et al. 2015), render the 
findings questionable. For a further detailed discussion, the reader is directed to the 
chapter by Duke et al. in this volume.
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Cardiac Output 

The maximal cardiac output is determined by the rate (i.e., heart rate) and volume 
(i.e., stroke volume) at which the heart pumps blood during maximal endurance exer-
cise, and it is directly influenced by feedback from skeletal muscle afferents during 
exercise. There is mounting evidence to suggest that estrogen and/or progesterone 
may modify cardiovascular regulation during exercise (Ettinger et al. 1998; Minahan 
et al. 2018). In 1931, in the American Journal of Physiology, Arthur Grollman from 
the John Hopkins University, reported the cardiac output of one adult female subject 
every day for 22 d, observing no obvious pattern relating to MC phase (Grolman 
1931). Fifty years later, Jurkowski et al. (1981) determined the cardiac output of 
women exercising at 40, 70, and 90% of VO2peak 6–9 d after day one of menstruation 
(follicular) and 6–9 d after ovulation was detected (luteal). These authors observed no 
differences in heart rate, stroke volume, or cardiac output between the two phases of 
the MC. Despite potential interference of estrogen and/or progesterone on the skeletal 
muscle signal, there is little evidence to suggest that this interference manifests in 
changes to cardiac output during exercise. 

Oxygen-Carrying Capacity 

Red blood cell mass plays a primary role in determining the oxygen-carrying capacity 
of the blood. Due to blood loss associated with menstruation in the follicular phase of 
the MC, researchers have postulated that the oxygen-carrying capacity of the blood 
may be decreased as compared to the late-follicular and luteal phases of the MC. 
Nonetheless, the findings are mixed with a decrease (Vellar et al. 1974; Javaid et al.  
2007; Jurkowski et al. 1981), an increase (Dombovy et al. 1987), or no difference 
(Claybaugh et al. 2000; Hackney et al. 1994; Lebrun et al. 1995; Keller et al. 2020) 
being reported. These discrepancies among studies are likely due to the methodology 
used to calculate red blood cell mass (i.e., hemoglobin concentration, hematocrit 
levels, hemoglobin mass) as well as the variations in participant hydration status and 
posture. Nonetheless, the effect of estrogen and progesterone on the oxygen-carrying 
capacity of the blood appears to be indirect by way of inducing blood loss during 
menstruation. 

Keller et al. (2020) measured hemoglobin mass, red blood cell volume, plasma 
volume, and total blood volume to investigate the oxygen-carrying capacity of the 
blood in twenty-one women (naturally-cycling = 11; taking HC = 10). Given the 
reduced blood loss experienced during menstruation in women taking HC compared 
with naturally menstruating women, it could be proposed that a greater oxygen-
carrying capacity would be observed in women taking HC. While these authors 
found no difference in hemoglobin, hematocrit, and serum ferritin concentrations 
between women using HC (specifically oral contraceptives) and naturally menstru-
ating women, when normalized to body mass, hemoglobin mass was greater in the
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women taking HC. Although oxygen-carrying capacity is a limiting factor of VO2peak, 
the higher hemoglobin mass reported in women taking HC compared with naturally 
menstruating women does not translate to a higher VO2peak. 

Muscle Characteristics 

Beyond substrate mobilization, provision, and utilization by muscle (see the chap-
ters by Isacco and Boisseau as well as Vieira-Potter in this volume), it is unclear 
at this time if MC and HC directly influence skeletal muscle oxidative pathways 
downstream of substrate entry points that could, in turn, influence endurance exercise 
performance. However, there is evidence in rodent and murine models to suggest that 
estrogen and progesterone regulate or modulate elements of mitochondrial function 
that could impact exercise performance (Nagai 2016; Gigli and Bussman 2001). For 
example, Gigli and Bussman (2001) demonstrated that State 3 mitochondrial respira-
tion following exercise was blunted in ovariectomized and estrous rats, accompanied 
by a reduced respiratory control ratio but preserved P/O2 ratio, when compared to 
progesterone-treated ovariectomized rats. A recent review by Ikeda et al. (2019) 
summarizes the current state of knowledge regarding the influence of estrogen on 
skeletal muscle in animal models and presents a model of the role of estrogen in 
skeletal muscle and mitochondrial regulation in the context of exercise. To what 
extent these insights from animal models will translate to humans, and their impact 
on exercise performance remains to be determined. 

Effect of Female Sex Hormones on Other Factors Affecting 
Endurance Exercise Performance 

Numerous other factors that have been demonstrated to influence endurance perfor-
mance in women could be affected by the female sex hormone profile. Here, we 
direct the reader to other chapters within the text that cover some of these factors in-
depth and briefly touch on additional factors, guiding the reader to scientific literature 
supporting these relationships. 

Previous research demonstrates that Marathon performance diminishes under hot 
environmental conditions in female athletes (El Helou et al. 2012). Put simply, the 
limiting factor for endurance exercise performance in the heat is an elevated core body 
temperature. Therefore, the regulation of core body temperature during endurance 
exercise in the heat is critical to maintaining power output and to reduce the risk 
of heat-related injury (Maughan 2010). There is evidence of changes to core body 
temperature across the MC in naturally-cycling women and with the administration 
of HC, as well as modification of thermoregulatory mechanisms (e.g., skin blood 
flow) in women taking HC compared to naturally menstruating women (Minahan
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et al. 2017). Therefore, female sex hormones could indirectly affect endurance exer-
cise performance by interfering with core body temperature and/or thermoregulation 
during exercise in the heat. Please see the chapter by Stachenfeld in this volume for 
a specific discussion on the effect of female sex hormones on thermoregulation in 
athletes. 

Delayed onset muscle soreness (DOMS), caused by muscle-damaging eccentric 
or unaccustomed exercise, may adversely impact ventilatory and metabolic responses 
(Schneider et al. 2007), perceived exertion (Chen et al. 2007), and exercise economy 
(Joyce et al. 2014) during endurance exercise with some (Asp et al. 1998; Marcora 
and Bosio 2007; Joyce et al. 2014), but not all (Schneider et al. 2007) studies indi-
cating a subsequent effect on performance. Interestingly, several studies (Joyce et al. 
2014; Thompson et al. 1997; Savage and Clarkson 2002) suggest that the pres-
ence of HC may exacerbate, or negatively affect recovery from, muscle damage 
by suppressing endogenous estrogen. Furthermore, Joyce et al. (2014) demonstrated 
that muscle damage in response to severe eccentric exercise had a detrimental impact 
upon subsequent endurance exercise performance, but that this effect was blunted in 
naturally menstruating women when compared to women taking oral contraceptives. 
Therefore, female sex hormones could indirectly effect endurance exercise perfor-
mance by altering DOMS after exercise causing muscle damage. Please refer to the 
chapter by Tiidus in this volume for specific discussion on the effect of female sex 
hormones on DOMS (see Chap. 7). 

It is generally understood that enhanced glycogen storage and fat utilization during 
exercise may be beneficial to prolonged low-intensity endurance exercise perfor-
mance and that this relationship has been demonstrated in trained female athletes 
(Walker et al. 2000). Therefore, any influence or manipulation of substrate utilization 
during exercise with MC phase or HC administration may affect endurance exercise 
performance. However, although there is evidence supporting a shift in substrate 
metabolism across the MC with increased fat oxidation occurring during the luteal 
phase compared with the follicular phase (Hackney et al. 2022; Willett et al. 2021; 
Zderic et al. 2001), there is no consistent evidence to suggest that the MC-related shift 
in substrate utilization has any effect on endurance exercise performance in female 
athletes. Please see the chapters by Isacco and Boisseau as well as Vieira-Potter in 
this volume for specific discussion on the effect of female sex hormones on substrate 
availability (see Chaps. 2 and 3). 

In addition to peripheral oxygen delivery, cerebral blood flow may be a limiting 
factor to the predictors of endurance exercise performance by affecting motor neuron 
drive and subsequently motor output (Amann et al. 2006; Rasmussen et al. 2010; 
Nybo and Rasmussen 2007; Rupp and Perrey 2008). Considering that endogenous 
estrogen can enhance the bioavailability of nitric oxide, the female sex hormone 
profile may affect cerebral vascular tone (Iadecola et al. 1994) and thus cere-
bral oxygenation during exercise. Quinn et al. (2018) measured prefrontal tissue 
oxygenation using near-infrared spectroscopy demonstrating that cerebral oxygena-
tion declined at a lower relative exercise intensity in women taking HC as compared 
to naturally-cycling women. Nonetheless, no difference in VO2peak was determined 
between the two groups.
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There is a positive relationship between body weight and energy expenditure 
during endurance exercise that is weight-bearing (e.g., running) and that which 
attracts significant resistive forces of gravity, e.g., mountain climbing (Olds et al. 
1995). Haakonssen et al. (2016) provide evidence demonstrating a relationship 
between road cycling performance and body weight in female cyclists. While women 
anecdotally report changes in body weight throughout their MC, most of the scien-
tific studies that measure body weight during different phases of the MC have found 
no significant change (Horvath et al. 1982; De Souza et al. 1990; Stachenfeld et al. 
2000; Thompson et al. 2021). However, in one early study that measured body weight 
daily, the highest average body weight values were recorded in the late-luteal phase 
of the MC (Watson et al. 1965). This finding was supported by Pliner and Fleming 
(1983) who demonstrated an increase in mean body weight from 52.6 ± 5.4 kg 
during the follicular phase of the MC to 52.8 ± 5.6 kg during the luteal phase, with 
an increase in body weight observed in twenty-four of the thirty-four participants. 
In addition to MC phase, body weight changes with the administration of HC have 
been examined, with the most recent findings failing to identify a difference between 
naturally menstruating women and women taking HC (Thompson et al. 2021). 

Effect of Female Sex Hormones on Other Factors Affecting 
Endurance Exercise Performance 

To answer the question of whether female sex hormones affect the rate and/or magni-
tude of endurance-related adaptations to training, improvements in the predictors and 
limitations of endurance performance are compared between naturally menstruating 
women and women taking HC. Furthermore, we looked for evidence supporting 
phase-based training to enhance endurance-related adaptations to training. 

After 4 wk of sprint-interval training, Schaumberg et al. (2017) found that 
improvements in VO2peak were attenuated in women using HC (8.5%) compared 
to naturally menstruating women (13.0%). Interestingly, these authors observed a 
greater increase in cardiac output in naturally menstruating women (16.1%) when 
compared with women using HC (4.0%) after training, supporting the greater increase 
in VO2peak observed in naturally menstruating women. Importantly, the hormonal 
contraceptives in the study by Schaumberg et al. (2017) were considered as a low-
dose, combined oral contraceptive with a “second-” or “third-generation” progestin. 
Therefore, athletes, coaches, scientists, and performance staff should consider this 
before making conclusions about the effect of sprint-interval training on VO2peak in 
women. Readers are directed to Schaumberg et al. (2017) for a discussion regarding 
the dampened effect of HC on cardiac output. 

Mixed-type training programs including both endurance-type and strength-type 
exercises have not delineated the endurance-related adaptions to training observed in 
naturally menstruating women and women taking HC. Armstrong et al. (2005) evalu-
ated adaptations to an 8-wk training program including heat acclimation (90 min/d, 3
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d/wk) and physical training (including 4.6 km running performed at 60–85% VO2peak 

and push-ups, 3 d/wk) in previously inactive women using HC or naturally menstru-
ating. Both 4.6 km time trial performance (-24.7%) and VO2peak (9.4%) were signif-
icantly improved after training. Nonetheless, no differences were observed between 
groups after the training program, suggesting that neither the suppression of endoge-
nous hormones nor the elevation of synthetic hormones with the administration of 
HC influenced endurance-related adaptations to training when compared with natu-
rally menstruating women. In addition, 10 wk of combined strength (2 sessions/wk) 
and endurance training (4 × 4-min running intervals > 70–90% of maximal heart 
rate and one 3 × 3 × 100-m all-out sprints, 2 session/wk) resulted in a similar magni-
tude of improvement in a 3000-m running time in physically-active women using 
monophasic oral contraceptives (3.5%) compared with naturally-cycling women 
(1.0%; Myllyaho et al. 2021). 

Scientific evidence exists supporting phase-based training (i.e., prioritizing 
training around a specific phase of the MC) to obtain optimal strength gains in 
naturally-cycling women (Reis et al. 1995; Sung et al. 2014). However, evidence 
regarding phase-based training for the optimization of endurance-type adaptations 
is currently not available. Nonetheless, there is significant media attention and 
anecdotal accounts of how an individual’s MC could be “used” to manipulate 
training prescription and ultimately enhance endurance-type adaptive responses 
(Rowan 2020). While there is no strong evidence demonstrating superior endurance-
type adaptations to phase-based compared with traditionally periodized training in 
naturally-cycling women, there is perhaps a theoretical argument worth considering; 
that is, favorable hormonal milieu during certain phases of the menstrual cycle could 
lend themselves to specific adaptations. For example, the potential for increased 
levels of pain tolerance during the follicular phase of the MC could permit women 
to exercise at higher intensities, subsequently stimulating greater increases in the 
power output associated with their maximal metabolic steady-state. Furthermore, 
the reported shift toward increased fat oxidation during the late-follicular and mid-
luteal phases of the MC could allow athletes to tolerate higher volumes of training, 
resulting in greater increases in exercise economy. Finally, the perception of elite 
female athletes that heightened performance is likely to be achieved during the 
second week of their MC (McNamara et al. 2022) may encourage improved quality 
of training (including higher volume, intensity, and improved motor patterns) and 
result in superior training adaptations when compared to other phases of the MC. 
These postulations require carefully considered scientific inquiry to elucidate their 
validity. 

Summary 

In summary, this chapter addressed the three main predictors of endurance exer-
cise performance (peak oxygen uptake, intensity domain thresholds, and exercise 
economy), their interaction with varying female sex hormone profiles (MC phase,
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HC), and the limiting factors that might be influenced by female sex hormones. 
While the intent was to focus on key “physiological” predictors and limiting factors 
of endurance exercise performance, some of the “psychological” factors relevant to 
such performance and related training were also explored. 

Not surprisingly, there is limited or unclear information about the effect of 
female sex hormones on several areas covered in this chapter. Therefore, it is 
likely that the effect of female sex hormones on the physiological and psycholog-
ical factors affecting endurance exercise performance/training needs to continue to 
remain an important area of research if sports science is to provide female athletes 
with the opportunity to reach their potential and optimize their endurance exercise 
performances. 
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Chapter 10 
Sex Hormones, Menstrual Cycle, 
and Resistance Exercise 

Yuki Nakamura and Katsuji Aizawa 

Introduction 

During a normal menstrual cycle, women are exposed to a continuously changing 
profile of female sex steroid hormones. Estrogen starts to increase halfway through 
the follicular phase and peaks just prior to ovulation. Estrogen and progesterone are 
both elevated during the middle of the luteal phase (Table 10.1) and have profound 
physiological effects (see earlier chapters in this book). To better understand the 
relationship between the menstrual cycle and resistance exercise in women, it is 
important to consider the hormonal fluctuations that occur throughout the menstrual 
cycle. This chapter attempts to address these points.

Estrogen receptors have been localized to skeletal muscle tissue as well as tendons 
and ligaments. Through these receptors, estrogen is thought to influence the turnover 
of skeletal muscle and connective tissue proteins at rest in the post-absorptive phase 
and enhance sensitivity to anabolic stimuli (Hansen and Kjaer 2014). In women, estra-
diol (the principal estrogen, see Chap. 1) functions as an antioxidant and membrane 
stabilizer during exercise, particularly exercise that induces high levels of oxidative 
stress, such as intense aerobic and resistance exercise. The protective role of estradiol 
appears to be a primary factor in mitigating muscle damage due to exercise stress 
and is evidenced by the smaller inflammatory response found in women (Fleck and 
Kraemer 2014; Enns and Tiidus 2010). 

Interesting, women experience a rapid decline in muscle mass and strength around 
menopause when estrogen levels decline dramatically. These changes may at least 
partly be related to the hormonal changes during aging. The striking decline in muscle
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Table 10.1 Menstrual cycle phase with corresponding variations in basal body temperature and 
fluctuations of ovarian female sex hormones 

Menstrual cycle phase (days of 
menstrual cyclea) 

Basal body 
temperature (BBT) 

Estrogen 
concentration 

Progesterone 
concentration 

Follicular (1–13) Early follicular 
(2–7) 

Lower temperature Low Low 

Ovulation (14) Late follicular 
(9–13) 

Lower temperature High Low 

Luteal (15–28) Mid-luteal 
(18–24) 

Higher temperature High High 

aBased on a 28-day cycle with ovulation occurring on day 14 (Janse de Jonge 2003)

strength during perimenopause and after menopause can be reversed with hormone 
replacement therapy (Jabbour et al. 2006). 

In contrast, there is a paucity of data on the effects of progesterone on skeletal 
muscle, although progesterone is purported to be catabolic (Oosthuyse and Bosch 
2010). Another difficulty in interpreting menstrual cycle research stems from the 
interaction between estrogen and progesterone. During the early follicular phase, 
estrogen and progesterone levels are both low, but in the late-follicular phase there are 
high estrogen concentrations and low progesterone concentrations. In the mid- luteal 
phase, levels of both estrogen and progesterone are high. To compare the increase 
in estrogen concentration relative to progesterone concentration, some studies have 
reported the estrogen/progesterone ratio in the luteal phase. This ratio may provide 
information about the opposing effects of estrogen and progesterone (Janse de Jonge 
2003). 

To understand the relationship between hormonal fluctuations during the 
menstrual cycle and exercise in women, researchers, athletes, and coaches should 
take physical and mental symptoms related to menstruation into account, not only 
the effects of sex hormones on skeletal muscles. Furthermore, dysmenorrhea (painful 
menstruation) and premenstrual syndrome (PMS) which can involve mood swings, 
tender breasts, food cravings, fatigue, irritability, and depression, are commonly seen 
in eumenorrheic women. These symptoms in turn may affect performance and phys-
ical and mental conditions for training and performance during the menstrual cycle 
phases. 

Muscle Strength During the Menstrual Cycle 

Several review articles on muscle strength during the menstrual cycle (Constantini 
et al. 2005; Janse de Jonge 2003; Lebrun 1994) have reported that some studies found 
greater strength in the follicular phase or in the ovulatory phase than in the luteal 
phase, whereas other studies have reported that strength was greater in the mid- luteal 
phase. A majority of studies could not find any changes in muscle strength over the
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menstrual cycle. In particular, recent studies measuring estrogen and progesterone 
concentration in order to verify menstrual cycle phase have reported no changes 
over the menstrual cycle in isokinetic peak torque of knee extensors and flexors and 
maximum isometric strength of knee extensors (Bambaeichi et al. 2004), maximum 
voluntary isometric force of the first dorsal interosseous muscle (Elliott et al. 2003), 
or handgrip strength and isokinetic muscle strength of knee extensors (peak torque), 
muscle endurance, and one leg hop test (Fridén et al. 2003). Based on these results, 
although from a very limited number of studies, it can be concluded there is little or no 
difference in muscle strength at various times during the menstrual cycle. However, 
since there are many factors that can potentially influence exercise performance 
such as self-expectations, negative attitudes toward menstruation, and weight gain, 
the effect of the menstrual cycle on performance is probably very individual specific 
and much more research is needed. 

Anabolic Hormones and Resistance Exercise in Women 

Resistance exercise provides a potent stimulus for muscular adaptation. This 
process is mediated, at least in part, by acute and chronic hormonal responses 
to resistance training, including changes in testosterone, growth hormone 
(GH),dehydroepiandrosterone sulfate (DHEA-S), andinsulin-like growth factor I 
(IGF-I) (Consitt et al. 2002; Fleck and Kraemer 2014; Kahn et al. 2002; Kraemer and 
Ratamess 2005). This is true for both sexes. However, the resistance exercise-induced 
anabolic hormone changes are considerably different in men and women. 

Testosterone, a major androgenic-anabolic hormone, exerts a significant influence 
on anabolic functions in the human body, especially in males. Blood serum testos-
terone concentration is acutely elevated immediately following heavy resistance 
exercise in men, although several factors such as muscle mass, exercise intensity and 
volume, nutrition intake, and training experience play a role in this response (Fleck 
and Kraemer 2014). At rest, women have a 10- to 40-fold lower blood concentrations 
of testosterone than men (Kraemer et al. 1991; Vingren et al. 2010). Previous studies 
have reported that concentrations of testosterone do not change acutely after resis-
tance exercise in women (Kraemer et al. 1991, 1993; Staron et al. 1994; Häkkinen 
and Pakarinen 1995) (Fig. 10.1), but some other data challenges this construct in 
relation to other exercise forms (Lane et al. 2015).

Growth hormone (GH) appears to be involved in the growth of skeletal muscle 
and many other tissues in the body. It also appears to play a vital role in the body’s 
adaptation to the stimulus of resistance training (Fleck and Kraemer 2014). The GH 
response to resistance training is quite similar between the sexes. A high-intensity 
and high-volume resistance exercise program with short rest periods has been shown 
to induce a post-exercise increase in GH in both men and women (Kraemer et al. 
1991; Häkkinen and Pakarinen 1995) (Fig. 10.2).

Insulin-like growth factor-I (IGF- I) is a salient biomarker for monitoring health, 
fitness, and training status. It also reflects nutritional status as well (Fleck and
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Fig. 10.1 Serum testosterone concentrations in men and women after the same resistance training 
session consisting of three sets of eight exercises at 10RM (ten repetition maximum) with 1 min of 
rest between sets and exercises (Kraemer et al. 1991). * Significantly different from pre-exercise 
value in the same sex; + significantly different from females at the same time point

Kraemer 2014). The acute response of IGF-I to resistance exercise remains unclear. 
Most studies have shown no change in IGF-I during or immediately following an 
acute bout of resistance exercise (Kraemer et al. 1993; Consitt et al. 2001), whereas 
a few studies have shown acute elevations during and following resistance exercise 
(Kraemer et al. 1991; Kraemer and Ratamess 2005). However, long-term studies 
in women have shown elevations in resting IGF-I, particularly during high-volume 
training (Marx et al. 2001; Koziris et al. 1999). Interestingly, researchers showed 
that GH and IGF-I appear to compensate for the attenuated testosterone response to 
signal muscle tissue growth in women and therefore may play a more central role in 
muscle hypertrophy than they do in men (Fleck and Kraemer 2014). 

In women, about 90 % of circulating testosterone is derived from the metabolism 
of peripheral precursors, in particular from DHEA- S (Baulieu 1996; Labrie et al. 
1997). DHEA-S is actually the predominant adrenal steroid hormone in both sexes. 
Regrettably, there is little information available on acute responses of DHEA-S to 
resistance exercise in women (Enea et al. 2011). Riechman et al. (2004) reported
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Fig. 10.2 Serum growth hormone concentrations in men and women after the same resistance 
training session consisting of three sets of eight exercises at 10RM with 1 min of rest between sets 
and exercises (Kraemer et al. 1991). * Significantly different from pre-exercise value in the same 
sex; + significantly different from females at the same time point

that acute resistance exercise increases blood DHEA-S levels in both men and 
women. Aizawa et al. (2003) have reported a dramatic increase in resting serum 
DHEA-S concentrations after 8 weeks of resistance training. Furthermore, Aizawa 
et al. (2006) demonstrated that serum DHEA-S levels are positively correlated with 
leg extensor power in female athletes, but not in male athletes (Fig. 10.3). These 
findings suggest that blood DHEA-S levels in female athletes may reflect training-
induced adaptation and play an important role in muscular strength development. 
DHEA- S may also play a major biological role in women through its transformation 
into active androgens and estrogens (McMurray and Hackney 2000).

Thus, it is clear there are sex (gender) differences in basal anabolic hormone levels 
and responses to exercise. Nevertheless, women and men display similar relative 
changes in hypertrophy with resistance exercise. Although not discussed here, other 
hormones or mechanisms may also be responsive to resistance training and thus 
affect long-term adaptations to resistance training in women (see McMurray and 
Hackney 2000).
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Fig. 10.3 Serum DHEA-S levels were positively correlated with leg extensor power (peak 
torque/body weight) in female athletes but not in males athletes (Aizawa et al. 2006)

Hormonal Responses to Resistance Exercise During 
Different Menstrual Cycle Phases 

It has been suggested that many factors (e.g., sex, age, fitness level, nutritional status, 
exercise variables) influence hormonal responses to resistance exercise (Consitt 
et al. 2002; Kraemer and Ratamess 2005). When interpreting a woman’s hormonal 
response to training, the potential effects of the menstrual cycle must be considered, 
because the hormonal responses to exercise are modified by the ovarian systems in 
women. Logically then understanding the potential effects of the menstrual cycle is 
vital for female athletes and their coaches. 

Previous studies have reported that GH concentrations are higher in the peri-
ovulatory phase than in the early-follicular phase (Faria et al. 1992; Ovesen et al.  
1998). Kraemer et al. (1995) demonstrated that low-volume resistance exercise 
induces larger increases in estradiol, GH, and androstenedione in the mid- luteal 
phase than in the early- follicular phase, although they did not compare the responses 
within the same individuals. Nakamura et al. (2011) have investigated the effect of 
the menstrual cycle on ovarian and anabolic hormonal responses to acute resistance 
exercise in young women. Specifically in this work, eight eumenorrheic women and 
eight women with menstrual disorders including oligomenorrhea and amenorrhea 
were enrolled in the study. All subjects were recreationally active young women (18– 
30 years of age) and were not using oral contraceptives. The eumenorrheic women 
participated in two series of exercise sessions, one in the early-follicular phase (days 
4–7 of the menstrual cycle) and one in the mid-luteal phase (7–10 days after ovula-
tion). The women with menstrual disorders participated in a series of exercise session 
on an arbitrary day. All subjects performed three sets each of resistance exercises 
(i.e., lat pull-downs, leg curls, bench presses, leg extensions, and squats) at 75–80 % 
of the one-repetition maximum with 1 min of rest between sets. Blood samples were 
obtained before exercise and immediately, 30 and 60 min after exercise. The effects
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of the menstrual cycle phase in eumenorrheic women are described in this section of 
the chapter, and the effects of menstrual status in women with menstrual disorders 
are described in the next section. 

In the mid- luteal phase, serum estradiol and progesterone increased after exer-
cise, but they did not change after exercise in the early- follicular phase (Fig. 10.4). 
Serum GH increased after exercise in both the early-follicular and mid-luteal phases. 
On the other hand, total secretion (area under the curve) of GH was increased signif-
icantly after exercise in the mid- luteal phase, but not in the early- follicular phase 
(Fig.10.5). Hornum et al. (1997) also demonstrated that total secretion of GH after 
a high-intensity cycling exercise was greater in the peri-ovulatory phase (estradiol 
levels were high) than in the follicular phase (estradiol levels were low). These find-
ings indicate that menstrual cycle variations in circulating estradiol levels may affect 
exercise-induced GH secretion. Testosterone and IGF- I concentrations showed no 
significant increase in response to the resistance exercise protocols during either 
menstrual cycle phases (Fig. 10.5). These findings are consistent with previous 
studies (Consitt et al. 2001; Copeland et al. 2002; Häkkinen and Pakarinen 1995; 
Häkkinen et al. 2000; Kraemer et al. 1993). DHEA-S concentrations showed no 
significant increase immediately after resistance exercise in either menstrual cycle 
phases; however, there was a significant increase in DHEA- S 60 min after exercise 
in the early-follicular phase. Cortisol, a catabolic hormone, also did not increase after 
resistance exercise in either menstrual cycle phases (Fig. 10.5). Likewise, Häkkinen 
and Pakarinen (1995) reported no changes in cortisol levels after acute resistance 
exercise in women. Kraemer et al. (1998), however, found significant elevations in 
cortisol after acute resistance exercise in men and women. It is possible that these 
differences in the response of cortisol to exercise are affected by the training status 
of the subjects (Kraemer et al. 1998), daily hormonal fluctuation, or both factors 
interacting (Hackney and Viru 2008).

The findings from these studies suggest that anabolic hormone responses to resis-
tance exercise (e.g., levels of ovarian hormones, GH) may be influenced by menstrual 
cycle phase and the hormonal changes associated with the phases. 

Hormonal Responses to Resistance Exercise with Different 
Menstrual Cycle Status 

Menstrual disorders such as oligomenorrhea and amenorrhea are functional disor-
ders characterized by altered gonadotropin-releasing hormone pulsatility, loss of 
pulsatile gonadotropin secretion (FSH and LH), and, in turn, altered ovarian steroido-
genesis (Meczekalski et al. 2000). These reproductive hormonal changes have 
the potential to impact of a variety of other hormones (McMurray and Hackney 
2000). For example, Waters et al. (2001) reported that amenorrheic athletes had 
significantly lower (four to fivefold) GH responses to 50 min of submaximal exer-
cise (70% maximal oxygen consumption) compared with eumenorrheic athletes.
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Fig. 10.4 Concentrations of ovarian hormones (estradiol and progesterone) before (Pre) and after 
resistance exercise: immediately after the end of the resistance exercise: (P0), 30 min after exer-
cise. (P30) and 60 min after exercise (P60). In the mid- luteal phase, these hormones increased 
after exercise, but they did not change in the early-follicular phase and in women with menstrual 
disorders. Early-follicular phase:diamond, mid-luteal phase:filled square, women with menstrual 
disturbance:triangle. Data are expressed as means ± SEM. *P < 0.05, **P < 0.01 versus Pre.aP 
< 0.001,bP < 0.01 between Pre in the early-follicular phase and Pre in the mid-luteal phase. The 
hatched box represents resistance exercise (Nakamura et al. 2011)

Yahiro et al. (1987) reported that serum testosterone levels increased in eumenorrheic 
runners, but not in amenorrheic runners, after acute treadmill exercise. 

As mentioned in the preceding section, Nakamura et al. (2011) investigated 
changes in ovarian and anabolic hormones after acute resistance exercise in women 
with menstrual disorders including oligomenorrhea and amenorrhea. Serum estradiol 
and progesterone concentrations in these women with menstrual disorders did not
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Fig. 10.5 Concentrations of anabolic hormones (GH, IGF-I, testosterone, and DHEA-S) and 
cortisol before (Pre) and after resistance exercise (immediately after the end of the resistance 
exercise (P0), 30 min after exercise (P30), and 60 min after exercise (P60). Early-follicular (EF): 
diamond, mid-luteal phase (ML): filled square, women with menstrual disturbance (OAM): triangle. 
Data in the small upper panels represent the area under the curve (AUC). Data are expressed as 
means ± SEM. *P < 0.05, **P < 0.01 versus Pre.cP < 0.01 between Pre in the early-follicular (EF) 
phase and Pre in women with menstrual disorders (MD). The hatched box represents resistance 
exercise.#P < 0.05 compared with zero (Nakamura et al. 2011)
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increase after exercise (Fig. 10.4). Immediately after the end of resistance exercise, 
GH concentrations in eumenorrheic women increased significantly from pre-exercise 
levels, but this difference was not observed in women with menstrual disorders. 
However, a small, but statistically significantly higher increase in IGF- I in response 
to resistance exercise, was observed immediately after exercise in women with 
menstrual disorders. Testosterone and DHEA-S concentrations showed no signif-
icant increase in response to the resistance exercise protocols either, regardless of 
menstrual cycle status. However, total secretion (area under the curve) of testosterone 
was significantly lower in women with menstrual disorders. In addition, DHEA- S 
increased significantly 60 min after exercise in the early-follicular phase in eumen-
orrheic women, but it was decreased significantly in women with menstrual disor-
ders. And finally no significant differences in cortisol levels were found within any 
menstrual cycle status (Fig. 10.5). 

The neuroendocrine mechanisms of exercise-induced GH release are not fully 
understood; however, GH secretion is controlled by hypothalamic hormones. These 
hormones include GH-releasing hormone, which exerts positive feedback, and 
somatostatin, which exerts negative feedback, on GH secretion (Giustina and Veld-
huis 1998; Jenkins 1999). It is possible that the attenuated GH secretion of these 
women in response to acute resistance exercise is related to a disturbance in hypotha-
lamic–pituitary function, but the mechanism of these events is not well understood 
at this time. 

Findings from previous studies have suggested that estradiol stimulates GH secre-
tion because estrogen replacement therapy increases GH secretion in postmenopausal 
women and prepubertal girls with Turner syndrome (Kanaley et al. 2005; Mauras 
et al. 1990). In addition, Kraemer et al. (1998) and Kanaley et al. (2005) demon-
strated that GH responses to endurance exercise are higher in postmenopausal women 
receiving hormone replacement therapy than those who were not. This effect of 
estrogen may be due to a combination of withdrawal of somatostatin’s (also known 
as growth hormone-inhibiting hormone [GHIH]) inhibitory tone, amplification of 
endogenous GH-releasing hormone release or its pituitary actions, and recruitment 
of other mechanisms that stimulate GH release (Giustina and Veldhuis 1998). 

Specific endocrine differences between eumenorrheic women and women with 
menstrual disorders include cyclic fluctuations of estrogen and progesterone which 
are controlled by the hypothalamic–pituitary–gonadal axis (see Chap. 1). Women 
with menstrual disorders can be estrogen deficient on a long-term basis. Insufficient 
estrogen and progesterone feedback disturbs hypothalamic–pituitary axis responses 
(De Crée 1998). Thus, differences in ovarian hormone secretion status, that is, differ-
ences in hypothalamic–pituitary function between women with menstrual disorders 
and eumenorrheic women, may influence the GH response to acute resistance exer-
cise. However, there appears to be no available information on anabolic hormonal 
responses to resistance exercise in women with menstrual disorders. There is also 
little information available on acute responses of DHEA-S to resistance exercise in 
such women. Riechman et al. (2004) reported that acute resistance exercise increases 
blood DHEA-S levels. Exercise-induced increases in DHEA- S concentrations have 
been attributed to an increased rate of secretion from the adrenal cortex in response to
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ACTH stimulation (Johnson et al. 1997). Meczekalski et al. (2000) investigated the 
hypothalamic–pituitary–adrenal axis in women with hypothalamic amenorrhea and 
reported that the ACTH response to corticotrophin-releasing hormone was signifi-
cantly lower in amenorrheic women compared with healthy control women. Naka-
mura et al. (2011) reported DHEA-S levels were not significantly higher immediately 
after acute resistance exercise regardless of menstrual cycle status. Enea et al. (2009) 
reported short-term exercise does not induce increased adrenal steroid production in 
response to ACTH secretion. It is possible that a higher-volume resistance exercise 
program for a longer period could induce an increase in DHEA-S. 

In summary, women with certain forms of menstrual disorders, associated with 
low estradiol and progesterone levels, appear to have an attenuated anabolic hormonal 
response to acute resistance exercise. However, there is extremely limited evidence 
on this topic and more research is needed. 

Resistance Exercise-Induced Muscle Damage and Recovery 
During Different Menstrual Cycle Phases 

As estrogen receptors have been localized to skeletal muscle tissue, variations in 
hormonal concentrations due to the menstrual cycle may influence resistance training 
outcomes. Haines et al. (2018) compared estrogen receptor activation and subse-
quent effects on myogenic-related genes in response to eccentric exercise in the mid-
follicular phase (MF) and mid-luteal phase (ML). Skeletal muscle estradiol levels 
were not significantly impacted by either menstrual phase despite greater levels of 
serum estradiol during ML. This is consistent with data from rats showing no signifi-
cant change in muscle estradiol levels following treadmill exercise at 30 m/min for 30 
min (Aizawa et al. 2008). However, both skeletal muscle estrogen receptor-α (ER-α) 
mRNA and protein were significantly increased during MF. ER activation and subse-
quent expression of Myo-D mRNA occurred independent of the circulating estradiol 
levels. Furthermore, skeletal muscle cyclin D1 mRNA expression was increased by 
eccentric exercise to a much greater extent during MF and may play a role in ER 
activation during periods of lower circulating estradiol. These results suggests that 
greater potential for recovery and repair in MF following eccentric exercise. 

It has been suggested that endogenous estrogen may be protective against exercise-
induced muscle damage, and if so, it could be speculated that endogenous estrogen 
may play a role in enhancing recovery from exercise-induced muscle damage 
(Thompson et al. 2020). Despite the problem of combining oral contraceptives and 
menstrual cycle participants into one group, the results of Markofski et al. (2014) 
examining the effect of menstrual cycle phase on markers of exercise-induced muscle 
damage following acute high-volume eccentric exercise are very interesting. After 
high-volume eccentric exercise, creatine kinase (CK) was significantly lower and 
strength recovery was better at 96 hours post-session in the follicular phase than in 
the luteal phase (Fig. 10.6). Blood estrogen levels were significantly higher in the
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Fig. 10.6 Strength recovery over the period of 1 week after eccentric-biased extension exercises 
performed during the follicular and luteal phases (Markofski et al. 2014). A significant (p < 0.0001) 
main effect was present for time. * Strength was significantly higher than baseline at all other time 
points. † Follicular phase significantly (p = 0.009) higher strength than luteal phase. ‡ Follicular 
phase significantly (p = 0.001) higher strength than luteal phase 

luteal phase than in the follicular phase; however, the effects of estrogen in skeletal 
muscle tissue are very complex. To understand the effects of estrogen on muscle 
damage, it will be necessary to consider the interactions between estrogen and ER 
and estrogen and progesterone. 

Menstrual Cycle and Resistance Training Program 

As discussed in this chapter, the responses of sex hormones and anabolic hormones 
to acute resistance exercise, as well as muscle damage and recovery are affected 
by hormonal fluctuations during the menstrual cycle, suggesting that menstrual 
cycle may influence exercise training-induced skeletal muscular adaptation. Thus, it 
would be possible that training programs for eumenorrheic women could be timed 
in accordance with the menstrual cycle for enhancing resistance training outcomes. 

Recent studies have begun investigating the trainability of muscle strength with 
menstrual cycle-triggered training. Sung et al. (2014) compared the effects of two 
different menstrual cycle-based leg strength training programs (follicular phase-
based training versus luteal phase-based training) on muscle volume and microscopic 
morphological parameters. The increase in maximum isometric force with follicular 
phase-based training was higher than with luteal phase-based training (Fig. 10.7), 
which was consistent with earlier findings of Reis et al. (1995). Follicular phase-
based training was also associated with a higher increase in muscle diameter than
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luteal phase-based training. Moreover, they found significant increases in fiber type 
II diameter and cell nuclei-to-fiber ratio after follicular phase-based training but not 
luteal phase-based training. 

In contrast, Sakamaki-Sunaga et al. (2015) reported no major differences among 
different training frequencies for arm curls during menstrual cycle phases with regard 
to muscle hypertrophy and strength, but this study did not use hormone testing to 
confirm menstrual cycle phase. Another study investigated the effects of menstrual 
and oral contraceptive cycle on a high-frequency periodized leg resistance training 
in trained women (Wikström-Frisén et al. 2017). Significant increase in squat and 
countermovement jump, and peak torque values in hamstrings for follicular/early 
oral contraceptive cycle phase-based training group were observed, and significant 
increase in lean body mass of the legs. These results suggest that follicular phase-
based training may be superior to both regular training and luteal phase-based training 
for developing strength and muscle mass in eumenorrheic women (Thompson et al. 
2020). 

On the other hand, many reproductive-aged women, including athletes, experience 
menstrual irregularities and amenorrhea. In addition, the use of oral contraceptives 
(OC) is becoming more common among both the general population and athletes. It 
is notable that women with menstrual disorders characterized by low estradiol and 
progesterone serum concentrations show an attenuated GH response to acute resis-
tance exercise (Nakamura et al. 2011). Women who take OC also have significantly 
lower levels of circulating estrogen compared to eumenorrheic women throughout

Fig. 10.7 Increase in the strength of maximum isometric knee extension (Fmax) after two different 
menstrual cycle-based leg strength training programs were compared to each other (follicular phase-
based- [FT] versus luteal phase-based training [LT]) (Sung et al. 2014). Pre: before training, control: 
control cycle, training: training cycle, day 11: analysis around day 11; day 25: analysis around day 
25; *P < 0.05 compared to pre-training, †P < 0.05 FT versus LT 
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the menstrual cycle. Several studies reported a higher level of post-exercise CK in OC 
group than eumenorrheic group (Hicks et al. 2017; Minahan et al. 2015; Roth et al.  
2001). These appear that endogenous estrogen may be protective against exercise-
induced muscle damage, suggesting that recovery from exercise-induced muscle 
damage may be different between OC users and eumenorrheic women (Thompson 
et al. 2020). This may have implications for long-term adaptations to resistance 
training, but at this time there is no data available to clearly demonstrate these. 
Further studies are needed to demonstrate the short-term and long-term effects of 
changes in hormonal responses to resistance exercise on skeletal muscle by menstrual 
cycle status and OC use. 

Conclusion 

The fluctuations of sex steroid hormones have the potential influence muscle strength 
performance and response to resistance exercise in women. However, based on a 
number of studies investigating the effects of the menstrual cycle on muscle strength 
performance, it can be concluded there is little or perhaps no difference in muscle 
strength at various times during the menstrual cycle. On the other hand, though, there 
is very limited data about responses to resistance exercise in women as related to 
their sex hormone levels. A few studies do indicate that menstrual cycle phase and 
status variations affect exercise-induced secretion of some hormones and muscle 
damage and recovery. Therefore, there is a possibility of an effect on trainability of 
muscle strength to resistance training programs. But much more research work is 
needed on these topics. In addition, exercise performance and physiological response 
to exercise, resistance and otherwise, are probably very individual specific and influ-
enced by many factors, and more research is also needed taking into account these 
individual specific factors. 

References 

Aizawa K, Akimoto T, Inoue H, et al. Resting serum DHEAS level increases after 8-week resistance 
training among young. Eur J Appl Physiol. 2003;90:575–80. 

Aizawa K, Hayashi K, Mesaki N. Relationship of muscle strength with dehydroepiandrosterone 
sulfate (DHEAS), testosterone and insulin-like growth factor-I in male and female athletes. Adv 
Exerc Sports Physiol. 2006;12:29–34. 

Aizawa K, Iemitsu M, Otsuki T, Maeda S, Miyauchi T, Mesaki N. Sex differences in steroidogenesis 
in skeletal muscle following a single bout of exercise in rats. J Appl Physiol. 2008;104(1):67– 
74.https://doi.org/10.1152/japplphysiol.00558.2007. 

Bambaeichi E, Reilly T, Cable NT, et al. The isolated and combined effects of menstrual cycle phase 
and time-of-day on muscle strength of eumenorrheic females. Chronobiol Int. 2004;21:645–60. 

Baulieu EE. Dehydroepiandrosterone (DHEA): a fountain of youth? J Clin Endocrinol Metab. 
1996;81:3147–51.

https://doi.org/10.1152/japplphysiol.00558.2007


10 Sex Hormones, Menstrual Cycle, and Resistance Exercise 241

Consitt LA, Copeland JL, Tremblay MS. Hormone responses to resistance vs. endurance exercise 
in premenopausal females. Can J Appl Physiol. 2001;26:574–87. 

Consitt LA, Copeland JL, Tremblay MS. Endogenous anabolic hormone responses to endurance 
versus resistance exercise and training in women. Sports Med. 2002;32:1–22. 

Constantini NW, Dubnov G, Lebrun CM. The menstrual cycle and sport performance. Clin Sports 
Med. 2005;24:e51–82. 

Copeland JL, Consitt LA, Tremblay MS. Hormonal responses to endurance and resistance exercise 
in females aged 19–69 years. J Gerontol A Biol Sci Med Sci. 2002;57:B158–65. 

De Crée C. Sex steroid metabolism and menstrual irregularities in the exercising female. A review. 
Sports Med. 1998;25:369–406. 

Elliott KJ, Cable NT, Reilly T, et al. Effect of menstrual cycle phase on the concentration 
of bioavailable 17-beta oestradiol and testosterone and muscle strength. Clin Sci (Lond). 
2003;105:663–9. 

Enea C, Boisseau N, Ottavy M, et al. Effects of menstrual cycle, oral contraception, and training on 
exercise-induced changes in circulating DHEA-sulphate and testosterone in young women. Eur 
J Appl Physiol. 2009;106:365–73.https://doi.org/10.1007/s00421-009-1017-6. 

Enea C, Boisseau N, Fargeas-Gluck MA. Circulating androgens in women: exercise-induced 
changes. Sports Med. 2011;41:1–15.https://doi.org/10.2165/11536920-000000000-00000. 

Enns DL, Tiidus PM. The influence of estrogen on skeletal muscle: sex matters. Sports Med. 
2010;40:41–58.https://doi.org/10.2165/11319760-000000000-00000. 

Faria AC, Bekenstein LW, Booth Jr RA, et al. Pulsatile growth hormone release in normal women 
during the menstrual cycle. Clin Endocrinol (Oxf). 1992;36:591–6. 

Fleck SJ, Kraemer WJ. Designing resistance training programs. 4th ed. Champaign, IL: Human 
Kinetics; 2014. 

Fridén C, Hirschberg AL, Saartok T. Muscle strength and endurance do not significantly vary across 
3 phases of the menstrual cycle in moderately active premenopausal women. Clin J Sport Med. 
2003;13:238–41. 

Giustina A, Veldhuis JD. Pathophysiology of the neuroregulation of growth hormone secretion in 
experimental animals and the human. Endocr Rev. 1998;19:717–97. 

Hackney AC, Viru A. Research methodology: endocrinologic measurements in exercise science 
and sports medicine. J Athl Train. 2008;43:631–9. 

Häkkinen K, Pakarinen A. Acute hormonal responses to heavy resistance exercise in men and 
women at different ages. Int J Sports Med. 1995;16:507–13. 

Häkkinen K, Pakarinen A, Kraemer WJ, et al. Basal concentrations and acute responses of serum 
hormones and strength development during heavy resistance training in middle-aged and elderly 
men and women. J Gerontol A Biol Sci Med Sci. 2000;55:B95–105. 

Hansen M, Kjaer M. Influence of sex and estrogen on musculotendinous protein turnover at rest 
and after exercise. Exerc Sport Sci Rev. 2014;42:183–92.https://doi.org/10.1249/JES.000000000 
0000026. 

Haines M, McKinley-Barnard SK, Andre TL, et al. Skeletal muscle estrogen receptor activation 
in response to eccentric exercise up-regulates myogenic-related gene expression independent of 
differing serum estradiol levels occurring during the human menstrual cycle. J Sports Sci Med. 
2018;17:31-39. 

Hicks KM, Onambélé-Pearson G, Winwood K, Morse CI. Oral contraceptive pill use and the 
susceptibility to markers of exercise-induced muscle damage. Eur J Appl Phys 2017;117(7):1393-
1402.https://doi.org/10.1007/s00421-017-3629-6. 

Hornum M, Cooper DM, Brasel JA, et al. Exercise-induced changes in circulating growth factors 
with cyclic variation in plasma estradiol in women. J Appl Physiol. 1997;82:1946–51. 

Jabbour HN, Kelly RW, Fraser HM, et al. Endocrine regulation of menstruation. Endocr Rev. 
2006;27:17–46. 

Janse de Jonge XA. Effects of the menstrual cycle on exercise performance. Sports Med. 
2003;33:833–51. 

Jenkins PJ. Growth hormone and exercise. Clin Endocrinol (Oxf). 1999;50:683–9.

https://doi.org/10.1007/s00421-009-1017-6
https://doi.org/10.2165/11536920-000000000-00000
https://doi.org/10.2165/11319760-000000000-00000
https://doi.org/10.1249/JES.0000000000000026
https://doi.org/10.1249/JES.0000000000000026
https://doi.org/10.1007/s00421-017-3629-6


242 Y. Nakamura and K. Aizawa

Johnson LG, Kraemer RR, Haltom R, et al. Effects of estrogen replacement therapy on dehy-
droepiandrosterone, dehydroepiandrosterone sulfate, and cortisol responses to exercise in 
postmenopausal women. Fertil Steril. 1997;68:836–43. 

Kahn SM, Hryb DJ, Nakhla AM, et al. Sex hormone-binding globulin is synthesized in target cells. 
J Endocrinol. 2002;175:113–20. 

Kanaley JA, Giannopoulou I, Collier S, et al. Hormone-replacement therapy use, but not race, 
impacts the resting and exercise-induced GH response in postmenopausal women. Eur J 
Endocrinol. 2005;153:527–33. 

Koziris LP, Hickson RC, Chatterton Jr RT, et al. Serum levels of total and free IGF-I and IGFBP-3 
are increased and maintained in long-term training. J Appl Physiol. 1999;86:1436–42. 

Kraemer WJ, Ratamess NA. Hormonal responses and adaptations to resistance exercise and training. 
Sports Med. 2005;35:339–61. 

Kraemer WJ, Gordon SE, Fleck SJ, et al. Endogenous anabolic hormonal and growth factor 
responses to heavy resistance exercise in males and females. Int J Sports Med. 1991;12:228–35. 

Kraemer WJ, Fleck SJ, Dziados JE, et al. Changes in hormonal concentrations after different 
heavy-resistance exercise protocols in women. J Appl Physiol. 1993;75:594–604. 

Kraemer RR, Heleniak RJ, Tryniecki JL, et al. Follicular and luteal phase hormonal responses to 
low-volume resistive exercise. Med Sci Sports Exerc. 1995;27:809–17. 

Kraemer RR, Johnson LG, Haltom R, et al. Effects of hormone replacement on growth hormone 
and prolactin exercise responses in postmenopausal women. J Appl Physiol. 1998;84:703–8. 

Labrie F, Belanger A, Cusan L, et al. Marked decline in serum concentrations of adrenal C19 sex 
steroid precursors and conjugated androgen metabolites during aging. J Clin Endocrinol Metab. 
1997;82:2396–402. 

Lane AR, O’Leary CB, Hackney AC. Menstrual cycle phase effects free testosterone responses to 
prolonged aerobic exercise. Acta Physiol Hung. 2015;102(3):336–41. 

Lebrun CM. The effect of the phase of the menstrual cycle and the birth control pill on athletic 
performance. Clin Sports Med. 1994;13:419–41. 

Markofski MM, Braun William A. Influence of menstrual cycle on indices of contraction-induced 
muscle damage. J Strength Conditioning Res. 2014;28(9):2649–2656.https://doi.org/10.1519/ 
JSC.0000000000000429. 

Marx JO, Ratamess NA, Nindl BC, et al. Low-volume circuit versus high-volume periodized 
resistance training in women. Med Sci Sports Exerc. 2001;33:635–43. 

Mauras N, Rogol AD, Veldhuis JD. Increased hGH production rate after low-dose estrogen therapy 
in prepubertal girls with Turner’s syndrome. Pediatr Res. 1990;28:626–30. 

McMurray RG, Hackney AC. Endocrine responses to exercise and training. In: Garrett W, Kirkendall 
DT, editors. Exercise and sport science. Philadelphia, PA: Lippincott, Williams & Wilkins; 2000. 
p. 135–61. 

Meczekalski B, Tonetti A, Monteleone P, et al. Hypothalamic amenorrhea with normal body weight: 
ACTH, allopregnanolone and cortisol responses to corticotropin-releasing hormone test. Eur J 
Endocrinol. 2000;142:280–5. 

Minahan C, Joyce S, Bulmer AC, Cronin N, Sabapathy S. The influence of estradiol on muscle 
damage and leg strength after intense eccentric exercise. Eur J Appl Phys. 2015;115(7):1493– 
1500.https://doi.org/10.1007/s00421-015-3133-9. 

Nakamura Y, Aizawa K, Imai T, et al. Hormonal responses to resistance exercise during different 
menstrual cycle states. Med Sci Sports Exerc. 2011;43:967–73.https://doi.org/10.1249/MSS.0b0 
13e3182019774. 

Oosthuyse T, Bosch AN. The effect of the menstrual cycle on exercise metabolism: implications for 
exercise performance in eumenorrhoeic women. Sports Med. 2010;40:207–27.https://doi.org/10. 
2165/11317090-000000000-00000. 

Ovesen P, Vahl N, Fisker S, et al. Increased pulsatile, but not basal, growth hormone secretion rates 
and plasma insulin-like growth factor I levels during the periovulatory interval in normal women. 
J Clin Endocrinol Metab. 1998;83:1662–7.

https://doi.org/10.1519/JSC.0000000000000429
https://doi.org/10.1519/JSC.0000000000000429
https://doi.org/10.1007/s00421-015-3133-9
https://doi.org/10.1249/MSS.0b013e3182019774
https://doi.org/10.1249/MSS.0b013e3182019774
https://doi.org/10.2165/11317090-000000000-00000
https://doi.org/10.2165/11317090-000000000-00000


10 Sex Hormones, Menstrual Cycle, and Resistance Exercise 243

Reis E, Frick U, Schmidtbleicher D. Frequency variations of strength training sessions triggered by 
the phases of the menstrual cycle. Int J Sports Med. 1995;16:545–50. 

Riechman SE, Fabian TJ, Kroboth PD, et al. Steroid sulfatase gene variation and DHEA 
responsiveness to resistance exercise in MERET. Physiol Genomics. 2004;17:300–6. 

Roth SM, Gajdosik R, Ruby BC, Effects of circulating estradiol on exercise-induced creatine kinase 
activity. J Exerc Physiol 2001;4:10–7. 

Sakamaki-Sunaga M, Min S, Kamemoto K, et al. Effects of menstrual phase-dependent resistance 
training frequency on muscular hypertrophy and strength. J Strength Cond Res. 2015;30(6):1727– 
34. 

Staron RS, Karapondo DL, Kraemer WJ, et al. Skeletal muscle adaptations during early phase of 
heavy-resistance training in men and women. J Appl Physiol. 1994;76:1247–55. 

Sung E, Han A, Hinrichs T, et al. Effects of follicular versus luteal phase-based strength training in 
young women. SpringerPlus. 2014;3:668.https://doi.org/10.1186/2193-1801-3-668. 

Thompson B, Almarjawi A, Sculley D, Janse de Jonge X. The effect of the menstrual cycle and 
oral contraceptives on acute responses and chronic adaptations to resistance training: a systematic 
review of the literature. Sports Med. 2020;50(1):171–85.https://doi.org/10.1007/s40279-019-012 
19-1. 

Vingren JL, Kraemer WJ, Ratamess NA, et al. Testosterone physiology in resistance exercise and 
training: the up-stream regulatory elements. Sports Med. 2010;40:1037–53.https://doi.org/10. 
2165/11536910000000000-00000. 

Waters DL, Qualls CR, Dorin R, et al. Increased pulsatility, process irregularity, and nocturnal 
trough concentrations of growth hormone in amenorrheic compared to eumenorrheic athletes. J 
Clin Endocrinol Metab. 2001;86:1013–9. 

Wikström-Frisén L, Boraxbekk CJ, Henriksson-Larsén K. Effects on power strength and lean body 
mass of menstrual/oral contraceptive cycle based resistance training. J Sports Med Phys Fitness. 
2017;57(1–2).https://doi.org/10.23736/S0022-4707.16.05848-5. 

Yahiro J, Glass AR, Fears WB, et al. Exaggerated gonadotropin response to luteinizing hormone-
releasing hormone in amenorrheic runners. Am J Obstet Gynecol. 1987;156:586–91.

https://doi.org/10.1186/2193-1801-3-668
https://doi.org/10.1007/s40279-019-01219-1
https://doi.org/10.1007/s40279-019-01219-1
https://doi.org/10.2165/11536910000000000-00000
https://doi.org/10.2165/11536910000000000-00000
https://doi.org/10.23736/S0022-4707.16.05848-5


Chapter 11 
The Effect of the Menstrual Cycle 
on Exercise and Sports Performance 

Kirsty M. Hicks, Kelly McNulty, and Paul Ansdell 

Abbreviations 

FSH Follicle-stimulating hormone 
LH Luteinizing hormone 
MVC Maximal voluntary contraction 
RER Respiratory exchange ratio 
V̇E Ventilatory rate 
V̇O2 Volume of oxygen consumption 
V̇CO2 Volume of carbon dioxide produced 
V̇O2peak Peak oxygen consumption 

Introduction 

Women’s participation in sport and exercise is increasing, with full gender equiva-
lence expected to be achieved for the first time in the history of the Olympic Games 
in Paris in 2024. Therefore, for women athletes and those working with them, it is 
important that any potential modulations, either positive or negative, in performance, 
training, and adaptation can be understood and optimized. Research-informed exer-
cise prescription aims to achieve optimal performance for an individual or group of 
athletes, based on available evidence. However, despite the surge in women’s sport 
and exercise participation and subsequently, financial investment, media coverage, 
and sponsorship deals, women remain underrepresented in the sport and exercise 
science literature (Cowley et al. 2021). Consequently, it is not uncommon for the
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understanding and prescription of exercise to be based on data from men, which is 
concerning given the known differences between men and women and their physio-
logical responses to exercise (Ansdell et al. 2020). Indeed, the most notable biolog-
ical sex difference is the menstrual cycle; during which, there are significant fluc-
tuations in endogenous sex hormones; namely estrogen and progesterone. As this 
chapter outlines, understanding the effects of variable concentrations of estrogen 
and progesterone is important, as they potentially exert an influence on the underpin-
ning components of exercise performance (i.e., cardiovascular function, respiratory 
function, substrate metabolism, and neuro-muscular function). Performance can be 
quantified in various ways; however, for the purpose of this chapter, exercise perfor-
mance was defined as force/torque production, power output, time to exhaustion, and 
time to completion. 

In light of the above, the specific aims of this chapter are as follows: 

(1) to describe the fluctuations in sex hormones that underpin the menstrual cycle; 
(2) to discuss physiological mechanisms that might affect exercise performance 

across the menstrual cycle; 
(3) to summarize the literature regarding the impact of the menstrual cycle on 

exercise performance; 
(4) to provide practical implications and future recommendations for women 

athletes, and those working with them. 

The Menstrual Cycle 

A menstrual cycle lasts between 21 and 35 days, with an average cycle length 
commonly being reported as 28 days. The primary purpose of the menstrual cycle is 
to prepare a woman’s body for reproduction, which is broadly achieved through natu-
rally occurring changes in circulating endogenous hormones and structural changes to 
the endometrial lining. The menstrual cycle is regulated by hormones released by the 
hypothalamus (gonadotropin-releasing hormone, GnRH), pituitary gland (luteinizing 
hormone [LH] and follicle-stimulating hormone [FSH]), and the ovaries (estrogen 
and progesterone). Often, the concentrations and/or ratio of these hormones are used 
to separate the menstrual cycle into specific phases. Due to complexities within 
applied practice and research, for simplicity the menstrual cycle is often divided into 
two phases: (1) the follicular phase (from day 1 of menses to ovulation) and (2) the 
luteal phase (post-ovulation to the start of the following menses). However, this two-
phase division is an oversimplification, as it does not capture all time points whereby 
circulating concentrations of estrogen and progesterone, and the ratios between the 
two, vary substantially. To achieve this, the menstrual cycle can more accurately be 
separated into four phases (Elliott-Sale et al. 2021): (1) the early-follicular phase, the 
onset of bleeding to day five, during which estrogen and progesterone are low; (2) 
the late-follicular phase, < 26 h pre-ovulation, whereby estrogen peaks but proges-
terone remains low (< 6.4 nmol·L−1); (3) ovulation, 24–36 h after a positive ovula-
tion test, when estrogen is high and progesterone is still low (< 6.4 nmol·L−1); and
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(4) the mid-luteal phase, occurring seven to nine days after a positive ovulation test, 
during which both estrogen and progesterone are high. Importantly, these time points 
allow for three key hormone ratios (low:low, high:low, and high:high) of estrogen 
and progesterone to be investigated. To achieve a consensus on the taxonomy used 
to describe these time points, and the criteria for each menstrual cycle phase, the 
interested reader is directed to the work of Elliott-Sale et al. (2021). 

It is important to note that the menstrual cycle can be subject to internal (i.e., 
anovulatory, oligomenorrhea, amenorrhea) and external (i.e., hormonal contracep-
tive use) modulations, adding further complexity to the support provided to, and 
research conducted on, women athletes. Internal permutations could be indicative 
of menstrual dysfunction and should be discussed with appropriate medical profes-
sionals (Davison et al. (2022). External manipulation, however, is common, with 
almost half of the women athletic population studied using hormonal contraceptives 
(Martin et al. 2018). Hormonal contraceptives downregulate fluctuations in endoge-
nous sex hormones resulting in a significantly different hormonal profile compared to 
that of the naturally occurring menstrual cycle. Therefore, given the varying hormonal 
statuses of women athletes, it is pertinent to understand how both internal and external 
modulations of the menstrual cycle affect exercise performance. While Elliott-Sale 
and Hicks (2018) discuss external modulations of the menstrual cycle and exercise 
performance, the current chapter focuses on the internal modulations of endogenous 
hormones and exercise performance. 

The Menstrual Cycle and Physiological Function 

Sex hormone receptors mediate the biological and physiological processes of 
estrogen and progesterone. In addition to the reproductive system, estrogen (ERα 
and ERβ) and progesterone (hPR-A and hPR-B) receptors are expressed within a 
multitude of tissues and organs, including musculoskeletal tissues such as bone, liga-
ments, and tendons, as well as the cardiovascular, respiratory, and central nervous 
systems. The expression of sex hormone receptors is of importance as the functions 
of the aforementioned physiological systems are fundamental to exercise perfor-
mance. Constantini et al. (2005) compiled a network of components of exercise 
performance, where the effect of the menstrual cycle might exert its influence; this 
interaction commonly provides the rationale for subsequent implications on strength, 
aerobic and anaerobic performance. However, in addition to physiology, exercise 
performance is a multifaceted process (e.g., motivation, competition, etc.) with many 
external and internal nuances; thus, it is not surprising that the research investigating 
the effects of the menstrual cycle on exercise performance remains equivocal. This 
section discusses the proposed influence of the menstrual cycle on key physiological 
systems involved in exercise performance.
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Mechanisms Potentially Altering Strength Performance 
Across the Menstrual Cycle 

Force generation, commonly referred to as strength, is not only a determinant of 
sporting performance, but is altered by exercise in the form of fatigue, muscle damage, 
and recovery. The ability to produce force is a sequence of chemical and protein inter-
actions from the propagation of nervous system impulses along the motor pathway 
to the contractile proteins within the skeletal muscle (Dulhunty 2006). As detailed 
below, estrogen and progesterone exert their influences at several segments of the 
motor pathway, making it difficult to isolate the individual mechanisms underpinning 
potential influences on strength. 

Beginning within the motor cortex, estrogen and progesterone are both neuro-
steroids with contrasting impacts; estrogen increases cortical excitability (Smith et al. 
1999), whereaBembens progesterone enhances cortical inhibition (Smith et al. 1999). 
More recently, Ansdell et al. (2019) demonstrated the link between hormone-induced 
changes in excitability and voluntary activation of the knee extensors. Specifically, 
around ovulation (day 14 of the menstrual cycle) the neuro-excitatory effects of high-
estrogen concentrations were observed alongside an increased voluntary activation 
of the knee extensors. Furthermore, during the mid-luteal phase, cortical inhibition 
was increased, alongside a concomitant decrease in voluntary activation, highlighting 
the neuro-inhibitory effect of progesterone. Thus, the hormonal influence on central 
nervous system function might influence muscle function. At the other end of the 
motor pathway, previous work has proposed that changes in motor unit firing rates 
across the menstrual cycle might be a potential mechanism which underpins changes 
in maximal strength (Tenan et al. 2016). Tenan et al. (2013) reported greater motor 
unit discharge rates at recruitment (~10%) in the latter half of the menstrual cycle, 
which taken together with the findings of Ansdell et al. (2019) could suggest that the 
changes in pre-synaptic properties (i.e., cortical excitability) modulate post-synaptic 
output (i.e., motor unit discharge rate) within the motor pathway. 

In addition to influences within the central nervous system, estrogen has been 
reported to improve strength due to its effects on the binding of calcium and troponin 
C and contractile proteins, such as myosin. Myosin consists of two heavy chains 
and two pairs of light chains. These pairs are known as the essential light chain 
and the regulatory light chain and are both pertinent to muscle contractions; the 
former is considered to act as a structural stabilizer, whereas the latter acts as a 
lever arm which results in the movement of myosin and force production (Rayment 
et al. 1993). Estrogen has also been reported to modulate phosphorylation of the 
regulatory light chain (Lai et al. 2016); this has functional consequences, as phos-
phorylation of the regulatory light chain erects the essential light chain from the 
thick filament, positioning the myosin heads for optimal actin-myosin interaction 
(Levine et al. 1996). The influence of estrogen on contractile proteins during active 
muscle contractions is suggested to promote a stronger binding of the myosin head 
to actin, thus enhancing force production (Lowe et al. 2010). These suggestions 
are supported by a reduction in the fraction of strong-binding myosin during active
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contractions occurring to the same extent as maximal isometric tetanic force loss in 
ovariectomized mice (Moran et al. 2006). Whereas estrogen replacement reversed 
decrements in maximal isometric tetanic force and increased the fraction of strong-
binding myosin during active contractions (Moran et al. 2007). Additionally, in 
six pairs of postmenopausal monozygotic female human twins, active stiffness, a 
marker of the number of strongly attached cross-bridges, in type IIa muscle fibers 
was higher in the female twin receiving hormone replacement therapy compared to 
the female twin not using hormone replacement therapy (Qaisar et al. 2013). There-
fore, it is suggested that estrogen might enhance strength performance by improving 
the intrinsic quality of contractile function (Lowe et al. 2010) but any potential effects 
might be fiber-type dependent (Qaisar et al. 2013). Although the body of evidence 
is predominantly within animal studies or in vitro settings, estrogen’s influence on 
the function of myosin could be speculated to underpin the potential influence of 
estrogen on muscle strength (Collins et al. 2019). Although the role of progesterone 
has been recognized, possibly by acting synergistically with estrogen (Greeves 2000), 
the mechanistic effect of progesterone on muscle function remains relatively under-
studied and further research is required (Kim et al. 2016). Nonetheless, it is evident 
that estrogen, however, might influence components of muscle strength but whether 
this translates to changes in measures of strength performance is unclear. 

Measures of Strength Performance Across the Menstrual 
Cycle 

Within the body of literature, there is a substantial divide between research that 
supports (e.g., (Rodrigues et al. 2019; Sarwar et al. 1996; Tenan et al. 2016) and 
refutes (e.g., (Ansdell et al. 2019; Elliott et al. 2003; Janse De Jonge et al. 2001)) 
an effect of the menstrual cycle on measures of strength performance in humans. 
Sarwar et al. (1996) reported both quadricep and handgrip strength (maximal volun-
tary contraction; MVC) to be higher “mid-cycle” (unconfirmed ovulatory phase), 
compared to the early- and mid-follicular and mid- and late luteal phases of the 
menstrual cycle. In agreement, Bambaeichi et al. (2004) reported greater knee 
extensor MVC at confirmed ovulation compared to the early- and late-follicular and 
mid- and late luteal phases of the menstrual cycle. Although both Sarwar et al. (1996) 
and Bambaeichi et al. (2004) speculated that elevated estrogen levels at ovulation 
were conducive to strength performance, neither study subsequently verified sex 
hormone concentrations. A study that did address this was Janse De Jonge et al. 
(2001), who utilized calendar-based counting, and changes in basal body tempera-
ture, as well as serum hormone analysis and progesterone thresholds (>16 nmol.l−1) 
to identify and verify the early-follicular, late-follicular, and mid-luteal phases of 
the cycle. Confident that testing occurred at distinctly different ratios of estrogen 
to progesterone, Janse De Jonge et al. (2001) concluded that both voluntary and 
electrically evoked quadriceps strength and handgrip strength did not alter across
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the menstrual cycle. Likewise, using the advocated “three-step” methodological 
recommendation to confirm phases (Janse De Jonge et al. 2019) for menstrual cycle 
research, Fridén et al. (2003) and Ekenros et al. (2013) reported no differences in 
handgrip strength between the early-follicular, ovulatory, and mid-luteal phases of the 
menstrual cycle. Interestingly, however, Ekenros et al. (2013) reported knee extensor 
MVC to be greater in the mid-luteal phase of the menstrual cycle, a finding that 
contradicts earlier research such as Sarwar et al. (1996). The inconclusive effects 
of the menstrual cycle on strength performance could reflect high heterogeneity in 
study design and quality (McNulty et al. 2020). Furthermore, studies use a variety 
of strength measures (e.g., dynamic and isometric contractions in the upper and 
lower limbs), participants of differing training status (e.g., recreational to elite), 
and menstrual phases, making it difficult to draw direct comparisons between this 
literature. 

Mechanisms Potentially Altering Endurance Performance 
Across the Menstrual Cycle 

Endurance exercise requires the integration of several physiological systems and 
processes such as substrate metabolism, musculoskeletal function, and the cardiovas-
cular and respiratory systems. Endogenous hormones, such as estrogen and proges-
terone, have been suggested to exert their influence on nearly all of these physio-
logical mechanisms. To that end, estrogen is a vasodilator, which increases blood 
flow to the heart and muscles through vasodilation of the coronary, brachial arteries, 
and the peripheral microvascular beds (Adkisson et al. 2010; Traupe et al. 2007). 
Adkisson et al. (2010) partly attributed improved central hemodynamic and reactivity 
of peripheral vascularity during the late-follicular phase of the menstrual cycle due to 
an estrogen-mediated increase in nitric oxide (NO) bioavailability. Although vasodi-
lation of the feeder arteries to the working muscle could promote greater oxygen 
delivery to that working muscle, the ability to capitalize on this response is still 
partly dependent on oxygen extraction (Wagner 2000). 

Earlier in the oxygen transport pathway, hormone-mediated effects are evident. 
For example, Smith et al. (2015) reported an increase in lung diffusion capacity during 
the mid-follicular compared to the early-follicular phase of the menstrual cycle. The 
increase in diffusion capacity is attributed to the concurrent increase in capillary blood 
volume, which was speculated to be a result of estrogen increasing water retention 
during the luteal phase of the menstrual cycle (Smith et al. 2015). However, this 
study included tri-phasic oral contraceptive users within their cohort and reported 
no significant differences in the hormone concentrations between phases; therefore, 
it is difficult to attribute Smith et al. (2015) findings to fluctuations in endogenous 
hormone changes alone. At rest, ventilatory rate ( V̇E) has been demonstrated to be 
greater in the luteal phase (MacNutt et al. 2012; Schoene et al. 1981), while during 
exercise, several studies have shown a greater ventilatory equivalent ( V̇E/ V̇O2 and
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V̇E/ V̇CO2, (Dombovy et al. 1987; Schoene et al. 1981)) in the luteal phase. As 
discussed by Janse De Jonge (2003), these changes are likely driven by the effects 
of progesterone on central respiratory drive, or indirectly through the increase in 
body temperature. However, it is important to note that conflicting literature exists 
demonstrating no effect of the menstrual cycle on minute ventilation, particularly at 
high intensities of exercise (Beidleman et al. 1999; Bemben et al. 1995; De Souza 
et al. 1990). Similarly, conflicting literature exists regarding the respiratory exchange 
ratio (RER, i.e., V̇CO2/ V̇O2), which is influenced by substrate utilization (Dombovy 
et al. 1987; Hackney et al. 1994; Kanaley et al. 1992). 

Substrate metabolism is a large contributor to endurance performance, and the 
ability to optimize fat metabolism is deemed preferable during moderate- and heavy-
intensity exercise (i.e., especially of a prolonged duration). During endurance exer-
cise, research has demonstrated that estrogen initiates a shift from carbohydrate 
utilization to fat oxidation (D’Eon et al. 2002; Hackney et al. 1991, 2022); however, 
these findings are not always consistent (Frandsen et al. 2020; Horton et al. 2002). 
The genomic and non-genomic mechanisms of estrogen on substrate utilization 
are complex; therefore, the interested reader is encouraged to read Oosthuyse and 
Bosch (2012) for more information. Although fat oxidation has been reported to be 
highest during ovulation (Hackney et al. 1991), the anti-estrogenic effect of proges-
terone must be taken into account when considering substrate utilization during 
the menstrual cycle (D’Eon et al. 2002; Hackney et al. 2022). For example, during 
submaximal exercise, D’Eon et al. (2002) demonstrated that the estrogenic reduction 
in carbohydrate oxidation and increase in fat oxidation was reversed when high levels 
of exogenous estrogen and progesterone were administered. Furthermore, Hackney 
et al. (2022) reported an “in vivo” shift toward fat metabolism from the follicular to 
luteal phase of the menstrual cycle during exercise. The magnitude of this shift was 
greater in those women with a smaller increase in progesterone relative to estrogen 
in the luteal phase (Hackney et al. 2022). As such, it is plausible that the inconsis-
tencies in research to date investigating the effect of the menstrual cycle on substrate 
metabolism could be attributed to focusing on the absolute hormone concentrations 
rather than the ratio across the menstrual cycle (Hackney et al. 2022). Therefore, 
although the estrogenic effect on substrate metabolism might favor endurance perfor-
mance, research must consider the estrogen-to-progesterone ratio to fully elucidate 
the potential mechanisms and impact on endurance performance. Although estrogen 
and progesterone might influence several of the physiological systems involved in 
endurance performance, the literature regarding such exercise performance is less 
clear. 

Endurance Performance Across the Menstrual Cycle 

Typically, endurance performance can be inferred using time to exhaustion tests or 
time to completion (i.e., time or distance trials). Time to exhaustion tests requires 
the athlete to maintain a constant power output or speed to the limit of tolerance,
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with no controlled endpoint. Whereas time trial performance tests require athletes to 
complete a set distance or workload within the shortest time possible. 

Research investigating the effect of the menstrual cycle on endurance perfor-
mance is inconclusive, with studies supporting (e.g., (Bandyopadhyay and Dalui 
2012; Campbell et al. 2001); Nicklas et al. 1989) or refuting (e.g., (Campbell et al. 
2001; Janse De Jonge et al. 2012; Mattu et al. 2020; Redman et al. 2003)) an effect. 
Nicklas et al. (1989) had women cycle to exhaustion (70% VO2max) at their mid-
follicular and mid-luteal phases of the MC (hormonal confirmed). The mean luteal 
performance was nearly 13 min greater in duration (p ≤ 0.06). Bandyopadhyay and 
Dalui (2012) investigated running time to exhaustion at 70% of heart rate maximum 
during the early-follicular, late-follicular, and mid-luteal phases of the menstrual 
cycle. Time to exhaustion was reduced during the early-follicular phase; however, 
no menstrual cycle phase verification method was used in this study. On the contrary, 
Mattu et al. (2020) reported no difference in cycling time to exhaustion, at 85% peak 
power output, between the mid-follicular and mid-luteal phases. These discrepancies 
could be attributed to the differences in exercise duration, ~ 31 min (Bandyopadhyay 
and Dalui 2012) and ~ 2.5 min (Mattu et al. 2020). With these trial durations implying 
that exercise was occurring in different intensity domains, the limiting factors to 
performance most likely differed. For instance, the short exercise duration reported 
by Mattu et al. (2020) was likely limited by substrate-level phosphorylation and the 
accumulation of fatiguing metabolites, rather than shifts in oxidative fuel sources. 
In another study, Campbell et al. (2001) reported that following 2 h of cycling at 
70% of peak oxygen consumption ( V̇O2peak), within a fasted state, maximal 4 kJ/kg 
body weight time trial performance (~ 24 to 28 min) was better within the follicular 
compared to the luteal phase of the menstrual cycle. Interestingly, when participants 
repeated the time trial exercise with carbohydrate supplementation, any phase differ-
ence noted was removed. Campbell et al. (2001) proposed that the potential effects of 
the menstrual cycle on endurance performance can be reduced with adequate inges-
tion of carbohydrates, which has partially been supported by Hulton et al. (2021) 
who concluded that carbohydrate consumption during endurance exercise (90 min at 
60% V̇O2peak) curtails any metabolic variations incurred by the menstrual cycle. As it 
stands, the conflict between studies investigating the effects of the menstrual cycle on 
endurance performance could be partly explained by the different exercise durations, 
fueling practices, and specific phases of the menstrual cycle investigated. To fully 
elucidate the effect of fluctuating sex hormones on endurance performance, more 
studies are required to perform longer exhaustive exercise durations (e.g., triathlons, 
ultra-endurance events, marathons (Carmichael et al. 2021)), be more transparent 
with fueling protocols, and include the late-follicular/ovulation phase within their 
investigations.
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Overall Effect of the Menstrual Cycle on Exercise 
Performance 

Despite the recent surge in research attempting to establish the effect of the menstrual 
cycle on performance, a consensus by the scientific community has not been reached. 
Recently, several high-quality narrative (Carmichael et al. 2021) and systematic 
reviews (Blagrove et al. 2020, McNulty et al. 2020) have been conducted to iden-
tify, evaluate, and summarize the available empirical evidence. Indeed, McNulty 
et al. (2020) performed a systematic review and meta-analysis on 78 studies inves-
tigating the effects of the menstrual cycle on strength and endurance performance. 
The conclusions were that on average, exercise performance might be reduced by a 
trivial amount during the early-follicular phase compared with all other phases of the 
menstrual cycle. Exclusively investigating strength-related measures, Blagrove et al. 
(2020) agreed that the fluctuations in endogenous sex hormones across the menstrual 
cycle might have a small to trivial effect on strength performance. Furthermore, these 
reviews have unanimously agreed that the current quality of evidence in this area is 
low; e.g., McNulty et al. (2020) findings were based on 68% of their studies having a 
quality rating of “low” to “very low”. Additionally, there was a large between-study 
variance (McNulty et al. 2020), which might reflect the notoriously low participant 
numbers and varied protocols often used within this research area (Blagrove et al. 
2020). Together, these limitations should be heavily considered when interpreting a 
small or trivial effects noted. Therefore, future studies should address these method-
ological shortcomings to improve the quality and consistency of the evidence used 
by and given to women athletes and those working with them. 

While it is evident that estrogen and progesterone can exert their influences on 
physiological systems which might underpin both strength and endurance perfor-
mance, it is important to note that exercise performance is not exclusively determined 
by the integration of physiological function. In addition to factors such as motiva-
tion and environment, performance could be altered by the likes of cycle-related 
symptoms, athlete perceptions (e.g., the perceived effects of the menstrual cycle 
on performance and training), as well as lived experiences (e.g., menses/menstrual 
stigma) and changes in behavior (e.g., training habits, gym attire) associated with the 
menstrual cycle phases (Carmichael et al. 2021;Kolić et al.  2022, 2021). For instance, 
in a recent narrative review, Carmichael et al. (2021) reported that ~ 71 and ~ 65% 
of athletes felt their performance in training and competition, respectively, varied 
across the menstrual cycle. Although causation cannot be concluded, perceived vari-
ations in performance were attributed to menstrual cycle symptomologies, such as 
feelings of fatigue, lethargy, and menstrual pain (Carmichael et al. 2021). Therefore, 
to fully understand the impact of the menstrual cycle on exercise and performance, 
the impact of all facets of the menstrual cycle must be considered using a holistic 
approach (e.g., physiological, psychology, behavior, etc.), rather than the potential 
effects of endogenous hormones in isolation.
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Practical Recommendations 

Practically, the current evidence and the large intra- and inter-individual variations 
and experiences of the menstrual cycle do not warrant general guidance on exer-
cise performance across the menstrual cycle. As such, scientific support for women 
athletes, regarding the mensural cycle, should be individualized to each female and 
their unique menstrual cycle characteristics and history. For example, this can be 
achieved through regular menstrual cycle screening, and as a minimum, consistent 
menstrual cycle tracking (e.g., menses and cycle length) for at least three months. 
Furthermore, consistent monitoring of the type, prevalence, frequency, and severity 
of symptoms (e.g., blood flow, discharge, breast soreness, fatigue, etc.) experienced 
during the menstrual cycle can help understand, manage, or exploit the impact of 
negative and positive symptoms, respectively. Additional insight can be provided by 
including perceptual and/or objective noteworthy changes in exercise performance 
experienced by athletes across their menstrual cycle. For more in-depth recommen-
dations on how to monitor and interpret menstrual health within an exercise setting, 
please see other chapters in this volume (those developed by Bruinvels and Pedlar, 
and Mikkonen et al.) or see reference Davison et al. (2022). Overall, it is imperative 
that high-quality research on women is used to inform practice, generate critical 
discussion, and close the sports science gender gap, but the application should be 
shaped, examined, and adjusted (if required) to the individual athlete and their own 
individual experiences of the menstrual cycle to optimize long-term performance 
outcomes and goals. 
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Chapter 12 
Nutritional Strategies and Sex Hormone 
Interactions in Women 

Nancy J. Rehrer, Rebecca T. McLay-Cooke, and Stacy T. Sims 

Introduction 

There are a number of nutrients, foods, and supplements; the manipulation of which 
has the potential to augment health and/or exercise performance and/or recovery. 
The focus of this chapter is to address those dietary manipulations that have partic-
ular relevance for women. By and large, these are related to differences imposed 
by female sex hormone fluctuations and decreases with age, or in response to stres-
sors, including exercise training load and energy balance. This chapter begins by 
addressing those elements of the diet known to have the largest effect on and be 
altered by exercise, beginning with energy supply and macronutrient intakes, partic-
ularly carbohydrates and protein. The varying impact of manipulation will be high-
lighted with respect to the timing of intake relative to exercise. This is followed by 
a discussion of fluid and electrolyte handling and application to thermal regulation, 
exercise tolerance, and exercise-associated hyponatremia. Hereafter, estrogen, as an 
antioxidant, is discussed and several more minor nutrients are highlighted that, due 
to specific action of estrogen (and/ or progesterone), or lack thereof, may warrant 
increased consumption.
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Energy and Macronutrients 

Traditionally high/er carbohydrate diets have been recommended for athletes 
engaging in endurance and high-intensity intermittent exercise (Jeukendrup 2011; 
Broad and Cox 2008). This recommendation has been established on the basis that 
both forms of exercise, either as a result of the duration or dominance of carbohy-
drate as a substrate, put a drain on body carbohydrate stores. Based on research 
conducted primarily in males, it has been assumed that these recommendations 
would translate equally well for the female population performing a similar activity. 
Evidence from metabolic studies conducted in animal and human populations indi-
cates that both estrogen and progesterone have varying effects on carbohydrate, lipid, 
and protein metabolism. Specifically, the female sex hormones appear to influence 
insulin-stimulated and contraction-stimulated glucose uptake (Hansen et al. 1996; 
Latour et al. 2001; Campbell and Febbraio 2002; Van Pelt et al. 2003), glycogen 
storage (Nicklas et al. 1989; Hackney 1990; McLay et al. 2007), plasma glucose avail-
ability during exercise (Campbell et al. 2001; Zderic et al. 2001; Devries et al. 2006), 
whole-body glucose kinetics (D’Eon et al. 2002), lipolysis (Casazza et al. 2004), 
energy substrate utilization-oxidation (Willett et al. 2021), cellular capacity for fatty 
acid oxidation (Campbell and Febbraio 2001), and protein catabolism (Lamont et al. 
1987; Lariviere et al. 1994; Kriengsinyos et al. 2004). Further, it is highly conceiv-
able that the ingestion of specific nutrients before, during, and after exercise has the 
potential to affect the impact of the ovarian hormones on metabolism, raising the 
possibility that sex-specific or even hormonal status-specific dietary guidelines for 
exercising females may be warranted. 

The following sections have been limited to describing nutritional strategies 
where research has been conducted using exercising females and variation in ovarian 
hormones (e.g., menstrual cycle phase or oral contraceptive use) has been incorpo-
rated. To date, this research is mainly limited to the manipulation of carbohydrate 
and protein intake and predominantly concerning endurance exercise. 

Habitual Diets 

Energy Requirements 

The energy requirements of female athletes will vary according to the amount of 
physical activity undertaken, age, occupation, health status, and basal metabolic rate 
of the individual. However, based on evidence from research into the female athlete 
triad and relative energy deficiency in sport (RED-s) (Melin et al. 2019), it has 
been suggested that female athletes should aim for an energy availability of 45 kcal 
per kg fat-free mass per day throughout the menstrual cycle for optimal health and 
performance (Holtzman and Ackerman 2021).
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A recent systematic review and meta-analysis found that the menstrual cycle 
exerted a small (∼ 0.33) and inconsistent (∼ 50% of studies) effect size increase 
in resting metabolic rate (RMR) during the luteal compared to follicular phase in 
women (not specifically athletes) (Benton et al. 2020). A small number of studies 
have investigated energy intake during different phases of the menstrual cycle with 
some reporting no difference (de Souza et al. 2018; Eck et al. 1997; Gorczyca et al. 
2016), and others reporting an increase in energy intake in the luteal compared to 
follicular phase (Barr et al. 1995; Kammoun et al. 2017; Nowak et al. 2020). To date, 
only one study has investigated the influence of the menstrual cycle and hormonal 
contraceptive cycle phase (active versus inactive) on energy intake and energy avail-
ability in recreational athletes (Ihalainen et al. 2021). Measurements were obtained 
at four time points: bleeding, mid-follicular/active 1, ovulation/active 2, and mid-
luteal/inactive. The findings suggest that on average, neither the menstrual cycle nor 
hormonal cycle phase alters ad libitum energy intake or energy availability in recre-
ationally active athletes. However, the authors emphasized that large inter-individual 
differences were observed within the data so further investigation is warranted with 
a larger study population over multiple cycles. Until such research is conducted, it 
is as yet unclear whether physically active women have increased energy require-
ments in the luteal phase of the menstrual cycle due to a potential small increase 
in RMR. Additional research on female athletes is also needed to assess the effect 
of the menstrual cycle phase and hormonal contraceptive use on appetite regulation, 
gastrointestinal symptoms, and food cravings, all of which have the potential to affect 
habitual energy intake (Krishnan et al. 2016). 

Protein Requirements 

Observations from several studies conducted in healthy non-athletic females point to 
a decrease in plasma amino acids during the luteal compared to the follicular phase 
of the menstrual cycle (Faustmann et al. 2018; Kriengsinyos et al. 2004; Sawai et al. 
2020; Wallace et al. 2010). This difference may be reflective of greater utilization in 
this phase attributed to increased cell cycle progression and growth, and the associated 
endometrial protein biosynthesis required for endometrial thickening to prepare the 
uterus for pregnancy (Brennan and Gibbons 2020; Draper et al. 2018). Increased 
nitrogen utilization and excretion in healthy non-athletic females (Calloway and 
Kurzer 1982) and increased protein catabolism at rest (Lariviere et al. 1994) and 
during prolonged exercise (Bailey et al. 2000; Lamont et al. 1987) have been observed 
in the luteal compared to the follicular phase of the menstrual cycle. It appears higher 
circulating levels of progesterone or a reduced estrogen: progesterone (E:P) ratio are 
responsible for the increased catabolism of protein in the luteal phase (Kriengsinyos 
et al. 2004). Therefore, the greater E:P ratio of the follicular phase may have a 
“protein-sparing” effect (Moore et al. 2021). It is possible that the energy/protein ratio 
in the luteal phase of the menstrual cycle may also be an important determinant of the 
extent of protein catabolism in this phase (Oosthuyse and Bosch 2010). It is, therefore, 
plausible that the protein requirements of female athletes may be increased during
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the luteal phase of the menstrual cycle when levels of estrogen and progesterone are 
elevated. 

Recently, Mercer and colleagues (2020) conducted a systematic literature review 
aimed at determining the protein requirements of premenopausal female athletes and 
identifying if menstrual cycle phase and/or hormonal contraceptive use influences 
protein requirements. Unfortunately, most of the studies included in this review failed 
to report the menstrual cycle phase (Campbell et al. 2018; Pihoker et al. 2019; Taylor 
et al. 2016; Tinsley et al. 2019; West et al.  2012; Wilborn et al.  2016, 2013) or have  
grouped users and non-users of hormonal contraceptives together (Brown et al. 2018; 
Rowlands and Wadsworth 2011; Roy et al. 2002). To date, three studies investigating 
protein requirements of female athletes have attempted to document the menstrual 
cycle phase (Houltham and Rowlands 2014; Malowany et al. 2019; Wooding et al. 
2017). Using the nitrogen balance method, the estimated average requirement (EAR) 
of protein for trained female endurance athletes was reported to be 1.63 g kg−1 d−1 

(Houltham and Rowlands 2014), equating to a recommended dietary intake (RDI) 
of 2.02 g kg−1 d−1 (Houltham and Rowlands 2014). However, as this research was 
conducted in the follicular phase where the hormonal environment is potentially less 
catabolic, this may represent the minimal protein requirement across the menstrual 
cycle for women engaged in endurance training. The protein EAR for recreation-
ally active resistance-trained female athletes completing a single whole-body resis-
tance training session during the luteal phase was estimated to be 1.49 g kg−1 d−1 

(Malowany et al. 2019) (calculated RDI 1.85 g kg−1 d−1) (Mercer et al. 2020) using  
the indicator of amino acid oxidation (IAAO) technique. The IAAO method was 
also used by Wooding and colleagues (Wooding et al. 2017) who determined a luteal 
phase protein EAR of 1.41 g kg−1 d−1 (calculated RDI 1.75 g kg−1 d−1) (Mercer et al. 
2020) for competitive female athletes completing intermittent exercise (shuttle test). 
The protein requirements presented in these studies are within the upper RDI range of 
general protein recommendations for all athletes (1.2–2.0 g kg−1 d−1) (Thomas et al. 
2016) and provide a starting point for planning protein intakes of female athletes. 
However, due to the disparate nature of these studies and the inability to be able 
to make comparisons both within and between studies, the impact of the menstrual 
cycle phase and hormonal contraceptive use on the protein requirements of female 
athletes remains unclear at this time and further research is warranted. 

Carbohydrate Requirements 

In a recent review, Moore and colleagues (2021) attempted to compile carbohydrate 
recommendations for female athletes. Daily carbohydrate requirements are presented 
based on the intensity and duration of exercise (light = 4 g kg−1 d−1; moderate = 
4–6 g kg−1 d−1; high  = 6–8 g kg−1 d−1; very high  = 8–12 g kg−1 d−1) but also 
include sex-specific considerations relating to menstrual cycle phase (Moore et al. 
2021). Specifically, female athletes should consider the menstrual cycle phase firstly 
in relation to the potential effects of individualized physical and mental symptoms on 
the ability to achieve daily carbohydrate targets; secondly, additional carbohydrates
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may be required in the follicular phase to overcome reduced muscle glycogen storage 
(Hackney 1990; McLay et al. 2007; Nicklas et al. 1989); and finally, there should 
be some consideration of menstrual cycle phase concerning appetite regulation and 
food cravings on habitual absolute carbohydrate intake (Moore et al. 2021). Studies 
investigating the menstrual cycle phase or hormonal contraceptive use relative to 
carbohydrate requirements are mainly limited to endurance exercise trials. Future 
studies should aim to explore the impact of hormonal variation on the glycogen 
requirements of female athletes in “real-world” training or competition settings. 

Fat Requirements 

Females oxidize proportionately more lipids than men at all exercise intensities 
(Cheneviere et al. 2011;Devries  2016) due to the effects of estrogen, and females have 
greater intramuscular triglyceride stores and differences in type I muscle fibers (Rossi 
2017). Therefore, consuming a high-fat diet may offer a performance advantage 
for female endurance athletes. However, research investigating low carbohydrate 
high-fat diets (acute and chronic adaptation and fat adaptation with carbohydrate 
restoration) has almost exclusively been conducted using male participants (Burke 
2021). As a consequence, research in this area that incorporates fluctuations in ovarian 
hormones is non-existent. 

Nutrient Intake in the days Before Exercise 

Results of early research suggested the menstrual cycle phase might influence muscle 
glycogen concentration (Nicklas et al. 1989), which in turn has the potential to 
affect subsequent exercise capacity or performance of eumenorrheic female athletes 
(Nicklas et al. 1989). Carbohydrate loading is a performance-enhancement strategy 
often used by endurance athletes before a competition to increase muscle glycogen 
stores in an effort to improve performance in events lasting longer than 90 min 
(Sedlock 2008). Modern versions of the approach involve combining a high dietary 
carbohydrate intake and exercise taper for several days before competition (Sedlock 
2008). Only a small number of studies have attempted to explore this relationship by 
investigating the impact of a modified carbohydrate loading regime before exercise 
in females under a variety of hormonal influences. Carbohydrate loading (8.4–9 g kg 
body weight−1 d−1) has been shown to increase muscle glycogen concentration in 
the mid-follicular phase of the menstrual cycle (Paul et al. 2001; Tarnopolsky et al. 
2001; McLay et al. 2007). In contrast, following carbohydrate loading during the 
mid-luteal phase, muscle glycogen concentration has remained unchanged (McLay 
et al. 2007) or shown only a modest increase (13%) (Walker et al. 2000) compared to 
what is generally reported for male athletes (18–47%) (Sherman et al. 1981; Rauch 
et al. 1995, 2005; Hawley et al. 1997; Burke et al. 2000; Tarnopolsky et al. 2001) or
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female athletes during the follicular phase (17–31%) (Paul et al. 2001; McLay et al. 
2007; Tarnopolsky et al. 2001). 

The impact of carbohydrate loading on the muscle glycogen content of oral 
contraceptive users is even less clear. Endurance-trained female athletes taking 
a triphasic oral contraceptive (ethinyl estradiol/levonorgestrel) showed increased 
muscle glycogen concentration following carbohydrate loading in both the mid-
follicular and mid-luteal phases (James et al. 2001). However, unlike a normal natural 
menstrual cycle where resting levels of both estradiol and progesterone are higher 
during the mid-luteal than mid-follicular phase, James et al. (2001) reported no differ-
ence in the levels of ovarian hormones between phases at the time muscle glycogen 
content was measured. This lack of difference in hormone profiles between phases 
raises the possibility that the mid-luteal phase could be interpreted in the same way as 
the mid-follicular phase results from this study, potentially adding to the evidence that 
carbohydrate loading in the mid-follicular phase increases resting muscle glycogen 
content (Hackney 1990; Paul et al. 2001; McLay et al. 2007; Tarnopolsky et al. 
2001). At this time, it is unknown what effect carbohydrate loading may have on 
muscle glycogen concentration in female athletes using different forms of hormonal 
contraception. 

Although the lower level of muscle glycogen storage in the mid-follicular phase 
of the menstrual cycle appears to be overcome by carbohydrate loading, this has 
not necessarily always translated into improved time trial performance (Paul et al. 
2001; McLay et al. 2007). In contrast, cycle time to exhaustion at 80% VO2max 
(maximal oxygen uptake), measured during the mid-luteal phase of the menstrual 
cycle, increased (approximately 9 min) in response to the small CHO loading induced 
improvement in muscle glycogen concentration (Walker et al. 2000), whereas time 
trial performance was not improved following carbohydrate loading in the mid-luteal 
phase (McLay et al. 2007). 

As with research conducted using male participants, there are many factors that 
can influence performance outcomes in studies investigating carbohydrate loading. 
These include the training status of the participants; the, often, small sample sizes 
used; the pre-loading glycogen depletion; the type of exercise performance test that 
is employed (e.g., time trial versus exercise to exhaustion); and the duration and 
intensity of the exercise undertaken before or as part of the performance assess-
ment (Sedlock 2008; Correia-Oliveira et al. 2013). An additional factor to consider 
in research investigating the effect of the menstrual cycle phase on performance 
outcomes is the magnitude and relative proportions of the fluctuations of the ovarian 
hormones. It has been proposed that a metabolic response to changes in the ovarian 
hormones (and the associated potential performance effects) occurs only when the 
estrogen to progesterone ratio (E:P) is elevated sufficiently in the luteal compared to 
follicular phase and the magnitude of the increase in estrogen between the follicular 
and luteal phases is in the order of at least twofold or more (D’Eon et al. 2002; Oost-
huyse and Bosch 2010). It is likely the effect of carbohydrate loading on performance 
in female athletes is also impacted by this particular hormone milieu. 

Achieving the high intakes of carbohydrates (CHO) (≥ 8 g kg body weight−1 d−1) 
needed for carbohydrate loading can be difficult for women whose habitual energy 
intakes are < 2000 kcal d−1 (8400 kJ d−1) (Tarnopolsky et al. 1995; Wismann and
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Willoughby 2006; Sedlock 2008), as this dosage amounts to ingesting more than 90% 
of total energy intake as carbohydrate for a 60 kg woman. Therefore, women who 
attempt to carbohydrate load should pay particular attention to consuming sufficient 
total energy to achieve the necessary relative carbohydrate intake, especially during 
the follicular phase of the menstrual cycle. 

Nutrient Intake in the Hours Before Exercise 

The menstrual cycle phase appears to influence glucose kinetics during exercise 
due to the ability of estrogen to impede gluconeogenesis (Matute and Kalkhoff 
1973; Lavoie et al. 1987). Glucose rate of appearance in the luteal phase is reduced 
compared to the follicular phase when the energy demands of exercise are high 
enough to exert pressure on endogenous glucose production (> 50% VO2max) 
(Campbell et al. 2001; Zderic et al. 2001). The influence of the menstrual cycle 
phase on glucose kinetics is evident in females who exercise in a fasted state but is 
negated by feeding in the pre-exercise period, as this reduces the demand for endoge-
nous glucose production (Suh et al. 2002; Oosthuyse and Bosch 2010). Eumenorrheic 
female athletes should, therefore, follow current recommendations to consume a pre-
exercise meal or snack containing carbohydrates three to four hours before beginning 
endurance exercise, especially during the luteal phase of the menstrual cycle. 

Exogenous ovarian hormones appear to exert greater effects on glucose flux during 
exercise than endogenous hormones, as decreases in glucose rate of appearance and 
disappearance can be observed in recently fed women taking a triphasic oral contra-
ceptive compared to before oral contraceptive use (Suh et al. 2003). Findings from 
studies investigating oral contraceptive use and substrate utilization may vary due to 
the use of different types of oral contraceptive agents, monophasic vs. triphasic and 
different oral contraceptive formulations, and varied definitions of the oral contra-
ceptive phase (Rechichi et al. 2009). As well as the acute effects, oral contraceptive 
use may have effects on glucose kinetics that persist into the inactive phase (Suh 
et al. 2003). Female athletes using a triphasic oral contraceptive should, therefore, 
ensure carbohydrate is consumed before exercise during both the active and inactive 
phases. 

Nutrient Intake During Exercise 

Carbohydrate ingestion has a positive influence during endurance exercise (Temesi 
et al. 2011; Cermak and van Loon 2013; Bourdas et al. 2021). However, the majority 
of research has been conducted using trained male participants, and the findings 
generalized and applied to female athletes. This issue is highlighted in by a recent 
meta-analysis of carbohydrate solution intake during prolonged exercise over the 
past 45 years, in which only six out of the 96 studies reviewed were conducted in
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females and only one examined the effect of the menstrual cycle phase (Bourdas 
et al. 2021). 

The performance of moderately trained females can be improved with carbohy-
drate supplementation during endurance exercise compared to a placebo (Sun et al. 
2015; Campbell et al. 2001; Bailey et al. 2000; Gui et al. 2017). Several studies have 
reported lower carbohydrate oxidation rates and higher fat oxidation rates in the 
luteal phase compared with the follicular phase (Hackney et al. 1991, 1994; Willett 
et al. 2021; Zderic et al. 2001). However, when exogenous glucose is provided during 
exercise to ovulatory females, the influence of the menstrual cycle phase on glucose 
kinetics is minimized as the demand for endogenous glucose production is reduced 
(Campbell et al. 2001; Hulton et al. 2021). Furthermore, the menstrual cycle phase 
appears to have little impact on performance under these conditions (Campbell et al. 
2001; Bailey et al. 2000), although amino acid catabolism was reduced when carbo-
hydrate supplementation was provided during exercise (Bailey et al. 2000). Also of 
interest is the finding that the usage of a carbohydrate-electrolyte beverage during 
endurance exercise in the heat attenuates immune disturbances compared to a placebo 
beverage, especially in the luteal phase of the menstrual cycle (Hashimoto et al. 2014). 

During the follicular phase in endurance-trained women, the highest rates of 
exogenous carbohydrate oxidation and greatest endogenous carbohydrate sparing 
were observed when carbohydrate was ingested at a rate of 1.0 g min−1 (60 g h−1) 
during 2 h of cycling at moderate intensity, with no further increases when the 
rate was increased to 1.5 g min−1 (90 g h−1) (Wallis et al. 2007). To date, the 
impact of high rates (90 + g h−1) of exogenous carbohydrate ingestion has not 
been assessed in different phases of the menstrual cycle or under hormonal contra-
ceptive use. Athletes should be wary of gastrointestinal upset caused by high rates 
of carbohydrate ingestion during exercise that could potentially overwhelm the gut 
(Holtzman and Ackerman 2021). In addition, it is also unknown if the menstrual 
cycle phase and hormonal contraceptive use have an effect on carbohydrate oxida-
tion rates when dual-source blends of carbohydrates are consumed during exercise. 
Finally, no studies have yet attempted to examine the ingestion of whole foods on 
exogenous carbohydrate rates at different time points during the menstrual cycle or 
when hormone contraceptives are used. 

Current general recommendations for carbohydrate intake during exercise of < 
75 min include the provision of small amounts of carbohydrate, including mouth 
rinse (Thomas et al. 2016). This is another area that has received little research 
attention with respect to including female subjects and the fluctuations in ovarian 
hormones, with only apparently one study to date attempting to examine this area. 
Chryssanthopoulos and colleagues (2018) found carbohydrate mouth rinsing did not 
improve 60-min running performance in 5 postmenopausal and 10 eumenorrheic 
recreational runners tested in the follicular phase of the menstrual cycle. 

In light of the limited data available, it would seem prudent to recommend that 
eumenorrheic female endurance athletes ingest carbohydrates at a rate of 60 g h−1 

during moderate- to high-intensity exercise to offset menstrual cycle effects on 
glucose kinetics/exercise metabolism and to limit potential immune disturbances 
in the heat as well as protein catabolism. Considerable further research evidence
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is required to elucidate whether menstrual cycle or hormone contraceptive specific 
recommendations for nutrient intake during exercise are warranted for female athletes 
outside of the current contemporary guidelines. 

Nutrient Intake and Recovery from Exercise 

Little is known about how extensively fluctuations in ovarian hormones may impact 
post-exercise needs for recovery of energy stores or structural repair in exercising 
females. As with the influence of ovarian hormones on exercise metabolism, the 
impact on recovery may also be secondary to factors such as nutritional status/energy 
availability, exercise intensity, and overall energy demand of exercise (Hausswirth 
and Le Meur 2011). 

Following depleting exercise undertaken four days prior, muscle glycogen reple-
tion is reduced in the follicular phase compared to the luteal phase in moderately 
trained eumenorrheic women consuming a diet containing 56% of energy intake 
from carbohydrates (Nicklas et al. 1989), suggesting a potential impairment in 
muscle glycogen resynthesis in the follicular phase. However, muscle glycogen reple-
tion during the follicular phase of the menstrual cycle has been shown to occur in 
similar proportions to males following carbohydrates consumed in the hours after 
depleting exercise using both untrained (Kuipers et al. 1989) and endurance-trained 
(Tarnopolsky et al. 1997) participants. 

A recent meta-analysis concluded that muscle glycogen synthesis rates are 
enhanced when carbohydrate and protein are co-ingested after exercise compared 
with carbohydrate alone only when the added energy of protein is in addition to, not 
in place of, carbohydrate (Margolis et al. 2021). However, all of the studies included 
in this review were conducted on male subjects with only 4/22 including females. 

Post-exercise supplementation (1.2 g kg−1 of carbohydrate, 0.1 g kg−1 of protein, 
and 0.02 g kg−1 of fat), following four training sessions across a week during the 
follicular phase, improved time to exhaustion during a subsequent bout of endurance 
exercise (Roy et al. 2002). To date, these effects have not been tested during different 
phases of the menstrual cycle and studies investigating exogenous hormone users are 
rare, and the methods of hormonal contraceptive use are variable. For example, Flynn 
and colleagues (2020) recently reported similar rates of muscle glycogen resynthesis 
in recreationally active males and females using supplemental hormone prescriptions 
(triphasic, norethindrone, and ethyl estradiol oral pills) or time-release (intrauterine 
device) birth control when 1.6 g kg−1 of carbohydrate was ingested immediately and 
2-h post-completion of a 90-min cycling protocol. 

Based on these rather limited data, eumenorrheic women should aim to consume 
carbohydrates (1.2 g kg−1 h) as soon as possible following glycogen-depleting exer-
cise, particularly during the follicular phase of the menstrual cycle, to maximize 
glycogen replenishment. This may be especially important if the next training session 
or event is likely to occur in < 8 h. 

Research into the role of dietary protein ingested after exercise on recovery 
processes and subsequent performance in females is lacking. In contrast to research
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in males, high protein feeding immediately after and for two days following a 2.5-
h high-intensity ride did not improve subsequent exercise performance in trained 
female cyclists (Rowlands and Wadsworth 2011). This research was undertaken in 
the follicular phase of the menstrual cycle, and as noted previously, protein catabolism 
appears to be increased in the luteal phase compared to the follicular and early follic-
ular phases (Bailey et al. 2000; Kriengsinyos et al. 2004; Lamont et al. 1987; Lariviere  
et al. 1994), and this may have influenced the results of this study. 

Current post-exercise recovery guidelines include the intake of high-quality 
protein as soon after exercise as possible to initiate muscle protein remodeling and 
repair, and to replenish any exercise-induced amino acid oxidative losses (Kerksick 
et al. 2017), ingested in an amount relative to the body weight of the individual (Moore 
2019). Although these recommendations have not been systematically tested across 
different phases of the menstrual cycle or under conditions of hormonal contracep-
tive use, current evidence suggests that it is unlikely that acute post-exercise protein 
requirements to support muscle protein repair and remodeling would differ between 
the sexes or across the menstrual cycle (Moore 2019; Moore et al. 2021). Evidence 
for this potential lack of difference includes stimulation of myofibrillar protein 
synthesis after resistance exercise being unaffected by the menstrual cycle phase 
(Miller et al. 2006) and the observation of similar exercise-induced muscle protein 
synthesis in young men and women (Dreyer et al. 2010). As a consequence, Moore 
and colleagues (2021) have suggested the following post-exercise protein guide-
lines for female athletes undertaking resistance training: 0.3 g kg−1; mixed training, 
e.g., team sports characterized by high-intensity intermittent exercise: 0.4 g kg−1; 
and endurance training: 0.5 g kg−1. The higher dose for endurance training athletes 
represents the additional need to replenish amino acid oxidative losses, while the 
higher dose for mixed training represents activity that includes both aerobic and 
resistive components (Moore et al. 2021). 

Exercise-induced muscle damage (EIMD), specifically delayed onset muscle 
soreness (DOMS) and strength loss, is affected by hormone fluctuations during 
the menstrual cycle (Romero-Parra et al. 2020). This meta-analysis showed lower 
DOMS and strength loss differences between pre-exercise and post-exercise in 
the mid-luteal phase when estrogen and progesterone are high compared to the 
early-follicular phase. In addition, exercise-induced muscle damage (EIMD) has 
been shown to negatively affect functional performance for several days in female 
athletes tested in the luteal phase (Keane et al. 2015). There is some evidence, from 
research conducted on males, that the consumption of protein and the simultaneous 
ingestion of carbohydrates and protein offer protection against exercise-induced 
muscle damage (Howatson and van Someren 2008). Only a small number of studies 
have been conducted using endurance-trained, resistance-trained, and team sport 
female athletes and the post-exercise ingestion of whey protein versus casein protein 
(Wilborn et al. 2013), whey versus soy protein (Tara et al. 2013), carbohydrate 
versus carbohydrate/protein (Green et al. 2008), and whey protein versus maltodex-
trin (Taylor et al. 2016) on perceptions of muscle damage, strength, and biomarkers 
of muscle damage and inflammation. Unfortunately, none of these studies accounted 
for the menstrual cycle phase or hormonal contraceptive use (Köhne et al. 2016), so
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the impact of post-exercise protein or carbohydrate/protein ingestion on EIMD in 
varying hormonal environments remains unclear. 

In order to support muscle protein remodeling and repair, replenish any exercise-
induced amino acid oxidative losses, offset the potential increased protein catabolism, 
and protect against exercise-induced muscle damage, eumenorrheic women should 
focus on consuming protein, coupled with carbohydrates, to replenish muscle 
glycogen stores during the post-exercise recovery period across the menstrual cycle. 

Although speculative and open to adjustment and revision as more information 
becomes available, some broad recommendations regarding the manipulation of 
energy and macronutrient intake with sex hormone interactions can be garnered 
from the currently available research. These recommendations are summarized in 
Table 12.1.

The research knowledge necessary to support potential gender-specific or 
hormone status-specific dietary guidelines is vast and, as yet the field is barely in its 
infancy. Small steps have been taken with regard to endurance exercise, but this is by 
no means complete. A broader scope beyond endurance exercise is needed, and future 
research directions should include the impact of fluctuations in ovarian hormones 
on macronutrient-based nutritional strategies associated with ultra-endurance exer-
cise, strength-based activities, and high-intensity intermittent (team sport) exercise. 
Oral contraceptive use is prevalent in athletes (Rechichi et al. 2009) but data evalu-
ating macronutrient manipulation and the effects of oral contraceptives is virtually 
non-existent and this needs to be addressed. Future research is needed to overcome 
earlier study design issues (e.g., type of oral contraceptive used, misidentification 
of menstrual cycle phase, and diverse participant characteristics), and investigators 
should be guided by recently published recommendations for conducting research 
in female athletes (Elliott-Sale et al. 2020). 

Despite the need for continued, well-controlled, and informative research in this 
area, it is pleasing to note that several recent publications (Helm et al. 2021; Holtzman 
and Ackerman 2021; Moore et al. 2021; Rocha-Rodrigues et al. 2021; Rossi 2017) 
covering nutrition specifically for female athletes have acknowledged the poten-
tial impact of a changing hormonal environment and even attempted to incorporate 
menstrual cycle and hormonal contraceptive specific guidelines where possible. 

Fluids and Electrolytes 

Thermoregulation and Body Fluids 

It has been established that women and men differ in their thermoregulatory responses 
to exercise heat stress largely due to females having a reduced sudomotor function 
(Gagnon and Kenny 2011; 2012), thus decreasing evaporative heat loss capacity with 
the resultant increase in physiological strain (Moran et al. 1999; Kawahata 1960; 
Mack and Nadel 2010). Women and men display similar rates of heat dissipation at
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low requirements for heat loss; however, sex differences in sudomotor function have 
been demonstrated beyond a certain requirement for heat loss (Gagnon and Kenny 
2012). On the other hand, when males and females display similar heat loss for given 
heat production, females may display a higher change in body temperature due to 
physical characteristics (Mee et al. 2015; Gagnon et al. 2008). These results suggest 
that women may become hyperthermic in a shorter period than men; consequently, 
women have been more frequently diagnosed as heat intolerant compared with men 
(Druyan et al. 2012; Charkoudian and Stachenfeld 2011), potentially putting them 
at greater risk of experiencing a heat-related illness. 

Due to central and peripheral effects of female sex hormones and oral contra-
ceptives on fluid balance and thermoregulation, women may be at a further disad-
vantage when exercising in warm conditions. Plasma volume (PV) is highest during 
the preovulatory phase of the menstrual cycle when estrogen levels are increasing. 
However, PV falls by as much as 8% during the mid-luteal phase when both estrogen 
and progesterone levels are elevated. Progesterone and estrogen function in body fluid 
regulation by modifying sodium and water distribution rather than retention (Oian 
et al. 1987; Stachenfeld and Keefe 2002; Stachenfeld et al. 2001a, 1999, Bisson et al. 
1992, Kang et al. 2001). Increased progesterone is associated with increased resting 
core and skin temperatures as well as changes in the threshold temperatures for 
sweating and active cutaneous vasodilation (Charkoudian and Johnson 1999; Chark-
oudian et al. 1999; Kolka and Stephenson 1997a, b; Stephens et al. 2002; Stephenson 
and Kolka 1999). These effects appear to result from a central thermoregulatory effect 
of progesterone (Kolka and Stephenson 1997a, b), which may also account for core 
temperature being elevated throughout the 28-d OC cycle relative to that in the natural 
menstrual cycle (Stachenfeld et al. 2000). Estrogen also functions in vasodilation via 
modulation of prostacyclin and nitric oxide release (Charkoudian and Johnson 1997, 
Charkoudian et al. 1999, Hiroshoren et al. 2002, Houghton et al. 2005). Moreover, 
plasma volume has been found to differ significantly in the two phases at higher 
ambient temperatures, as estrogen enhances aldosterone-mediated sodium absorp-
tion in the renal tubules and increases nitric oxide-mediated vasodilation (Houghton 
et al. 2005, Kang et al. 2001, Salazar Llinas 1996). 

Charkoudian and Johnson (Charkoudian and Johnson 1999) reported that oral 
contraceptive use shifts baseline core temperature and the threshold for the active 
vasodilator system to higher internal temperatures via effects on the central ther-
moregulatory function. Further, it was reported that this shift in active vasodilation 
results in 43% lower skin blood flow for a given level of internal temperature during 
passive heating in the high hormone vs. low hormone phases of the oral contraceptive 
cycle; consistent with the theory that it is the progestational activity which dominates 
the effects of estrogen on the central thermoregulatory mechanisms (Charkoudian 
and Johnson 1997). Further, Houghton and colleagues found that the nitric oxide-
dependent portion of active vasodilation was greater in women taking an oral contra-
ceptive with a lower vs. higher level of progestational bioactivity, with the higher 
level of progestation bioactivity associated with less relative nitric oxide contribu-
tion to reflex cutaneous vasodilation. Furthermore, it is suggested that the synthetic 
estrogen and progestins found in oral contraceptive pills have similar influences on
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the cutaneous vascular response to heat stress. Charkoudian and Johnson (Chark-
oudian and Johnson 1999) investigated the effect of oral contraceptives on cutaneous 
vascular control during heat stress, expecting to find inhibition of the active cuta-
neous vasodilator system. They determined that oral contraceptives inhibit skin blood 
flow in response to body heating and that they cause the function of the cutaneous 
active vasodilator system to be shifted to higher internal temperatures, similar to 
that observed in the mid-luteal phase of the menstrual cycle. Moreover, central influ-
ences of estrogen and progesterone on hypothalamic thermoregulatory centers have 
been reported (Stephenson and Kolka 1988, Stephenson et al. 1989, Stephenson and 
Kolka 1999; Stachenfeld et al. 2000). Increases in the threshold for cutaneous vasodi-
lation and sweating during heat stress in the luteal phase have been attributed to an 
increase in the hypothalamic thermoregulatory set-point temperature; thus, the heat 
dissipation effector functions are not initiated until this higher set-point temperature 
is reached. 

Plasma volume maintenance can be important for exercise performance, espe-
cially in the heat (Berger et al. 2006). Fluid balance is often not achieved as a result of 
an inability to take on sufficient fluids or limits to gastric emptying, preventing the rate 
of ingestion and absorption from matching sweat rate (Maughan et al. 1997, 2007). In 
these situations, plasma volume can decrease considerably. Therefore, an increased 
plasma volume can have positive implications for those exercising in thermally chal-
lenging environments in which large sweat losses occur. One method of inducing 
hyperhydration and hypervolemia—originally developed to help offset the effects of 
plasma volume loss in microgravity (Greenleaf et al. 1997; Fortney et al. 1984)—is 
“sodium loading”. A sodium-concentrated beverage composed of sodium citrate and 
sodium chloride (164 mmol Na+ L−1), with moderate osmolality (253 mOsm kg−1), 
is effective in inducing hyperhydration and hypervolemia at rest in both phases of 
the menstrual cycle, although attenuated in the high hormonal state, irrespective of 
pill usage (Sims et al. 2007a). This sodium-loading strategy has also been found to 
be effective in aerobically trained men in warm conditions (Greenleaf et al. 1997; 
Greenleaf et al. 1998a, b; Sims et al. 2007b). Moreover, earlier studies (Frey et al. 
1991) demonstrated that ingested saline solutions between 0.9 and 1.07% expanded 
plasma volume over a 4-h post-ingestion period. Frey and colleagues (Frey et al. 
1991) determined that the 1.07% saline solution elicited the greatest plasma volume 
expansion and urine concentration over the 4-h post-ingestion period; however, the 
addition of 1% glucose did not improve the effectiveness of plasma volume expan-
sion but did increase diuresis. Thus, the authors concluded that a slightly hypertonic 
saline-only solution provided the most effective means of plasma volume expansion. 

Electrolyte Handling and Imbalances 

Menstrual cycle hormones affect fluid dynamics by altering capillary permeability, 
vasomotor function, the central set-point control of renal hormones, and plasma
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osmolality (Charkoudian and Stachenfeld 2011). The elevation in plasma proges-
terone concentration during the luteal phase inhibits aldosterone-dependent sodium 
reabsorption in the kidneys due to progesterone competing with aldosterone for the 
mineralocorticoid receptor. Moreover, Eijsvogels and colleagues (Eijsvogels et al. 
2013) determined that women demonstrate a post-exercise increase in plasma volume 
concomitant with a decreased plasma sodium concentration as compared to age-
and fitness-matched men, suggesting that the control of fluid balance is regulated 
differently between the sexes during prolonged exercise. 

Both estrogens and progestogens can influence neural and hormonal control of 
thirst, fluid intake, sodium appetite, and sodium regulation. Moreover, there are 
sex differences in the activity and stimulus of the cell bodies of the periventricular 
nuclei and the supra-optic nuclei (located in the anterior hypothalamus), where argi-
nine vasopressin is synthesized (Ishunina and Swaab 1999; Sar and Stumpf 1980). 
Stachenfeld and colleagues demonstrated an estrogen-associated shift to an earlier 
threshold in the osmotic sensitivity of thirst and release of arginine vasopressin, indi-
cating a smaller increase in plasma osmolality is required to trigger arginine vaso-
pressin release and thirst in the brain. This shift persists during OC use (Stachenfeld 
and Keefe 2002; Stachenfeld et al. 2001b; Verney 1947)). 

Thermoregulatory and cardiovascular capacity may be impaired at lower rela-
tive magnitudes of exercise-induced dehydration in females compared with males. 
Females have, on average, lower absolute total water volume as compared with 
males (~ 31 versus ~ 44 L) (Ritz et al. 2008) even when expressed as a proportion of 
body mass (~ 49% versus 58%) (Driscoll et al. 2020). It has been suggested that the 
lower body water in females vs. males results in a larger proportion of a female’s total 
body water lost during exercise-induced dehydration, yet equivalent losses of plasma 
volume between the sexes under similar exercise conditions (Logan-Sprenger et al. 
2012, 2013) representing sex differences in the compartmentalization of fluids. Thus, 
with less total body water and blood volume in conjunction with a lower proportion 
of total body water (Retzlaff et al. 1969; Bhave and Neilson 2011) distributed to the 
extracellular compartment, as compared to males, females have less absolute and 
relative fluid available to lose via sweating making the physiological consequences 
of fluid loss more severe. 

Exercise-associated hyponatremia (EAH) refers to a clinically relevant reduction 
in the serum, plasma, or blood sodium concentration during or up to 24 h after physical 
activity (Huang et al. 2019). This can be a result of solute (primarily sodium) loss 
and/ or excess fluid load (Hew-Butler et al. 2015). Women are at greater risk for EAH, 
and this risk has been primarily attributed to their lower body weight and size, excess 
water ingestion, and longer racing times relative to men (Almond et al. 2005). While 
these factors may contribute to the greater incidence of hyponatremia in women, the 
differential effects of female sex hormones on sodium handling likely play a role.
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Menopause, Aging, and Hydration 

Independent of menopause, aging in itself has important effects on fluid balance. 
Aging is associated with a higher baseline plasma osmolality, coupled with an age-
related blunting of thirst sensation during exercise (and water deprivation); the usual 
thirst mechanism that occurs with a drop in fluid volume (dehydration) is impaired 
(Stachenfeld et al. 1998). Older women are slower to excrete water (as compared to 
younger, premenopausal women) increasing the risk of hyponatremia (Rosner et al. 
2013; Stachenfeld 2014). Moreover, rehydration is a slower process with aging, 
primarily due to slower kidney function and hormonal responses to sodium and 
water flux. Estrogen-based hormone replacement therapy results in increased basal 
plasma osmolality, plasma volume expansion, and an earlier osmotic threshold for 
arginine vasopressin release (e.g., 280 versus 285 mOsmol/kg H2O), but a reduc-
tion in urine output, resulting in greater overall fluid retention. This overall fluid 
retention is, however, not due to increased free-water retention, but rather increased 
sodium retention—the synthetic estrogens induce a reduction in sodium excretion 
(Stachenfeld et al. 1998, 2001b), eliciting a slight reduction in the hyponatremic risk. 

Summary 

Drinking fluids with a higher sodium concentration than in regular sports drinks, 
before exercise, can elicit a transient hypovolemic response that is partly preserved 
(relative to a low-sodium beverage) in exercise and is associated with improved 
physiological status and exercise capacity in warm conditions in female athletes. In 
comparison with men, the repercussions of exercise-induced mild dehydration may 
occur at a lower magnitude of dehydration, thus making the physiological conse-
quences of fluid loss more severe. In women susceptible to EAH, more fluid is 
retained, and more sodium is lost, when both estradiol and progesterone are elevated. 
As women are at greater risk of EAH, knowledge of the hormonal status of women 
who develop it may prove helpful in the prevention of EAH. Moreover, during 
long-lasting exercise special care should be taken to monitor fluid and electrolytes 
in women susceptible to hyponatremia when both estrogen and progesterone are 
elevated, such as during pregnancy, while taking oral contraceptives, during the 
luteal phase of the menstrual cycle, and in perimenopausal athletes. 

Estrogen and Antioxidants 

Estrogen has wide-ranging metabolic effects impacting immune and tissue integrity, 
energy stores, and repair. Most recently, its role as a potent antioxidant has been 
touted with evidence provided from research with numerous animal models and
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in humans. Differences between men and women in inflammatory disease states, 
coronary heart, and cardiovascular disease, and quite possibly longevity, have been 
suggested to be attributed to differences in antioxidant capacity (Vina et al. 2005) 
(see Fig. 12.1). 

Reactive oxygen species (ROS), although integral in the immune response and 
signaling pathways, can result in lipid peroxidation, cellular and mitochondrial 
membrane and DNA damage as well as protein and low-density lipoprotein (LDL)

Fig. 12.1 The theoretical 
relationship between 
estrogen ROS (reactive 
oxygen species) and 
longevity of females 
(Adapted from Viña et al. 
(2005)) 
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oxidation (Kehrer 1993). Exercise with a high rate of flux through the electron trans-
port chain and/or increased hypoxanthine production and catabolism increases ROS 
production (Sjödin et al. 1990). Females have higher immune responses and lower 
oxidation and inflammation than male mammals, but this is reduced in ovariec-
tomized females (Baeza et al. 2011), and reinstated with estradiol supplementa-
tion (Stupka and Tiidus 2001), as in menopausal women reinstated with estrogens 
and progestins (Tranquilli et al. 1995) as well as in pharmacologically induced 
menopausal women (Borrás et al. 2021). Most human studies have been done in 
postmenopausal women, or models thereof, with and without hormone replace-
ment therapy or in amenorrheic in contrast to eumenorrheic (Ayres et al. 1998) 
(Massafra et al. 1996). With the increase in lipid peroxidation and associated poten-
tial membrane damage with lack of estrogen in females, a case might be made 
for increased vitamin E supplementation in postmenopausal or amenorrheic women 
engaged in strenuous exercise regimens. However, Akova et al. (2001) observed a 
greater effect of endogenous estrogen levels on post-exercise damage than vitamin 
E, with no synergistic effect (see Fig. 12.2 for an overview of major endogenous 
antioxidant systems and the role of vitamins C and E.) 

Differences across the menstrual cycle are less well studied and findings are not 
all consistent especially regarding the responses of varying measures of oxidative 
stress and antioxidant systems. Chung et al. (1999) observed subtle differences in 
total glutathione and oxidation thereof in response to exercise between the luteal 
and follicular phases of the menstrual cycle and concluded that there was a nominal 
menstrual cycle effect on this endogenous antioxidant system. Joo et al. (2004) also  
noted an inverse correlation between superoxide dismutase activity and estrogen 
concentration but reduced thiobarbituric acid reactive substances (Tbars) (indicating

Fig. 12.2 Overview of endogenous reactive oxygen species (ROS) generation and antioxidant 
systems (From Chainy and Sahoo (2020)) 
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lipid peroxidation) in response to exercise in the late-follicular compared to mid-
luteal phases, and total superoxide dismutase activity greatest after exercise in the 
luteal phase. 

However, Cornelli et al. (2013) monitored oxidative stress (hydroperoxides) every 
three days over the menstrual cycle and found that the greatest oxidative stress was 
at the estrogen peak, decreasing through the progestin (luteal) phase until the end 
of the cycle. They concluded that estrogen itself was not an antioxidant, but rather 
a pro-oxidant, like exercise, such that, in response, antioxidant systems were upreg-
ulated. There is, however, considerable conflicting evidence, supporting estrogen’s 
role as an antioxidant. The varying models, species, methodologies, and timing of 
measurement may explain some of the contradictions in findings and interpretation 
thereof. If Cornelli et al.’s (2013) findings and conclusions are upheld, it may be that 
supplementing premenopausal women with antioxidants may not only be ineffective, 
but counterproductive. 

Research conducted analyzing vitamin C (ascorbic acid) and its oxidized state 
(dehydroascorbic acid) across the menstrual cycle demonstrated that ascorbic acid 
concentration and total antioxidant plasma status were greatest during ovulation 
when estrogen peaks and in the mid-luteal phase, with dehydroascorbic acid greatest 
at menstruation and the mid-follicular phases (Michos et al. 2006). From this study, 
it is concluded that in eumenorrheic women antioxidant responses are modulated in 
concert with estrogen and may offer protection in times of particular need. 

Whether vitamin C and/or vitamin E supplementation could offer protection from 
damaging levels of oxidative stress and inflammatory responses, particularly after 
increased or unaccustomed exercise or other situations of ischemia/reperfusion, in 
postmenopausal women is open to conjecture. However, in a study of more than 
34,000 postmenopausal women, only dietary vitamin E was associated with reduced 
coronary disease (proposed to be related to LDL oxidation) but isolated vitamin E 
supplementation was not (Kushi et al. 1996). 

Furthermore, antioxidant vitamin supplementation can reduce adaptations to 
endurance training, including mitochondrial biogenesis (Gomez-Cabrera et al. 2008), 
as well as hinder the cellular adaptation to become more oxidant resistant, including 
upregulation of endogenous antioxidant systems (For a review of the topic see Petr-
nelij and Coombes (2011)). There are, however, conflicting results, probably due to 
varying levels of supplementation, training status, exercise type, load, and measure of 
oxidation status. It can be tentatively concluded that high doses of individual antiox-
idant vitamins, in most well-nourished (non-deficient) individuals, will not enhance 
physical performance, and although they may reduce exercise-related oxidation there 
is no clear evidence that this confers any recovery or health advantage (Peternelj and 
Coombes 2011). 

An interesting finding was made in a study comparing antioxidant capacity 
and muscle enzyme leakage after exhausting exercise on low and high carbohy-
drate diets across the menstrual cycle (Klapcinska et al. 2002). Several antioxidant 
enzyme systems were improved on the low carbohydrate diet supported by reduced 
membrane leakage of creatine kinase into plasma, with no significant menstrual cycle 
phase effects. The authors attributed the improvement in antioxidant function to the
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greater vitamin E, selenium, and hem iron consumed on the low carbohydrate diet 
(Klapcinska et al. 2002), although changes in the fatty acid composition of the diet 
or other nutrients cannot be discounted. 

Diamanti-Kandarakis et al. (2017) describe how nutrition can impact oxidative 
stress in women, effects of estrogen, and how this can be linked with several metabolic 
disease states as well as fertility and other hormonal disorders (see Fig. 12.3). They 
also highlight the “yin-yang” of pro-oxidants (ROS) and antioxidants, indicating that 
their balance is necessary for healthy physiological function as ROS act as signaling 
molecules for myriad adaptations.

There are insufficient data to support supplementation with a specific antioxidant, 
not only can it reduce exercise-induced adaptations, but it is also less likely to provide 
a health, recovery, or performance edge than are antioxidant compounds provided in 
a matrix of nutritional components found in whole foods. 

Further research is warranted to assess the positive or negative effects of 
antioxidant-rich foods and vitamin supplementation systematically, particularly in 
women during specific phases of the menstrual cycle while heavily training, and in 
those with low circulating sex hormones. 

Polyphenols 

Polyphenols are phytochemicals that can be categorized into four groups: pheno-
lics, flavonoids, stilbenes, and lignans. Eating a diet rich in fruits and vegetables 
is associated with a reduction in several disease states in which chronic low-grade 
inflammation is a hallmark. Many flavonoids provided in particular foods alone or 
in combination with other nutrients have antioxidant and anti-inflammatory prop-
erties. Flavonoids include flavanols (e.g., quercetin), flavones, flavanols (e.g., cate-
chins), anthocyanidins, flavanones, and isoflavones. For a review and meta-analysis 
of flavonoids on tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), two, 
predominantly pro-inflammatory cytokines, see Peluso et al. (2013). With respect to 
the training athlete, a more recent meta-analysis (27 studies, n = 568; 100 females) 
evaluated the effect of flavonoid-containing polyphenol ingestion on recovery after 
exercise-induced muscle damage. Polyphenol sources were tart cherry, tea extracts, 
pomegranate, quercetin, lemon verbena, black currant, cacao, and mixed fruit antho-
cyanin juice. They showed a significant beneficial impact on muscle soreness and 
increased strength (Carey et al. 2021). 

Importantly, flavonoids have particular relevance to female athletes. A few are 
highlighted below. This is by no means a comprehensive review of flavonoid sources 
or other polyphenols and possible health, performance, or recovery attributes.
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Fig. 12.3 Putative nutritional effects on oxidative stress and metabolic disorders in women . 
(Adapted from Diamanti-Kandarakis et al. (2017))



12 Nutritional Strategies and Sex Hormone Interactions in Women 281

Soy and Isoflavones 

Soy is the predominant dietary source of isoflavones, one of several classes of phytoe-
strogens (estrogen mimickers derived from plants that can bind to estrogen recep-
tors) (Cederroth and Nef 2009). Although some have found beneficial metabolic 
effects (including lower body mass index (BMI), higher high-density lipoproteins 
(HDL), lower low-density lipoproteins (LDL), lower blood glucose and insulin) in 
postmenopausal women who consume soy or soy-based purified phytoestrogens, 
this is not universally observed (Cederroth and Nef 2009). Furthermore, there has 
been some concern that due to its estrogen-like functionality, it may promote breast 
cancer and some indications that there may be interference with certain breast cancer 
chemotherapy (Anandhi Senthilkumar et al. 2018). Thus, those at risk or diagnosed 
have been advised to avoid phytoestrogens. Results are far from consistent with some 
showing reduced cancer risk with high, long-term, isoflavone ingestion (Sak 2017). 

In premenopausal women, soy phytoestrogens (45 mg isoflavones) have been 
observed to reduce mid-cycle surges in FSH and LH and increase estrogen in the 
follicular phase with one month of daily supplementation (Cassidy et al. 1994). 
However, the follicular phase and menstrual cycle were lengthened, and the progestin 
peak was delayed. This is somewhat at odds with earlier concerns regarding phytoe-
strogens and cancer propagation and may infer a reduced risk of cancer due to less 
total time over a woman’s life in the luteal phase. Additionally, cholesterol was 
observed to be lowered in these premenopausal women consuming phytoestrogens 
(Cassidy et al. 1994). There may be different longer-term effects than those observed 
over the short term, as some adaptation may occur. In support of this is a study in 
which (100 mg) soy isoflavones were given for one year and no alteration in menstrual 
cycle length or hormone levels was observed (Maskarinec et al. 2002). 

In a crossover study with young, eumenorrheic women receiving soy (52 mg 
isoflavones) or placebo “cookies” daily for one menstrual cycle, in addition to greater 
progesterone concentration three days before ovulation, the ratio of a marker of bone 
resorption/bone formation was higher at the mid-luteal phase (Zittermann et al. 2004). 
Whether this response would be observed with longer-term dietary intakes in young 
women and whether this would have long-term negative consequences in terms of 
bone health is unknown. In contrast, in postmenopausal women a positive correlation 
has been observed between mineral bone density and phytoestrogen intake; however, 
this correlation was not observed in premenopausal women (Mei et al. 2001). 

In a study with teenage swimmers, all with normal menstrual cycles, supple-
mentation (26 days) with Lippia citriodora (lemon verbena) extract, in a beverage 
that also contained vitamins C and E, was observed to increase glutathione peroxi-
dase and reductase activities in red blood cells, and superoxide dismutase activity in 
lymphocytes, to a greater extent after exercise than with just a beverage with vita-
mins C and E. This extract contains two phytoestrogens which have the potential 
to bind with estrogen receptors. 17-β-estradiol and testosterone were observed to 
be lower and sex hormone binding globulin to be greater with the extract, in the 
basal condition as well as after exercise (Mestre-Alfaro et al. 2011). Although this
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phytoestrogen-containing extract enhances antioxidant systems, it is questionable 
whether this group of young, regularly training, and competing women would benefit 
from or be negatively impacted by the reduction in circulating free sex hormones. 

In support of phytoestrogens having antioxidant functionality, similar to estrogen, 
a study in which daily consumption of soy milk (113–207 mg/day isoflavones) for 
one menstrual cycle reduced lipid peroxidation in premenopausal women, with a 
greater effect in older women with lower doses (Nhan et al. 2005). 

Another source of isoflavones is red clover. Results with supplementation with 
this source of isoflavone extract have been inconsistent. In one study, (86 mg 
isoflavones/day) was consumed for three menstrual cycles by premenopausal women 
and no alterations in cholesterol or cholesterol subtractions or other blood parame-
ters were observed (Blakesmith et al. 2003). In another study, a similar amount of 
red clover isoflavones was consumed by premenopausal as well as postmenopausal 
women for one month (Campbell et al. 2004). They did, however, observe an 
increase in HDL cholesterol with supplementation, but this was only significant 
in postmenopausal women. 

Although there have been some positive effects observed, particularly in post-
menopausal women who use phytoestrogens as an alternative to hormone replace-
ment therapy, long-term risk, and health benefits are unclear (Moreira et al. 2014; Pati-
saul and Jefferson 2010). Even less is known as to whether phytoestrogen supplemen-
tation enhances or reduces exercise training adaptations, including ROS signaling 
and endogenous antioxidant systems, in this growing segment of the population. 

(Blue-)Berries and Anthocyanins 

Many berries contain a variety of polyphenols, in particular anthocyanins, that give 
them their red, blue, and purplish colors. Berry polyphenols have a range of effects 
ranging from anti-inflammatory, antioxidant to immunomodulatory, some of which 
are conferred by effects on and of the gut microbiota. For a review of berry polyphe-
nols and their functionality, see Pap et al. (2021). Some studies with women are 
highlighted below. 

In one well-controlled study, in recreationally (resistance and aerobically) trained 
females, responses to an exercise bout designed to elicit muscle damage were eval-
uated with blueberry supplementation (3 × 200 g) over the day, before and after 
exercise. This was compared with an iso-caloric dextrose drink containing vitamins 
C and E, with similar antioxidant capacity (ORAC) but no polyphenols (McLeay et al. 
2012). Quicker recovery in peak isometric tension with the blueberry beverage was 
observed. McAnulty et al. (2014) observed increased natural killer cells and reduced 
arterial stiffness in 18- to 50-y-old men and (postmenopausal) women with 6 weeks 
of an equivalent of ~ 250 g of blueberries/day. It was speculated that nitric oxide 
(NO) half-life or production was increased. If and how these changes could account 
for the difference in functionality observed by McLeay et al. remains uncertain.
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In contrast to the observations of McLeay et al (2012), a study in untrained older 
(60 + y) men and women, in which a supplement that provided an equivalent of ~ 
250 g of blueberries/day versus a maltodextrin placebo, no differences in creatine 
kinase, inflammatory cytokines (including TNFα and IL-6), cytokine receptors, or 
other inflammatory signaling molecules were observed (Demczar et al. 2017). Since 
results were not reported for men and women separately, and the sample size may 
have not provided the power to detect a difference, we do not know whether sex 
differences may explain the varied results or whether age, training history, and dosage 
were critical factors. 

A study in active females also found some indication of increased recovery (func-
tional and subjective) following exercise designed to elicit muscle damage, with four 
days of daily supplementation with tart cherries (equivalent to 90 whole cherries), 
although differences in enzymatic measures of muscle damage were not observed 
(Brown et al. 2019). For a review on anthocyanin-containing foods and performance 
see Cook and Willems (2019), bearing in mind most of this work has been conducted 
in males. 

Green Tea and Catechins 

There are five main catechins in green tea, the most important of which is epigal-
locatechin gallate, which upregulates antioxidant enzyme systems and (potentially) 
modulates metabolism via SIRT1 and PGC-1α signaling pathways. In a meta-analysis 
of varying flavonoids, (green) tea (extract) consumption was found to be associated 
with decreased inflammatory cytokines IL-6 and TNFα (Peluso et al. 2013). A study 
of overweight, young women compared responses to an acute exercise bout with 
a green tea supplement or a placebo before and after 10 weeks of high-intensity 
training (Ghasemi et al. 2020). Training with a green tea supplement resulted in a 
significantly greater response in SIRT1 and PGC-1α at rest and after an acute bout 
of exercise than either training or green tea supplement alone did (Ghasemi et al. 
2020). 

Other Polyphenol-Rich Foods and Diets 

Beer contains some flavonoids and other phenolic compounds. There is some limited 
evidence that the polyphenols from hops and beer may help alleviate symptoms of 
menopause but this remains speculative (Sandoval-Ramírez et al. 2017). A systematic 
review was recently conducted to evaluate any cardiovascular health benefits of 
polyphenols in postmenopausal women (Sánchez-Martínez et al. 2021). They found 
variable and small effects and concluded that more study was necessary to draw firm 
conclusions.
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Zeng et al. (2021) recently reviewed research in which the effects of a varying 
whole food (polyphenol-rich) on exercise-induced reactive oxygen species (ROS) 
were evaluated. The studies varied widely not only in the foods evaluated and exper-
imental design but in outcome measures. These included indicators of oxidation (e.g., 
MDA), and to a lesser extent direct measurement of ROS, antioxidant activity, and/or 
inflammatory markers. The majority of studies were conducted in men, a few solely in 
women, and a number with both sexes. The majority reported some positive effects 
on exercise-induced oxidative stress with a variety of polyphenol-rich foods. The 
authors acknowledged that the “biological actions of the antioxidant properties from 
an antioxidant-rich diet are complex” and that some conflicting results may be due 
to varying phenolic and antioxidant composition and bioavailability thereof. There 
is little evidence to evaluate whether women respond differently and if menstrual 
phase hormones, or lack thereof, influence the response. 

Fish Oil 

It has been proposed that enhancement of endothelial nitric oxide (NO) production 
and downregulation of acute-phase cytokines by estrogen and fish oil may play a 
role in deterring the development or progression of Alzheimer’s disease (McCarty 
1999). The omega-3 fatty acids in fish have been proposed to reduce inflammation 
via inhibitory effects on IL-1 and IL-6 and may have a positive effect on endothelial 
NO production. Estrogen can also increase endothelial NO formation and has an 
inhibitory effect on IL-6, both reducing inflammation. It has been suggested that some 
of the other negative effects of menopause may also be attributed to this increased 
inflammation (McCarty 1999). This being the case fish oil supplementation may be 
particularly beneficial in postmenopausal women. 

A case has also been made for fish oil supplementation in premenopausal women 
who have premenstrual symptoms (PMS). It has been suggested that more rigid red 
blood cells result from linoleic acid insufficiency, or altered metabolism, thereby 
reducing prostaglandin E1 (PGE1) synthesis, which could make red blood cells less 
deformable. This could result in greater intracapillary pressures needed for blood 
flow, resulting in fluid movement into the extravascular compartment (Simpson 
1988). If this could account for some of the PMS symptoms, then it is reasoned 
that by enhancing PGE1 synthesis through precursor fatty acids (e.g., found in fish 
oil or evening primrose oil) then the red blood cells would be more able to move 
through the capillaries at lower pressures and reduce fluid filtration and retention. 

In a double-blind, crossover study daily fish oil tablet (80 mg eicosatetraenoic acid 
and 120 mg docosahexaenoic acid), consumption for three months reduced premen-
strual pain and ibuprofen use (Rahbar et al. 2012). Others have found similar results 
in combination with vitamin B12 supplementation (Deutch et al. 2000). In a review 
of the efficacy of treatment for dysmenorrhea, the use of fish oil was concluded to be 
“possibly effective”, the strength of recommendation “B” (Morrow and Naumburg 
2009).
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Although the strength of evidence is moderate, enhancing dietary intakes of fish or 
other sources of omega-3-rich foods or supplements has little to no known negative 
effects and may prove efficacious, for those with PMS and in postmenopausal or 
amenorrheic women. 

There may be other benefits, particularly to the older athlete. In one study with 
omega-3 (fish oil) supplementation conducted in older (65 + y), males and females, 
16-week supplementation reduced mitochondrial ROS production, increased postab-
sorptive mitochondrial and sarcoplasmic protein synthesis, and post-resistance exer-
cise mitochondrial and myofibrillar protein synthesis (Lalia et al. 2017). It is theo-
rized that inflammation in older individuals may be, at least in part, responsible for 
the sarcopenia observed with aging due to inflammation and if inflammation can 
be reduced net protein synthesis can ensue. These results are tentative as there was 
no control group. Lewis et al. (2020) conducted a systematic review of randomized 
placebo-controlled trials on the effects of fish oil supplementation in athletes. Unfor-
tunately, the majority were conducted with males only and no data report female 
responses. Results were inconsistent with some showing enhanced recovery, reduced 
inflammatory cytokines, enhanced antioxidant enzyme activities, enhanced cardio-
vascular function and oxygen kinetics (cycling), and enhanced cognitive function, but 
also increased lipid peroxidation. It was noted that this increased post-exercise lipid 
peroxidation could be alleviated if fish oil is consumed with antioxidant nutrients, 
e.g., polyphenols and/or vitamins (Lewis et al. 2020). 

One cautionary note regarding fish or fish oil supplements, where the source of the 
fish and purity is uncertain, is the possibility that mercury levels could pose health 
risks if consumed regularly. However, it appears that supplements may pose no more 
of a risk of mercury toxicity than the regular consumption of fish (Foran et al. 2003; 
Hightower and Moore 2003), in which the levels of mercury, and other potential 
accumulated toxins, vary by type of fish, geographical location (Buck et al. 2019) 
and, to a lesser extent, cooking (Mieiro et al. 2016). 

Vitamin D and Calcium 

Vitamin D and calcium are important for fertility (Stumpf and Denny 1989), and 
vitamin D is positively correlated with FSH concentration (Jukic et al. 2015). 
Decreasing calcium concentration and increases in parathyroid hormone have been 
theorized to play a role in premenstrual syndrome and supplementation may decrease 
symptoms (Thys-Jacobs 2000), and low vitamin D in the luteal phase may be involved 
(Thys-Jacobs et al. 2007). However, estrogen plays a role in calcium regulation 
(Pitkin et al. 1978), and simply supplementing with calcium and/or vitamin D will 
unlikely compensate for the lack of estrogen in amenorrheic athletes (Baer et al. 
1992), or postmenopausal women. The decreasing bone mineral density in athletes 
without menstrual cycles and the increase in bone density after the resumption of 
menstruation (Drinkwater et al. 1986) are evidence hereof. Additionally, the role 
vitamin D plays in immunity is gaining increased recognition. The suggested optimal
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circulating level of vitamin D for athletes (75 nmol/L) is well above the deficiency 
cut-off of (<30 nmol/L) (He et al. 2016). 

Pre- and Probiotics 

Prebiotics are, to humans, non-digestible carbohydrates (fiber) that can feed and be 
metabolized by our gut microbiota. Probiotics are live bacterial cultures ingested to 
enhance endogenous gut microbes and health. Both can impact human health and 
metabolism. Effects of exercise on the microbiota and conversely, the microbiota on 
exercise, are of growing interest. (For review, see Claus et al. (2021).) 

Although the long-term impact of probiotic supplementation on the micro-
bial composition, without continued supplementation, is unlikely, several probiotic 
supplementation studies have been done on athletes. Few show significant perfor-
mance effects, although some do show anti-inflammatory effects, cognitive/mood 
effects, and a few, enhancement in VO2max. (For review see Marttinen et al. (2020)). A 
few studies have been conducted solely in females. One study in young adult, compet-
itive, female swimmers supplemented for six weeks, during off-season training, with 
4 g of  1  × 109 colony forming units (CFU)/g of a Bifidobacterium longum strain 
showed no effect on performance or immune function, but subjective stress-recovery 
improved (Carbuhn et al. 2018). However, in a group of moderately active, young 
females, two weeks of probiotic yogurt (450 g) taken daily decreased indicators of 
lipid peroxidation and some inflammatory factors and increased some antioxidant 
enzymes (Mazani et al. 2018). Unfortunately, the composition of the probiotic yogurt 
is not described. 

In another study in distance runners, over 12 weeks, daily ingestion of a multi-
strain Bifidobacterium, Lactobacillus, Lactococcus spp. supplement (2 g per day of 
2.5 × 109 CFU/g) resulted in a decrease in the inflammatory cytokine, TNFα, in  
females (Smarkusz-Zarzecka et al. 2020). A study in triathletes (sex not specified) 
also observed lower exercise-induced increase in inflammatory cytokines (including 
TNFα, IL-6) after exercise with four weeks of Lactobacillus plantarum sp. (3 × 
1010 CFU/day) supplementation (Huang et al. 2019). Additionally, post-competition 
creatine kinase increase was less with the probiotic supplementation. 

A healthy microbiome appears to be important for bone health. (For a review of 
the role of the microbiota and bone health see Behera et al. (2020)). In “germ-free” 
rodents, bone growth is less than that of those that have typical bacterial colonization 
(Yan et al. 2016). In this study, systemic IGF-1 was also observed to be lower in 
germ-free rodents, which is known to play a role in bone remodeling. 

Prebiotics (fiber-rich foods) can enhance the gut microbiota composition and the 
production of short-chain fatty acids, which can increase the absorption of calcium 
by decreasing the gut pH. A healthy microbiota is also important for intestinal wall 
integrity. A recent study of prebiotic supplementation (12 weeks) in 29 female athletes 
from various sports found a reduction in a marker of bone resorption (Ishizu et al. 
2021); however, this study lacked a control group, and thus, conclusions are tentative.
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There is some evidence that probiotic supplementation may help with maintaining 
bone mineral density in postmenopausal women. Although the data suggest that the 
microbiome can be important for bone health and remodeling, more data are needed 
(Yu et al. 2021). 

Adjustments to one’s diet can have profound effects on the gut microbiota and its 
function to optimize health and potential performance. For dietary recommendations 
for athletes to sustain healthy microbiota, see the article by Hughes and Holscher 
(2021). 

Branched Chain Amino Acids (BCAA) 

There appears to be an effect of estrogen on BCAA metabolism, such that the break-
down of these to keto-acids (leading to further catabolism for energy or gluconeo-
genesis) is inhibited and, thus, these amino acids are preserved for protein synthesis 
(Obayashi et al. 2004; Shimomura et al. 2001; Kobayashi et al. 1997). In ovariec-
tomized female rats essential amino acid-BCAA mix supplementation reduced the 
dysmetabolism typically associated with a reduction in estrogen (body mass gain 
and fatty liver) (Della Torre et al. 2021). This may have particular relevance for 
postmenopausal and amenorrheic women, particularly those who train regularly. 
However, as the majority of this work has been conducted in animals, it is unclear to 
what extent this applies to women, and if so, whether there may be a menstrual cycle 
effect such that when estrogen is low should protein (and especially BCAA) intakes 
be increased particularly when total energy and protein intakes are low and energy 
expenditure is high, such as often the case in endurance female athletes. In males, 
supplementing with estrogen improved nitrogen balance during endurance exercise 
training (Hamadeh et al. 2005). Further research is warranted to determine the appli-
cability of these findings to women, with and without menses or on varying forms 
of hormonal contraception, and the extent to which possible alterations in BCAA 
metabolism influence muscle growth and repair. 

Nutrients Versus Diet 

It is tempting to search for a “magic bullet”, specific nutrient or food, to supple-
ment the diet with for a given outcome. Adherence is easier than modifying the 
whole diet; likewise, research interventions are easier. But nutrients in whole foods 
with a complement of identified and as yet unidentified elements and compounds 
confer greater health and adaptation to exercise than isolated essential nutrients, e.g., 
vitamins. One diet that has been gaining attention is the Mediterranean Diet. This 
dietary pattern is predominantly plant-based, rich in fruit and vegetables, with olive 
oil, (whole) grains, pulses, seeds, and nuts. Some dairy products (especially cheese 
and yogurt), eggs, fish, and small amounts of meat are eaten, along with regular,
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low-moderate wine consumed with meals (Willett et al. 1995). Initially, epidemi-
ological data indicated that those consuming such a diet, on average, lived longer 
and had reduced cardiovascular risk (Keys et al. 1986; Panagiotakos et al. 2006). 
Although randomized controlled trials are far from conclusive, there is enough 
evidence that this dietary pattern is recommended for postmenopausal women, in 
particular, providing a high level of polyphenols, other micro-nutrients, fiber and 
mono-unsaturated (oleic) fat, moderate protein, and low saturated fat (Cano et al. 
2020; Barrea et al. 2021; Pugliese et al. 2020). 

Conclusions 

There may well be menstrual cycle and/or female sex hormone effects on the 
metabolism of other nutrients or supplements of particular importance to women 
engaged in regular physical training, but research is limited. We have focused on 
those with the most significant effects while acknowledging that more female-specific 
data are needed to draw strong conclusions. We have summarized how macronutrient 
intake may be modified in line with needs especially as influenced by the menstrual 
cycle phase in Table 12.2. Although specific foods and components of foods may 
have particular attributes that may be important for women at specific times (e.g., 
menopause), it is acknowledged that supplementation with a single (micro-) nutrient 
does not confer the health benefits that a varied, healthy diet, e.g., the Mediterranean 
Diet, does. 

We encourage future researchers to explore the specific effects and nutrient inter-
actions modified by normal fluctuations and alterations in female sex hormones. As 
the majority of acute response and training studies delineating the impact of nutri-
ents on exercise tolerance and impact have been conducted in males, making specific 
recommendations for females is often based on male responses. We, as researchers 
that have undertaken intervention studies with females in varying phases of the

Table 12.2 Summary of practical applications of nutrients with respect to female sex hormone 
alterations 

Practical applications 

Lower resting muscle glycogen in the follicular phase can be overcome by CHO loading but an 
increase in total energy intake may be required 

Pre-exercise feeding and/or CHO ingestion negate the estrogen-induced reduction in 
gluconeogenesis during endurance exercise (> 50% VO2max) 

Female athletes need to pay extra attention to recovery nutrition throughout the menstrual cycle 
to protect against EIMD in the follicular phase and offset protein catabolism in the luteal phase 

Estrogen and progesterone affect the hormonal and neural control of thirst, sodium regulation, 
and fluid retention, increasing the risk of hyponatremia during the luteal phase of the menstrual 
cycle

(continued)
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Table 12.2 (continued)

Practical applications

Hormone therapy for menopausal women lowers the threshold for osmotic AVP release, 
increased basal plasma volume expansion, and decreased urine output, resulting in greater fluid 
retention 

Estrogen enhances antioxidant capacity in females and estrogen replacement in the menopausal 
state can upregulate antioxidant systems 

Supplementing with dietary sources of antioxidants may be prudent in those with amenorrhea or 
in menopause but may still not compensate for lack of estrogen 

Single nutrients, e.g., anti-oxidant vitamins, appear to not have the same health effects as a diet 
rich in these from food sources and may be counterproductive in terms of exercise adaptation 

Fish oil (omega-3 fatty acid source) may aid in inflammatory disorders such as dysmenorrhea 
and those associated with menopause 

Vitamin D and calcium play a role in fertility, possibly in dysmenorrhea as well as bone health; 
however, they cannot fully compensate for lack of estrogen 

Branched-chain amino acid oxidation may be greater when estrogen is low; this may have 
dietary implications for in those with amenorrhea or in menopause, particularly when training 
regularly and or on low energy diets

menstrual cycle, realize the difficulties and time commitment necessary for this type 
of work and implore granting bodies to commit dedicated funds for more systematic 
study such that the knowledge base concerning women eventually equals that of men. 
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Chapter 13 
Tracking Health and Fitness Variables 
in Females: Menstrual Cycle 
Considerations 

Georgie Bruinvels and Charles R. Pedlar 

Introduction 

The aim of this chapter is firstly to describe why and how to monitor the menstrual 
cycle in exercising females, and then to discuss how some internal and external factors 
may influence menstrual cycle patterns. Additionally, we discuss how some other 
variables that may be tracked can be influenced by the menstrual cycle. It is however 
beyond the scope of this chapter to discuss strategies to modify these responses or 
to go into great depth in any one area. 

The tracking of health and fitness variables is a way to monitor athletic progress, 
reduce the risk of overtraining, illness, and injury, and ultimately help to guide 
performance optimization. The utility of tracking in the exercising population has 
been widely shown to be beneficial for monitoring readiness, overall wellness and 
fatigue, and response to exercise (Lee et al. 2017; Thorpe et al. 2017). 

Tracking can take a variety of forms, many of which differ in terms of frequency 
(e.g., daily, weekly, monthly, per cycle, 3 monthly, etc.; Table 13.1); invasiveness; 
complexity; and financial cost. Examples in the athletic context include subjec-
tive daily wellness (perceived muscle soreness, mood, etc.); blood biomarkers; 
sleep; performance metrics (training volume, intensity, physiological responses); 
and menstrual cycle (MC) characteristics (e.g., cycle length, symptoms, bleeding 
patterns) in females. Many of these variables are interdependent (e.g., sensitive to 
the individual’s combined mental and physical load, time zone shifts, life events, etc.); 
therefore, contextual information alongside tracking data is paramount. Furthermore, 
there is significant inter-individual variation in these variables; therefore, longitudinal
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Table 13.1 Tracking options are listed by the frequency in which the variable may be monitored 

Frequency Monitoring/Tracking variable 

Daily Sleep 
Heart rate, heart rate variability 
Exercise volume and intensity 
Menstrual cycle symptomology 
Wellness/readiness 
Reproductive hormonesa 

Weekly/Biweekly/Monthly/per cycle Menstruation 
Point of care biomarkers that help to inform readiness 
Fitness testing measures (e.g., countermovement jump) 

Quarterly Blood biomarkers (collected from venous sampling) 
Fitness measures (e.g., physiological responses to 
exercise) 
Nutrition 

a Specifically, this will likely be for a relatively short window of time; e.g., for 1–3 cycles—3 cycles 
would be optimal to establish an individualized normal 

monitoring to understand and account for individual “normal” setpoints and vari-
ability will enable the detection of meaningful inter-individual deviations pointing 
to altered readiness for performance. 

When interpreting monitoring data in eumenorrheic females, additional consider-
ation is needed for the impact of cyclical fluctuating reproductive hormones. Being 
systemic in nature, variations in these hormones have been shown to impact multiple 
systems. For example, metabolic changes, cardiovascular function, thermoregula-
tion, autonomic system, psychological, and neurological changes have all been 
observed. Accordingly, athletes have reported alterations in readiness to perform at 
certain time points in their MC (McNamara et al. 2022; Findlay et al. 2020; Armour 
et al. 2020). 

Clearly hormonal contraception users following a fixed schedule of exogenous 
hormone consumption cannot use MC length as a marker of wellness or readiness, 
and in this, case variables other than MC length may be more appropriate. 

Menstrual Cycle Phase, Length, and Symptom 
Tracking—Why and How? 

Tracking health variables, such as MC length and symptoms, provides invaluable 
data that are inextricably linked to sustained high performance. Having a eumenor-
rheic (regular; cycle length of 21–35 days; Hacker et al. 2016) cycle is a positive 
indication that a female is in a good state of health. Irregular (oligomenorrhoea) or 
absent (amenorrhea) cycles, with no associated gynecological pathology, have been 
associated with adverse health outcomes such as cardiovascular disease (O’Donnell 
et al. 2011), illness and injury susceptibility (Cheng et al. 2021; Thein-Nissenbaum
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et al. 2011; Shimizu et al. 2012), risk of depression and anxiety (Marcus et al. 2001), 
metabolic disturbances (Corbin 2013), type 2 diabetes (Solomon et al. 2001), and 
maladaptation to exercise training (Shufelt et al. 2017). Further, MC length can itself 
be a useful biomarker to track longitudinally, helping to characterize overall health 
and associated performance readiness (Campbell et al. 2021). Symptomology is also 
a useful sign, helping to inform overall readiness. 

At an individual level, the physical act of cycle tracking enables eumenorrheic 
females to be prepared practically for the onset of menstruation (e.g., carrying sani-
tary products with them); in addition, clinically it can help with the identification of 
some menstrual dysfunctions, e.g., polycystic ovarian syndrome, where longer and 
more irregular cycles are more common. When cycles are tracked using biomarkers 
(e.g., hormones), further insight can be obtained as to whether cycles are ovula-
tory or whether there are other endocrinological abnormalities. When symptoms 
(both positive and negative) are tracked alongside cycles, individuals can learn more 
about themselves via pattern recognition and potentially optimize their wellness with 
simple lifestyle changes. When tracked longitudinally females can identify their indi-
vidualized “normal” cycle length and symptom pattern, accordingly deviations from 
this “normal” can be used as a sign of a change and potentially a reduction in readiness 
for exercise or performance. A combination of too many stresses on the hypotha-
lamic–pituitary–ovarian (HPO) axis can create a “perfect storm” which may manifest 
as increased symptoms or oligomenorrheic or amenorrheic states (Czajkowska et al. 
2020). Deviations from the “normal” should be further investigated in order to find 
appropriate strategies to restore cycle regularity and/or reduce symptoms. Practi-
tioners can use cycle tracking in this context, to provoke appropriate interdisciplinary 
support. 

Menstrual cycle tracking can take different forms with substantial variation in 
the level of time commitment, complexity, cost, and invasiveness. These can be 
broadly broken down into those that are clinical/hormonal/biological and those that 
are practical/non-invasive (Table 13.2).

The most basic option involves manually recording the MC using a paper diary, 
capturing the following information: blood flow days, menstruation days, and inten-
sity of flow. In parallel, symptoms at any time in the cycle can be logged. Several 
smartphone applications are available to facilitate this. Basal body temperature (BBT) 
can be measured, with the advantage of providing evidence of ovulation, since 
there is typically a 0.3–0.7 °C increase in BBT post-ovulation in response to the 
release of progesterone (Charjoudian and Stachenfeld 2016; Baker et al. 2020). A 
woman’s temperature typically remains elevated for the majority of the luteal phase, 
usually declining a few days prior to the onset of menstruation. Urine testing for 
luteinizing hormone (and estrogen) can also be used to help identify ovulation since 
these hormones both dramatically rise immediately prior to ovulation. Longitudinal 
tracking using non-invasive testing methods enables the identification of trends and 
patterns over time. At least three cycles should be tracked before making inferences 
on data to accommodate intracycle variability. 

Biomarker testing methods involving blood, urine, and saliva can be used to 
measure female hormones at different time points across the cycle. It is advisable to
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Table 13.2 Menstrual cycle phase and length tracking options 

Cost Frequency of collection Markers tracked 

Biomarkers 

• Blood—venous or capillary 
hormone monitoring 

** Daily—irregularly (alongside 
other biomarker testing) 

Endogenous hormones 

• Urine—hormone measures 
including ovulation tracking 
through LH 

** 

• Saliva—typically daily 
sampling 

* 

• Temperature—used to 
identify ovulation, ideally 
used alongside day-based 
counting 

* 

Non-invasive 

• Day counting using pen and 
paper or a calendar 

– Daily Menstrual bleed 
Flow days 
Symptoms 
Body temperature 

• Menstrual bleed (and 
symptom) logging using a 
mobile phone application 

– 

• Temperature monitoring 
using a wearable used 
alongside day counting 

* 

* Denotes the likely cost of monitoring, – = minimal cost, ** = more costly

use non-invasive monitoring (Table 13.1) in parallel to allow for better interpretation. 
The purpose of biomarker testing will likely inform the optimal protocol for the 
frequency and duration of testing (e.g., daily for 3 cycles vs. one-off time points). 
Given that circulating hormone concentrations can change by over 100% in 24 h when 
measuring hormones for research purposes and to identify an individual’s hormonal 
changes, it would be prudent to collect regular hormonal measures, at least every few 
days. This is particularly important at key time points where hormonal changes are 
proposed to happen as per the theoretical model. It is important to understand that 
hormones might not follow the established textbook MC model due to pre-analytical, 
analytical, inter-individual, and interday variability or error. If the goal is to identify 
whether an athlete is following an ovulatory cyclical hormonal pattern, a single 
measurement point mid-follicular and a second measurement point mid-luteal can 
provide this information; ideally, a means for identifying ovulation would be used 
in conjunction (see Vanheest et al. 2014). Given the invasiveness, practicalities, and 
costs associated with regular blood sampling, in some instances, this may be a more 
realistic protocol than daily sampling. Calendar-based methods should be used in 
conjunction, and it would be advisable to have established “individualized normal” 
MC characteristics through prior longitudinal tracking before testing. 

Where more regular clinical tracking is used (e.g., daily saliva, urine, and capillary 
blood analysis), these results can be used to verify phases and days in the cycle.
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Where significant symptomology is seen associated with certain days/times/phases 
of the cycle, monitoring and tracking can be used to understand the efficacy of an 
intervention. 

The Use of Technology for Tracking the Menstrual Cycle 

Over recent years, technology has developed to assist with MC tracking. Smartphone 
applications have been created to facilitate basic day-of-menstruation tracking and 
symptom logging. A number of different advanced wearables capture information 
such as body temperature and, in some cases, measures of cardiovascular strain (e.g., 
heart rate, heart rate variability, and respiratory rate). These can be used to predict 
MC length. As with all types of technology, there are strengths and limitations. 
Basic smartphone applications are typically free to use and easily accessible. They 
enable a user to evaluate historical trends and identify any abnormal patterns. Their 
accuracy of prediction will depend upon the accuracy of an algorithm. Accuracy can 
be improved by using a luteinizing hormone test to identify ovulation (via urine), 
and thus the transition into the luteal phase. This may not be sustainable every cycle 
due to cost and practicality. 

Technology to measure basal body temperature is becoming increasingly avail-
able. A single measure of basal body temperature can be limited as it is susceptible to 
inaccuracies as a result of factors such as time of day and recent activity. The advent 
of wearables with continuous skin temperature monitoring alongside other physi-
ological measures described above has created new opportunities for monitoring. 
Algorithms can predict ovulation/fertile windows and/or menstruation. While these 
offer huge potential, caution must be taken with use as they are subject to inaccura-
cies. Wrist skin temperature during sleep has limited sensitivity to predict ovulation 
or a higher fertility window (0.62–0.81 sensitivity; 54.9–90.0% of ovulatory cycles) 
depending on the device (Zhu et al. 2021; Goodale et al. 2019). These are reviewed 
in detail elsewhere (Baker et al. 2020). Nocturnal distal finger skin temperature also 
shows potential for identifying cycle characteristics (Maijala et al. 2019). Using a 
built-in algorithm, menstruation was predicted in a window of + 2 to  + 4 days 
in 71.9% to 86.5% of participants, respectively, and ovulation was detected with a 
sensitivity of 83.3% (Maijala et al. 2019). While all of these results are promising, 
data have to be interpreted with caution as there is still a paucity of data using these 
wearables, and particularly in the case of predicting menstruation, predictive power 
will be significantly limited where cycles are anovulatory. It is also important to 
consider that technology companies can change these algorithms at any time. 

To summarize, the use of new technology for menstrual cycle tracking and moni-
toring is an exciting area that could enable females to better predict cycle phases and 
adapt their behavior accordingly. However, due to the varying degree of accuracy of 
these technologies, there are clear limitations, and females should be made aware of 
these on initiation of use.
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Factors Influencing Cycle Characteristics 

There is a range of different factors that appear to be involved in MC regularity 
and the development of symptomology (see Fig. 13.1). When tracking reveals a 
deviation from an individual’s historic “normal” cycle length or shows significant 
symptomology, these should be considered. 

Menstrual History 

Due to the immaturity of the HPO axis in the first 2–5 years post-menarche, anovu-
latory cycles are common in this window of time. As a result, cycle length variation 
is more likely. Similarly, cycles are more prone to length variation in the 2–5 years 
prior to menopause as a reflection of ovarian aging (Harlow and Ephross 1995). 
Therefore, if monitoring cycle length, factoring in the life stage could help inform 
understanding as to whether increased variation may be expected or abnormal for 
an individual. Age at menarche may also influence cycle variability and cycle length 
throughout reproductive life (Wesselink et al. 2016). Thus, in the exercising popu-
lation, in conditions of primary amenorrhea or a delay to menarche due to early 
sport specialization or excess exercise pre-puberty (Frisch et al. 1981), future cycle 
characteristics may be affected. The changes in the hormonal milieu associated with 
breastfeeding will also likely cause changes in length and increased length variation 
(Najmabadi et al. 2020).

Fig. 13.1 Factors contributing to menstrual cycle characteristics. BMI = Body Mass Index; AMH 
= Anti-Müllerian Hormone; PCOS = Polycystic Ovary Syndrome 
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Lifestyle Factors 

Diet 

Where energy expenditure surpasses calorific intake over a period of time (prolonged 
energy deficit), significant disturbances in the HPO axis will ensue, and states of 
oligomenorrhoea and amenorrhea are inevitable (Loucks et al. 1988). While total 
calorific intake is highly relevant here, the macronutrient and potentially micronu-
trient distribution are also fundamental to maintaining a regular MC. The mechanism 
in which menstrual function is affected is associated with a reduction in luteinizing 
hormone pulsatility, therefore delaying ovulation and elongating the follicular phase. 
Further, being in an energy deficit, either by not fueling regularly and/or not fueling 
after exercise has also been shown to disrupt HPO-axis function (Fahrenholtz et al. 
2018). This is covered in more detail elsewhere in the book. For females who exer-
cise on a regular basis, the risk of under-fueling and/or insufficient timing or diet 
composition can be significant, particularly when training volume and/or intensity 
are increased or other environmental stressors are applied, monitoring MC length 
alongside this can be very useful as a sign that something is amiss. 

Other literature points to dietary behaviors potentially impacting MC length and 
symptomology, for example, consumption of a Mediterranean diet is associated with 
a shorter MC length (Onieva-Zafra et al. 2020). Insufficient intake of certain micronu-
trients has been implicated in the incidence of irregular cycles and adverse sympto-
mology; thus where irregularities are seen, full nutritional screening may be helpful. 
For example, iron, zinc, calcium, B vitamins, calcium, and magnesium have all been 
shown to be related to some extent to menstrual length and symptomology (Nasiadek 
et al. 2020; Ayre and Bauld, 1946; Livdans-Forret et al. 2007; Naz et al. 2020, Petkus 
et al. 2019). 

Stress, Sleep, and Exercise 

A literature review specifically reporting the effects of shift and night work on MC 
regularity found an association between night work and menstrual irregularity or 
increased MC variability (Lim et al. 2016); interestingly, one study specifically 
looked at alternating patterns of shift work and also found that, whether shifts were in 
the day or night, this resulted in increased MC length variability (Su et al. 2008). These 
findings could be translated into other contexts where irregular sleeping patterns are 
common such as elite sports. 

Less than 6 h of sleep has been associated with an increased likelihood of an 
irregular MC length (Lim et al. 2016), and more pre-menstrual symptoms (Xing et al. 
2020), while reported insomnia has also specifically been associated with reporting 
an irregular cycle length (Xing et al. 2020). 

An association between chronic stress and hypothalamic hypogonadism has been 
observed; Nagma et al. (2015) found that high levels of stress were associated with
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cycle length irregularities in university students. These findings are consistent with 
other research (Palm-Fischbacher and Ehlert 2014; Bae et al. 2018). This is hypothe-
sized to be related to the interaction of the HPO axis with the hypothalamic–pituitary– 
adrenal (HPA) axis. Acute stress has also been found to exacerbate perimenstrual 
cycle symptomology (Gollenburg et al. 2010). Of note, females whose mothers were 
exposed to significant stress prenatally have been reported to have an increased sensi-
tivity to the HPA axis (Ryterska et al. 2021). Early childhood experiences may also 
have a similar effect. Both of these could mean that some individuals are predisposed 
to changes in MC length characteristics (Pauli and Berga 2010; Bomba et al. 2014). 
Subtle menstrual disorders such as luteal phase defects, anovulatory cycles, or slight 
cycle length disturbances are relatively common in those who exercise (De Souza 
et al. 2010). 

Environmental Factors 

Pollutants and Endocrine-Disrupting Chemicals 

A couple of recent studies have demonstrated that exposure to air pollution, particu-
larly in the peripubertal transition and in early adulthood, is associated with increased 
time to menstrual regularity and earlier age at menarche (Mahalingaiah et al. 2018; 
Wronka and Kliś 2022). Further, exposure to pollutants such as particulate matter 
(less than 10 μm), sulfur dioxide, and nitrogen dioxide may also contribute to 
altered cycle length and increased cycle variability (Merklinger-Gruchala et al. 2017; 
Giorgis-Allemand et al. 2020). This is more probable if exposure to environmental 
toxicants occurs either during follicle recruitment or during corpus luteum activity 
(Hammer et al. 2020). For those who exercise outdoors and live in polluted areas, 
this is of particular relevance and it warrants further consideration. 

Some small studies have found synthetic chemicals such as perfluoroalkyl 
substances to disrupt reproductive function and thus result in cycle length varia-
tion (Zhou et al. 2017). This is a relatively new research area that warrants consid-
eration, particularly in certain sports where equipment is for example made using 
perfluoroalkyl substances (e.g., tennis rackets, ski wax, bicycles). 

Exposure to high altitude has been shown to affect MC characteristics (Shaw 
et al. 2018). This is potentially linked to alterations in redox homeostasis and causes 
excess levels of reactive oxygen and nitrogen species, which can disrupt normal MC 
functioning, and it is feasible that the increases in the release of these, as which 
happens during hypoxic exposure, could disrupt menstrual function.



13 Tracking Health and Fitness Variables in Females: Menstrual Cycle … 311

Biological Factors 

Genetics 

A number of mutations to the gene encoding the gonadotrophin-releasing hormone 
(GnRH) receptor have been associated with an increased likelihood of functional 
hypothalamic amenorrhea (Caronia et al. 2011; Roberts et al. 2020). This may also 
increase the individual sensitivity to “stressors” and thus predispose individuals 
to increased cycle length variation. For example, those who are homozygous for 
KA1, FGFR1, PROKR2, and GNRHR (i.e., gene mutations) are more susceptible to 
hypothalamic amenorrhea (Caronia et al. 2011; Roberts et al. 2020). Being heterozy-
gous for these may also increase the likelihood of cycle length variation (Caronia 
et al. 2011; Roberts et al. 2020). 

Body Mass Index (BMI) 

Extreme BMI’s = more irregular cycles and “atypical” cycle lengths. Research 
has pointed to an association between a high BMI and an increased likelihood of 
cycle length variability (Wei et al. 2009). Interestingly, there also appears to be a 
U-shaped relationship between BMI and MC-related symptoms, with those at the 
top and bottom end of the BMI spectrum being more likely to experience adverse 
symptomology (Ju et al. 2015). 

Menstrual Dysfunction (MD) 

Increases in MC length and more severe symptoms are associated with certain types 
of menstrual dysfunction. Polycystic ovarian syndrome for example is associated 
with longer cycles (Rosenfield and Ehrmann 2016), and endometriosis is typically 
associated with shorter and more painful cycles (Wei et al. 2016). With this in 
mind, where cycle irregularities and significant symptomology are observed, medical 
advice should be sought. 

Summary 

There is likely to be a synergistic effect from numerous contributory stressors, with 
some individuals being more sensitive to variation in MC length, and/or certain 
stressors that may affect symptomology.
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How the Menstrual Cycle May Affect Other Metrics 
in the Female Athlete 

As circulating ovarian hormones induce effects on other non-reproductive processes 
(e.g., respiratory, cardiovascular, and metabolic), there is potential for the changes 
through the cause of the MC to affect exercise performance readiness. It is well 
established that there can be significant inter- and intra-individual variation in physi-
ological characteristics, blood biomarkers, readiness, etc., and endogenous hormonal 
changes across the MC could, in part, be responsible for these. The significant inter-
and sometimes intra-individual variation in hormonal cycles poses a particular chal-
lenge here, while the substantial hormonal fluctuations mean that for really accurate 
interpretation, daily sampling is optimal. 

Potential Impact of Changes in Endogenous Hormones 
on Blood Biomarkers 

The cyclical changes in ovarian hormones have the potential to impact blood 
biomarkers, and thus, when interpreting these it would be advisable to measure repro-
ductive hormones alongside and record the day of the MC where possible. Ideally, 
calendar-based tracking and historical cycle data should also be used to inform the 
analysis. 

Inflammatory Markers and Markers of Oxidative Stress 

Menstruation is often described as an inflammatory process, and many view the 
MC as a complex cycle of pro- and anti-inflammatory activity. The progesterone 
withdrawal that happens in the pre-menstrual phase releases the transcription factor 
NF-κB, which drives an essential inflammatory response, causing the infiltration of 
inflammatory mediators such as cyclo-oxygenase, cytokines, leukocytes, and matrix 
metalloproteinases, which create a hypoxic environment and cause the breakdown 
and shedding of the endometrial lining (Jabbour et al. 2006). This “perimenstrual” 
window is the time where MC-related symptoms are most commonly reported, and 
while the specific mechanisms behind each symptom type are not yet fully under-
stood, a host of symptoms have been associated with the increase in biomarkers 
of inflammation markers (Bertone-Johnson et al. 2014). Other studies have shown 
there to be an increased release of biomarkers of inflammation in the perimenstrual 
window (Chaireti et al. 2016; Whitcomb et al. 2014), and cyclical variation in condi-
tions that may be sensitive to inflammation (e.g., chronic fatigue or long COVID-19 
have also been observed) (Davis et al. 2021; Sharp et al. 2021). 

The cyclical hormonal changes have also been associated with changes in patterns 
of release of markers of oxidative stress; for example, toward the end of the luteal



13 Tracking Health and Fitness Variables in Females: Menstrual Cycle … 313

phase there is an increase in production of lipid peroxidase, alongside a decrease 
in superoxide dismutase, which in part facilitates the breakdown of the endometrial 
lining (Gupta et al. 2012). However, not all research is conclusive here, and as with 
many studies in this area, this is likely due to the timepoints selected for sample 
collection, sample sizes, and individual variation (Bell and Bloomer 2010). Regard-
less, reactive oxygen species (ROS) and reactive nitrogen species are essential for 
some of the stages involved in the menstrual cycle; a certain amount of ROS is 
required for the development and maturation of follicles, for ovulation, and, for the 
development and function of the corpus luteum (Agarwal and Gupta 2006; Agarwal  
et al. 2005). Too much, however, is harmful (Agarwal and Gupta 2006). 

While to our knowledge, this has not yet been studied experimentally if an increase 
in inflammatory biomarkers from an individualized normal is observed, an extra focus 
on good recovery and anti-inflammatory nutrition could be applied, but studies to 
validate this approach are warranted. 

Regarding other biomarkers, see Table 13.3 for more on how the MC may affect 
such markers.

How the Menstrual Cycle May Affect Markers of Readiness 
and Wellness 

Sleep 

There are receptors for estrogen and progesterone in the hypothalamus, distributed 
via the central nervous system, locus coeruleus, and the dorsal raphe nucleus, all of 
which are involved in the regulation of sleep (Shughrue et al. 1997; Curran-Rauhut 
and Petersen 2002). Changes in ovarian hormones through the MC have been shown 
to influence sleep (Driver et al. 1996), but more research is needed to better understand 
the specific mechanisms, and as with many areas there appears to be significant inter-
individual variation. It has been established that the sleep and wake-promoting areas 
of the central nervous system are sensitive to estrogen; thus, as ovarian hormones 
fluctuate through the cycle, this could affect sleep latency, quality, and quantity, and 
there is some evidence to suggest that ovarian hormones can specifically affect sleep 
architecture (Baker et al. 2019; Baker and Lee, 2018). Some studies have specifically 
captured subjective “sleep disruption” as a commonly reported MC symptom, and 
this is typically reported during the late luteal phase, in the pre-menstrual window, and 
during menstruation where estrogen and progesterone levels rapidly change (Baker 
and Driver 2004; Bruinvels et al. 2021). 

Experimental studies specifically monitoring sleep throughout the entirety of the 
MC are relatively sparse. When studied in cross-section, most researchers have shown 
sleep efficiency and sleep latency to be stable across the MC (Driver et al. 1996; Baker 
et al. 2007), but in the luteal phase, a decrease in rapid eye movement sleep (Mong 
et al. 2011), an increase in slow-wave sleep (Baker et al. 2002), and earlier REM
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Table 13.3 The influence of the menstrual cycle on selected biomarker groups 

Biomarker group Effect of the menstrual cycle 

Inflammatory markers An increased release of biomarkers of inflammation in the 
perimenstrual window has been observed in response to 
progesterone withdrawal (Chaireti et al. 2016; Whitcomb 
et al. 2014). Further, in response to a controlled endurance 
exercise bout, creatine kinase and interleukin-6 levels at both 
24 and 72 h post-exercise have been found to be greater in the 
mid-follicular phase when sex hormones are low (Hackney 
et al. 2019), with possible implications for recovery duration 

Oxidative stress markers Markers of oxidative stress have been found to vary in line 
with hormonal changes; for example, toward the end of the 
luteal phase, there is an increase in production of lipid 
peroxidase, alongside a decrease in superoxide dismutase, 
which in part facilitates the breakdown of the endometrial 
lining (Gupta et al. 2012) 

Markers of cardiovascular health Total cholesterol (TC), low-density lipoprotein cholesterol 
(LDL-C), high-density lipoprotein cholesterol, and a number 
of associated lipid and lipoprotein ratios have been shown to 
change when comparing the follicular and luteal phases 
(Saxena et al. 2012; Vashishta et al. 2017; Olean-Oliveira 
et al. 2022). Leptin concentrations have been reported to be 
higher in the luteal phase when compared to the follicular 
phase, and adiponectin levels are lower (Wyskida et al. 2017; 
Rafique et al. 2018) 

Immune markers Higher numbers of circulating neutrophils, lymphocytes, and 
monocytes have been observed during the luteal phase 
(Timmons et al. 2005). In the perimenstrual window, an 
upregulation in macrophages, neutrophils, granular 
lymphocytes eosinophils, and mast cells in endometrial tissue 
have all been observed when compared to the follicular and 
luteal phases; this triggers the inflammatory cascade (Berbic 
and Fraser 2013). This inflammatory cascade may be further 
increased with some menstrual dysfunctions 

Iron status markers Some research has found hemoglobin concentration, 
transferrin saturation, serum ferritin, serum iron, total 
iron-binding capacity, mean corpuscular volume, and 
albumin all appear to fluctuate and show significant variation 
between menstruation and at least one other identified time 
point in the MC (follicular, mid-luteal, and late luteal). More 
recently, iron and hepcidin have been shown to change during 
and just after menstruation when compared to other time 
points (Angeli et al. 2016), and a reduction in iron status 
markers during menstruation (Barba-Moreno et al. 2022)

(continued)
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Table 13.3 (continued)

Biomarker group Effect of the menstrual cycle

Red cell markers One study specifically looking at how red cell indices may 
change at three different time points during the menstrual 
cycle concluded hemoglobin, hematocrit, and red cell count 
to be stable, but the percentage of reticulocytes significantly 
decreased in the follicular phase when compared to 
measurements taken during the ovulatory and luteal phases 
(Mullen et al. 2020)

onset have been observed (Lee et al. 1990). These findings are not however universal, 
with some studies finding no changes (Chuong et al. 1997; Baker et al. 2019). One 
study using actigraphy did observe a decline in sleep efficiency and total sleep time in 
the week before the onset of menstruation (Zheng et al. 2015). Most likely due to the 
inconvenience and expense of polysomnography (PSG), the gold standard means for 
evaluating sleep, most studies using this technique have only compared a couple of 
specific time points within the MC (e.g., mid-follicular versus mid-luteal phase). One 
study (n = 9) by Driver (1996) however did evaluate electroencephalogram (EEG) 
activity every other night for the duration of an MC, finding no changes in slow-wave 
sleep or slow-wave activity; however, sleep spindle activity did significantly increase 
in the luteal phase. This finding has been corroborated by other more recent studies 
(Baker et al. 2007; Baker et al. 2012, Genzel et al. 2012) and while the mechanism 
for this is not understood, it is hypothesized to be associated with progesterone acting 
on GABA-A receptors. 

Menstrual cycle symptoms and the need to change sanitary products may also 
result in a disruption to sleep. A study in collegiate female athletes found an increased 
sleep latency and a reduction in total sleep duration and quality associated with MC 
symptoms and concerns over sanitary products during the night (Koikawa et al. 
2020). With this in mind, it would be sensible to work on symptom management 
and raise awareness around available sanitary protection overnight. More studies are 
needed to better understand the within-day variation in sleep metrics. Where sleep 
latency, duration, and quality are reduced, sleep strategies could be used to reduce 
disruption and sleep could even be banked in advance in preparation for noticeably 
disrupted timepoints. In summary, there is an argument for monitoring sleep across 
the menstrual cycle. The various methods available for sleep monitoring are beyond 
the scope of this chapter. 

Heart Rate, Respiratory Rate, and Heart Rate Variability 

Attributed to the cyclical changes in ovarian hormones, the majority of research has 
found heart rate at rest to increase during the luteal phase when compared to the 
follicular phase (Tenan et al. 2014; McKinley et al. 2009). This is thought associated 
with an increase in body temperature, which may affect cardiovascular strain. Some
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studies have also found an observable increase in heart rate during exercise in the 
luteal phase (Rael et al. 2021; Barba-Moreno et al. 2022), but this finding is not 
universal (Freemas et al. 2021; Goldsmith and Glaister, 2020). Heart rate variability 
has also been shown to decrease significantly in the luteal phase of the MC when 
compared to the follicular phase, and this is potentially more specifically in the 
late luteal phase, this is thought to primarily be attributed to changes in autonomic 
control and more specifically a reduced parasympathetic withdrawal (Tenan et al. 
2014; Kokts-Porietis et al. 2020; Alzueta et al. 2022). 

Again, linked to the changes in ovarian hormones, respiratory rate at rest has been 
shown to increase in the luteal phase of the MC (Slatkovska et al. 2006; MacNutt 
et al. 2012), some have also shown this to increase during exercise in the mid-luteal 
phase when compared to the follicular phase (Goldsmith and Glaister, 2020), but 
again, this finding is not universal (MacNutt et al. 2012). 

As with all areas, the potential for individual variation here is likely to have 
a significant effect, and it is important to be mindful that many other factors can 
influence these variables (e.g., exercise, nutrition, alcohol, and sleep). That being said, 
when regularly monitoring readiness using cardiovascular and respiratory measures, 
it appears to be appropriate to monitor MC day/phase in parallel to help contextualize 
data. 

Body Temperature 

Due to the thermogenic nature of progesterone, there is an increase of 0.3 °C–0.7 °C in 
resting body temperature, which has been observed 24 h after a detectable increase 
in plasma progesterone (Charjoudian and Stachenfeld, 2016; Baker et al. 2020). 
Body temperature then reaches a peak and plateaus within around 48 h, remaining 
elevated until progesterone starts to decline pre-menstrually (Forman et al. 1987). 
This increase in basal body temperature can be detectable using oral, tympanic, 
vaginal, or rectal temperature at rest and can be used as an indicator that ovulation 
has occurred (Marsh and Jenkins, 2002). This increase in body temperature may 
be in part responsible for changes in physiological response throughout the MC 
and can affect sleep, although it is difficult to discern whether any effects are due 
to the change in body temperature alone or whether these are linked to the altered 
hormonal milieu. Further, if undertaking daily monitoring of body temperature, it 
is important to account for natural physiological rises and of course the impact of 
ambient temperature on skin temperature. 

Muscle Soreness 

A systematic review and meta-analysis have comprehensively evaluated changes 
in markers of muscle damage and strength loss in response to a damaging protocol 
across different MC phases, concluding that the lowest hormonal window (i.e., early-
follicular phase) to be where recovery is most impaired and the more strength is lost
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24–72 h post-exercise (Romero-Parra et al. 2021). The authors highlight a number 
of important limitations to this conclusion including only a few studies that met 
the inclusion criteria; the methods used for phase verification; most studies only 
compared two-time points; differing training levels of subjects; and the small sample 
sizes within studies. Despite this, the increased perception of delayed-onset muscle 
soreness (DOMS) in the early-follicular phase was compelling, and this could be 
attributed to several factors. Firstly, ovarian hormones may have a protective effect 
against muscle damage, thus when hormones are at their lowest, DOMS is increased. 
Second, other MC symptoms that could be experienced during the early-follicular 
phase may reduce the pain tolerance threshold, and some studies report pain threshold 
to be reduced in the early-follicular phase. Finally, while studies specifically looking 
at creatine kinase did not observe any changes across the MC, other markers of inflam-
mation, e.g., C-reactive protein have been shown to fluctuate which can increase the 
likelihood of muscle damage. 

Physiological Responses to Exercise 

The data are not conclusive as to whether objective measures of performance are 
influenced by changes in ovarian hormones. One controlled laboratory study where 
trained runners completed a submaximal and maximal exercise test across the early-
follicular, late-follicular, and mid-luteal phase specifically found a reduction in 
running economy, with an increase in respiratory rate and core body temperature 
in the luteal phase when compared to the follicular phase (Goldsmith and Glaister, 
2020). Time to exhaustion, maximal oxygen uptake, blood lactate, and rating of 
perceived exhaustion did not differ. These findings are supported (Williams and 
Krahenbuhl, 1997), but also refuted (Dokumacı and Hazir, 2019). As with most 
research, the potential for inter-individual variation in response is significant, and 
importantly, further studies investigating more time points across the MC are needed. 

Some studies have also demonstrated changes in markers of strength at different 
time points. Cook et al. (2018) showed an increase in peak power around ovulation 
when compared to the follicular and luteal phases, while others have found a decrease 
in peak power in the late luteal phase when compared to the late-follicular phase 
(Graja et al. 2020). 

While an exhaustive review into the physiological responses throughout the MC 
is not the primary aim of this chapter, given the changes that some have seen as 
already noted, and discussed further elsewhere (Carmichael et al. 2021), it appears 
to be appropriate to track MCs alongside physiological metrics during exercise. 

Cognitive Measures and Mood State 

Estrogen and progesterone receptors have been located in regions of the brain that are 
involved in cognition, e.g., the amygdala, prefrontal cortex, and hippocampus, and it 
is well established that the ovarian hormones can cross the blood–brain barrier; thus
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theoretically, changes in hormone concentrations through the MC may alter cognitive 
performance. However, research here is inconclusive, with most studies to date having 
small participant sizes and typically only measuring two-time points in the cycle. 
Some have found performance in mental rotation tasks and spatial awareness tasks to 
be better in the follicular phase (Courvoisier et al. 2013; Hampson et al. 2014; Le et al.  
2020), and others have found verbal fluency to be better in the luteal phase (Solís-
Ortiz and Corsi-Cabrera, 2008; Le et al.  2020). Others have observed no change 
(Gordon and Lee, 1993, Le et al.  2020). Regardless, it would be prudent to monitor 
the MC alongside markers of cognition to help contextualize data. 

Mood-related changes are one of the most frequently experienced MC symptoms 
(Findlay et al. 2020; Bruinvels et al. 2021). When using the profile of mood states 
questionnaire with athletes to compare pre-menstrual and mid-cycle measures, a 
worsened profile was noted during the pre-menstrual window (Cockerill et al. 1992). 
Further, those who specifically experience pre-menstrual syndrome had higher levels 
of inflammation and anxiety than those who did not (Foster et al. 2017). 

Other Considerations 

The use of hormonal contraception affects the function of the HPO axis, resulting 
in the downregulation of endogenous female reproductive hormones. The extent to 
which endogenous hormones are downregulated depends on the type of hormonal 
contraception (e.g., combined or progestin-only), and the dose of exogenous 
hormones, therefore where possible, measuring endogenous hormones alongside 
other monitoring would be optimal. Experiencing symptoms appears to be as 
common in combined oral contraceptive users as non-users (Clarke et al. 2021; 
Oxfeldt et al. 2020); therefore, tracking these alongside markers of wellness and 
readiness would be sensible. 

Conclusions 

Overall, MC tracking can provide valuable insights for females which can potentially 
lead to positive health and performance gains. The following points summarize the 
chapter:

• There is a multitude of variables that could be tracked across MC phases. At the 
simplest level, recording the dates of menstruation together with symptoms may 
help females to understand and predict the impact of the MC, both positive and 
negative.

• MC characteristics (e.g., length and symptoms) can be affected by many internal 
and external variables.
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• Since ovarian hormones and receptors are systemic in nature, almost all physio-
logical systems may be affected to some degree by the MC, and some of which 
may have a meaningful effect on performance or perceived wellness.

• Monitoring can inform the selection and efficacy of interventions (e.g., a sleep or 
nutrition strategy to reduce symptoms associated with inflammation).

• Wide inter-individual variability exists for most variables.
• Layers of complexity, technology options, and cost can be added and may include 

blood, urine, or saliva biomarkers, accelerometry, heart rate, and heart rate vari-
ability, skin temperature, sleep tracking, physiological responses to exercise, and 
cognitive tests. 
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Chapter 14 
Pregnancy, Sex Hormones, and Exercise 

Kirsty J. Elliott-Sale 

Introduction 

The sequence of events from fertilization to the formation of an adult organism 
is known as developmental anatomy. This timeline begins with pregnancy, which 
specifically relates to: (i) the fertilization of a secondary oocyte (i.e., an immature egg, 
female sex cell) by a spermatozoon (i.e., mature motile male sex cell), which usually 
occurs 12–24 h following ovulation and results in the formation of a single nucleus 
(i.e., a segmentation nucleus) with genetic material contributed by the spermatozoon 
(i.e., the male pronucleus) and ovum (i.e., the mature egg, the female pronucleus); (ii) 
implantation of the blastocyst (i.e., the cleaved fertilized ovum) into the endometrium 
(i.e., the lining of the womb), which typically occurs six days after fertilization; (iii) 
embryonic (i.e., the first two months of development) and fetal (i.e., the remaining 
seven months of development) growth; and (iv) parturition (i.e., labor and delivery, 
childbirth). Even though pregnancy is initiated by fertilization, its tenure starts on 
the first day of the menstrual cycle in which fertilization occurs (i.e., on the first day 
of the woman’s last period). Pregnancy typically lasts 40 weeks and is divided into 
three trimesters each lasting 12–14 weeks. Gestation, on the other hand, refers to 
the time a zygote (i.e., the fertilized ovum), embryo, or fetus is carried in the female 
reproductive tract and is usually 266 days, which is counted from the estimated date 
of fertilization. Throughout pregnancy, a multitude of synchronous anatomical and 
physiological changes occur (Fig. 14.1); the physiological changes include alter-
ations mediated by (i) estrogen and progesterone (i.e., sex hormones) and (ii) sex 
hormones plus other mechanisms (e.g., weight gain, growing fetus). This chapter
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Fig. 14.1 Venn diagram showing the interaction among the hormonal (specifically sex hormones), 
physiological, and anatomical changes that occur during pregnancy and their potential to either 
individually and/or collectively influence exercise performance and capacity 

aims to contextualize these changes and specifically focus on the impact of supra-
physiological concentrations of estrogens and progesterone caused by pregnancy on 
exercise performance and capacity. 

Changes and Outcomes Associated with Pregnancy 

In the following sections, the pregnancy-related changes in sex hormone concentra-
tions are discussed in detail (i.e., in keeping with the focus of this chapter), while 
the anatomical and wider physiological changes (i.e., all physiological changes 
excluding the changes in sex hormone concentrations) are just summarized with 
signposting provided to further specialized texts (Table 14.1).
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Sex Hormones 

During the first trimester, the corpus luteum (i.e., an endocrine gland in the ovary 
formed when the follicle has discharged its secondary oocyte) secretes estrogens and 
progesterone in similar quantities to those produced during the luteal phase of the 
menstrual cycle. From the second trimester, the placenta adopts this secretory role. 
The placental unit, specifically the chorion (i.e., the fetal portion of the placenta), also 
secretes human chorionic gonadotropin (hCG), a glycoprotein hormone that imitates 
luteinizing hormone (LH), which further stimulates the production of estrogens and 
progesterone. Figure 14.2 shows the changes in 17-β-estradiol and progesterone 
before (panel a) and after (panel b) fertilization, during (panel c), and following preg-
nancy—with (panel d) and without (panel e) breastfeeding. The greatest increase in 
progesterone production occurs between weeks 18 and 30, during which time the 
placental unit produces approximately 250–500 mg of progesterone daily. During 
the last eight to ten weeks of gestation, little or no increase, and in some cases a 
slight decrease, in progesterone production occurs. At term, progesterone levels are 
318–954 nmol L−1 (Tulchinsky et al. 1973), in comparison to 3–6 nmol L−1 and 
32–111 nmol L−1 during the follicular and mid-luteal phases of the menstrual cycle 
(Abraham et al. 1972); a ninefold increase from the peak of the menstrual cycle to the 
peak of pregnancy. There is a rapid increase in 17-β-estradiol concentrations between 
weeks 20 and 35. At term, 17-β-estradiol levels are 22–110 nmol L−1 (Lindberg et al. 
1974), in comparison to 0.4 and 1.5 nmol L−1during the follicular and mid-luteal 
phases of the menstrual cycle (Abraham et al. 1972); a 73-fold increase from the peak 
of the menstrual cycle to the peak of pregnancy. In non-pregnant women, concen-
trations of estriol and estrone are less than 0.03 and 1 nmol L−1; during pregnancy, 
these concentrations rise to approximately 35–104 and 7–110 nmol L−1 (Tulchinsky 
et al. 1973). In comparison to the other sex hormones, the rise in testosterone levels is 
weaker and more gradual; O’Leary et al. (1991) showed, between weeks 5 and 40 of 
pregnancy, a 1.7-fold increase in testosterone in comparison to a 33- and 11.9-fold 
increase in 17-β-estradiol and progesterone. As such, the concentrations of estro-
gens and progesterone during pregnancy are considered supraphysiological. During 
puerperium (i.e., the six weeks after childbirth when maternal physiologic changes 
related to pregnancy return to the non-pregnant state) and in the absence of lacta-
tion (i.e., the secretion and ejection of milk by the mammary glands), sex hormone 
levels return to normal values. Otherwise, following delivery, the withdrawal of 
progesterone coupled with the sharp rise in circulating prolactin levels—as a result 
of suckling—initiates and maintains milk production (i.e., lactation). Lactation can 
prevent ovarian cycles from occurring in the first few months following parturition, 
if suckling occurs eight to ten times per day, and is known as lactational amenorrhea. 
This phenomenon is, however, inconsistent; i.e., there is large between and within-
individual variation in its occurrence and duration. It is worth noting that ovulation 
normally precedes the first postpartum menstrual bleed (i.e., ovulation is reinstated 
before menstruation returns).
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Fig. 14.2 Relative changes in 17-β-estradiol (solid line) and progesterone (dashed line) concentra-
tions before, during, and after pregnancy. Panel a shows a eumenorrheic menstrual cycle without 
fertilization. Panel b shows a menstrual cycle with fertilization (as denoted by ↓). Panel c shows the 
hormonal changes during pregnancy. Panel d shows lactational amenorrhea (anovulatory cycles). 
Panel e shows the resumption of a eumenorrheic menstrual cycle following parturition. The circles 
denote menstruation. During pregnancy, the increase in 17-β-estradiol and progesterone can be as 
much as 73-fold and ninefold (Tal et al. 2001) 

Anatomical and Physiological 

During pregnancy, women gain approximately 11–16 kg, which consists of the 
following (approximate) changes: breasts 0.5 kg (equivalent to one to two bra cup 
sizes); uterus 1.6 kg (stretches 500–1000 times its pre-pregnancy size); placenta 
0.7 kg; baby 3.5 kg; amniotic fluid 1–1.5 kg; and extra blood volume and fluid 4 kg. 
By the third trimester, the uterus occupies almost the entire pelvic cavity, resulting in 
the displacement of other organs (Fig. 14.3). These changes and subsequent outcomes 
are précised in Table 14.1 (panels a and b).

A myriad of physiological changes occurs during pregnancy. In short, pregnancy-
related, physiological changes have been noted in the integumentary, cardiovascular, 
respiratory, digestive, metabolic, and thermoregulatory systems. These changes and 
downstream outcomes are summarized in Table 14.1 (panels a and b).
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Fig. 14.3 Anatomical changes associated with pregnancy; note the enlargement of the uterus and 
the supplanting of the other internal organs

Functional Implications of Pregnancy on Exercise 
Performance and Capacity 

In the absence of absolute and relative contraindications (Everson et al. 2014; Artal  
and O’Toole 2003), women are advised to maintain their current exercise and occu-
pational habits (Mottola et al. 2018), as exercise has been shown to confer maternal 
and fetal benefits (Gregg and Ferguson 2017). Exercise performance and capacity 
could, however, be influenced by the changes that occur during pregnancy. In the 
following sections, the impact of supraphysiological concentrations of estrogen and 
progesterone on exercise performance and capacity is discussed in detail (i.e., in 
line with the focus of this chapter), while the impact of the anatomical and wider 
physiological changes (i.e., all physiological changes excluding the changes in sex 
hormone concentrations) is merely summarized in order to provide the backdrop 
information to the sex hormone-associated changes. 

Sex Hormones 

The following sections describe the relationship between sex hormones and athletic 
performance or components of athletic performance. These outcomes were explored 
as sex hormones have been implicated, either observed or theoretically, in the medi-
ation, either solely or predominately, of these effects. This section complements the 
information provided in Table 14.1 related to the wider physiological data (i.e., all 
physiological changes excluding the changes in sex hormone concentrations).



338 K. J. Elliott-Sale

Muscle 

The potential influence of sex hormones on muscular function is often debated but 
seldom appropriately investigated (i.e., there is a lack of high-quality data on this 
topic). As such, the existence, direction, and magnitude of any effects remain to 
be scientifically (i.e., rather than anecdotally) established. Although muscle func-
tion has been assessed across menstrual and oral contraceptive pill cycles (McNulty 
et al. 2020; Elliott-Sale et al. 2020) and in response to menopause—with or without 
hormone replacement therapy—(Xu et al. 2020), it has rarely been assessed during 
pregnancy. Moreover, of the studies performed in this area, several have been cross-
sectional study designs and few have included sex hormone analysis. For example, 
using a cross-sectional approach without the quantification of sex hormone status, 
Mbada et al. (2015) showed that pregnant women had significantly lower handgrip 
strength than non-pregnant women, while Abdullahi et al. (2021) did not observe 
any significant changes in handgrip strength between trimesters. Of those employing 
longitudinal study designs, Atay and Basalan (2015), Żelaźniewicz and Pawłowski 
(2018), and Bey et al. (2019), none measured sex hormone concentrations. Atay 
and Basalan (2015) measured handgrip strength at 20 and 32 weeks of pregnancy 
and observed a significant loss in strength as the pregnancy progressed. Similarly, 
Żelaźniewicz and Pawłowski (2018) showed that handgrip strength decreased from 
the first to the third trimester of pregnancy. Conversely, Bey et al. (2019) did not show 
any change in the lower limb (i.e., knee extensor) muscle strength between early and 
late pregnancy (16 ± 4 and 29 ± 4 weeks of pregnancy). Using a cross-sectional 
design—comparing pregnant (week 12, 20, and 36 of pregnancy) and postpartum 
women (six weeks following childbirth)—Elliott et al. (2005) showed that concen-
trations of total and bioavailable 17-β-estradiol, progesterone, and total testosterone 
were highest at week 36 of pregnancy (i.e., during the third trimester) and lowest 
at six weeks postpartum (Fig. 14.4). Bioavailable testosterone was also highest at 
36 weeks of pregnancy but was still significantly elevated at six weeks postpartum. 
Concentrations of total estradiol were significantly different between all stages (all 
p < 0.001); concentrations of progesterone were significantly different between all 
stages (all p < 0.001) except between the first and second trimesters; concentrations 
of total testosterone concentration were significantly different between weeks 12 
and 36, and 36 and 6 (all p < 0.001); concentrations of bioavailable estradiol were 
significantly different between all stages (all p < 0.05) except between weeks 20 
and 36; and the concentration of bioavailable testosterone was significantly greater 
six weeks following childbirth than during week 20 (p < 0.05). Maximum voluntary 
isometric force per unit cross-sectional area of the first dorsal interosseus muscle was 
significantly higher at weeks 12 and 20 of pregnancy compared to six weeks post-
partum; i.e., women in this study were stronger during the first and second trimesters 
than following parturition. The changes in strength did not, however, significantly 
and positively correlate to changes in sex hormone concentrations. As such, the 
authors proposed that the changes they observed in strength, during the first two 
trimesters of pregnancy, were not caused by supraphysiological concentrations of 
17-β-estradiol and progesterone, although they suggested that further investigation
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of this occurrence is warranted. Clearly, the impact of sex hormones on muscle func-
tion during pregnancy needs to be further investigated, ideally using longitudinal 
research designs (e.g., pre-pregnancy, throughout pregnancy, and postpartum—with 
and without lactation) with hormonal analysis. In addition, the quality of studies in 
this area could be further advanced by reporting gestational stage, parity, gravidity, 
and whether it is a singleton or twin/triplet/etc. pregnancy (Elliott-Sale et al. 2021), 
which will increase the accuracy and validity of the population sampled and reduce 
the variability in hormone status between participants. 

Fig. 14.4 Concentrations (bars) of total (panel a) and bioavailable (panel b) 17-β-estradiol, total 
(panel c) and bioavailable (panel d) testosterone and progesterone (panel e), and maximum voluntary 
isometric force per unit cross-sectional area (MVIF/CSA) of the first dorsal interosseus (FDI) muscle 
(lines) during (week 12, 24, and 36) and following (6 weeks) pregnancy
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Fig. 14.5 Sequence of events involved in the regulation of maternal and fetal bone metabolism. 
Adapted from Winter et al. (2020). Abbreviations: PTHrP parathyroid hormone-related protein, Ca 
calcium, BMD bone mineral density, DXA dual X-ray absorptiometry, QCT quantitative computed 
tomography, pQCT peripheral quantitative computed tomography 

Bone 

During pregnancy, a complex cascade of events, involving many variables including 
17-β-estradiol, is responsible for the changes in maternal bone health; these actions 
are summarized in Fig. 14.5. The effect of pregnancy on bone has been well docu-
mented (Kalkwarf and Specker 2002; Liu et al. 2019; Salari and Abdollahi 2014). 
The prevalence of pregnancy and lactation-induced osteoporosis is unknown but is 
believed to be rare. Its cause is currently unknown, although it is likely to be trig-
gered by a combination of hormonal (oxytocin) influences and contributions from 
the sympathetic nervous system, genetics, and bone marrow fat (Winter et al. 2020). 
On the other hand, Song et al. (2017) showed, using a meta-analytical approach, that 
parity has a positive effect on bone in healthy, community-dwelling women, espe-
cially at the total hip site. In addition, fractures sustained during pregnancy appear to 
heal more quickly than during the non-pregnant state, and this effect is likely under-
pinned, at least in part, by estrogen (Beil et al. 2010), which is at supraphysiological 
levels during pregnancy. 

Athletic Performance and Capacity 

In the absence of complications, pregnancy-related confinement is no longer a viable 
(e.g., loss of earnings/sponsorship) or attractive (e.g., loss of training time and compe-
tition opportunity) option for competitive sportswomen. This sociocultural shift has 
prompted discussion on the effects of pregnancy on training and competition prac-
tices; however, the majority of previous research has examined the effects of exercise 
on pregnancy (i.e., maternal and fetal implications; see Wowdzia et al. 2021 for a 
review of this literature) as opposed to the effects of pregnancy on exercise (i.e.,
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from a sports training or competition perspective). To date, no study has taken corre-
sponding blood samples, to assess the hormonal milieu, alongside their outcome 
measures, meaning that the direct relationship between sex hormones and athletic 
performance and capacity during pregnancy is currently unknown. In the absence of 
this research, the general effects of pregnancy on exercise-related practices in elite 
and top-level sportswomen are summarized below. Of note, Hale and Milne (1996) 
commented that exercise in the elite athlete is only an accentuation of that found in 
the recreational athlete. 

Using retrospective self-reported surveys, Beilock et al. (2001) showed that the 
number of athletes (89%) who trained during the first trimester fell by 24–65% in the 
third trimester, without a significant impact on their postpartum training programs. 
Similarly, Tenforde et al. (2015) reported that 70% of runners ran at some point 
during their pregnancy, but only 31% ran during their third trimester. They also 
showed that, on average, pregnant women reduced their training intensity to almost 
half of their non-pregnant running effort. Franklin et al. (2017) reported that 85% 
of pregnant recreational and elite rowers exercised during past pregnancies; 51.3, 
42.4, and 15.7% of pregnant rowers met or exceeded the national guidelines during 
the first, second, and third trimesters. Sundgot-Borgen et al. (2019) also observed 
a downward trajectory in training volume from the first to the third trimester in 34 
Norwegian elite athletes. 

Conversely, when training was either monitored/tracked or prescribed, participa-
tion in moderate to high-level activity was (i) maintained and (ii) beneficial during 
pregnancy. Using a longitudinal observational approach, Clapp and Capeless (1991) 
showed a small but significant increase in maximum oxygen uptake in recreational 
athletes who maintained a moderate to high level of exercise training during and 
after pregnancy. Comparably, Kardel (2005) showed that top-level sportswomen 
maintained their high fitness levels during pregnancy when prescribed, appropriately 
strenuous, training. 

Several case studies have investigated the lived experiences of elite athletes. 
Davies et al. (1999) conducted a case study on an elite marathon runner who pre-
conceptionally ran 155 km week−1 at an intensity equivalent to 140–180 b min−1. 
During pregnancy, the athlete completed 107 ± 19 km week−1 at an intensity equiv-
alent to 130–140 b min−1. Running velocity at a steady-state heart rate of 140, 150, 
and 160 b min−1 decreased by 20, 15, and 13% during pregnancy from week 1–32 
antepartum. These data suggest it is possible for an elite endurance athlete to maintain 
a high exercise capacity during pregnancy. Soli and Sandbakk (2018) conducted a 
case study investigating the training characteristics and physiological capacity, of the 
world’s most successful cross-country skier during pregnancy. Training volume was 
maintained at approximately 80–85% of pre-gravid load during the first and second 
trimesters but was reduced to approximately 50% in the third trimester. Training 
intensity was modified during pregnancy: (i) High-intensity training ceased at week 
5 of pregnancy, and low and moderate-intensity training was used instead; and (ii) 
strength training was progressively modified. Oxygen uptake at the lactate threshold 
changed from 60.8 ml kg−1 min−1 before pregnancy to 57.0 ml kg−1 min−1 in the 
first trimester and 54.2 ml kg−1 min−1 in the second trimester. These findings suggest
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that exercise (training) capacity can be maintained at a high level during the first two 
trimesters of pregnancy; however, substantial modifications are needed in the third 
trimester. 

Psychosomatic 

Although outside of the scope of this chapter, the psychological implications of 
pregnancy on exercise performance and capacity also need to be taken into account. 
Sex hormones have been shown to affect mood (i.e., resulting in mood disorders 
such as depression), especially during pregnancy and the postpartum period (Zsido 
et al. 2017) and, as such, the psychosomatic interactions between sex hormones, 
pregnancy, and exercise also need to be considered. 

Anatomical and Physiological 

The anatomical and physiological changes, which occur during pregnancy, largely 
result in discomfort (physical and emotional) for the exercising woman (Table 14.1; 
panel c). Moreover, these changes are associated with an increased risk of injury 
and illness. The prevalence and severity of these effects are subject to large within 
and between individual variability, but have been shown to impact the quality of life 
and exercise performance and capacity of physically active pregnant women (Barone 
Gibbs et al. 2021; Di Fabio et al. 2015; Everson and Wen 2011; Lagadec et al. 2018; 
Owe et al. 2009). Indeed, data from Whitaker et al. (2022) suggest that quality of life 
and participation in moderate to vigorous-intensity physical activity is affected by the 
stage of pregnancy, with better quality of life and participation in exercise seen in the 
second trimester, which is associated with fewer and less severe pregnancy-related 
symptoms. 

Practical Implications of Pregnancy on Exercise 
Performance and Capacity 

Sex Hormones 

Given the paucity of information related to the effects of sex hormones on exercise 
performance and capacity, it is pre-mature to propose many practical considerations 
directly stemming from the changes in sex hormones experienced during pregnancy. 
Further high-quality research is needed and must include the determination of estro-
gens and progesterone from blood samples. Often, there is a reluctance to study the 
effects of pregnancy on exercise performance due to ethical concerns about the safety
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of the mother and baby; however, the majority of recent evidence suggests that it is 
safe for both pre-gravid sedentary and well-trained women to exercise during preg-
nancy (Bø et al. 2016). At present, the only recommendations, based on the current 
state of the art, are related to the changes in bone health: (i) The choice (e.g., avoiding 
high-impact exercises, bending and twisting) and setting (e.g., slippery surfaces) of 
the activity need to be considered; and (ii) the disposition to exercise due to anxiety 
(i.e., fear of sustaining a fracture) needs to be taken into account. 

Anatomical and Physiological 

There are numerous practical considerations associated with the profound structural 
and functional changes that occur during pregnancy, as shown in Table 14.1 (panel d). 
Pregnant women, practitioners, and researchers need to be mindful of these factors 
in order to undertake/prescribe safe (i.e., to mother and fetus) and appropriate phys-
ical activity during pregnancy. In general, the mode, duration, intensity, frequency, 
and progression of the activity need to be assessed and potentially modified during 
pregnancy, perhaps even on a trimester-by-trimester basis. In addition, consideration 
needs to be given to the setting (e.g., location, environment), staffing (e.g., super-
vised versus unsupervised), equipment requirements (e.g., clothing, footwear), and 
motivation (e.g., weight management, elite sport, underlying medical conditions) 
associated with the proposed exercise program. 

General Principles of Exercise Prescription During Pregnancy 

In addition to the practical considerations listed above (i.e., as a result of the 
pregnancy-related changes in sex hormones, anatomy, and physiologic function), 
there are a number of general exercise principles that should be adhered to: 

1. Medical screening (continual monitoring throughout pregnancy)—to establish 
relative and absolute contraindications to exercise (Artal and O’Toole 2003). 

2. Consideration of pregnant women with comorbidities (e.g., obesity, chronic 
hypertension)—to further tailor the mode, duration, intensity, frequency, and 
progression of activity (Artal and O’Toole 2003). 

3. Consideration of pre-gravid fitness—(i) 30 min or more of moderate-intensity 
physical activity on most, and preferably all, days of the week is suitable for 
all women with uncomplicated pregnancies regardless of pre-pregnancy activity 
level (Pate et al. 1995); (ii) competitive athletes experience the same pregnancy-
related changes, implications, and limitations as recreational athletes, as such 
they require closer and more frequent obstetric supervision than routine care in 
order to maintain their more strenuous training programs (ACOG 2020).
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4. Adequate fueling—to maximize maternal and fetal outcomes and limit excessive 
gestational weight gain (Elliott-Sale et al. 2019). 

5. Consideration of post-exercise recovery—recovery time and hydration and nutri-
tion strategies need to be considered (Soultanakis et al. 1996; Mottola et al. 
2013). 

6. Sports with a high likelihood of contact (e.g., ice hockey), falling (e.g., horse-
riding, skating), and decompression sickness (e.g., scuba diving) should be 
avoided (ACOG 2002). 

7. Consideration of altitude—(i) pregnant lowlanders can exercise (i.e., moderate 
intensity) safely between 1800 and 2500 m if acclimatized; (ii) pregnant high-
landers can most likely exercise (i.e., moderate intensity) safely above 1800 m; 
and (iii) elite athletes need medical clearance to undertake strenuous (i.e., 
vigorous intensity) training at altitude (Artal et al. 1995; McManis 2021). 

The Fourth Trimester 

The first three months following childbirth are colloquially referred to as the fourth 
trimester. For the majority of women with uncomplicated pregnancies and deliv-
eries, most pregnancy-related anatomic and physiologic changes resolve sponta-
neously during the fourth trimester. As a result of gestational weight gain and the 
detraining that undoubtedly occurs during pregnancy, women should return gradu-
ally to exercise (Artal and O’Toole 2003). For some, pregnancy has been proposed as 
an ergogenic aid to athletic performance, due to the anecdotal accounts of improved 
exercise performance following childbirth; however, Pivarnik et al. (2017) concluded 
that there is insufficient data to confirm this tenet at present. Conversely, for other 
women, the legacy of pregnancy can be damaging, with sustained, long-term negative 
consequences, which need to be addressed (Jackson et al. 2022). 

Conclusions 

Pregnancy causes a multitude of morphological and physiological changes, which 
include supraphysiological concentrations of estrogens and progesterone. These 
changes result in numerous adaptations and implications for exercise capacity and 
performance. Given the diversity (Table 14.1) and interrelatedness (Fig. 14.1) of the  
changes associated with pregnancy, a multidisciplinary approach to exercise testing 
and prescription is recommended, with a specific focus needed on the direct and 
indirect effects of sex hormones on exercise performance and capacity, although the 
constellation of changes that occur during pregnancy makes it almost impossible to 
elucidate the discrete effects of sex hormones on exercise capacity and performance 
during pregnancy (Fig. 14.6).
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Fig. 14.6 Euler diagram showing the overlapping complexity of how the changes during pregnancy 
affect exercise performance and capacity 
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Chapter 15 
Physiology of Menopause 

Abbie E. Smith-Ryan, Katie R. Hirsch, and Hannah E. Cabre 

Stages of Normal Reproductive Aging in Women 

Menopause is the natural transition in the female lifespan when the menstrual cycle 
ceases and reproductive capabilities are eliminated. Natural menopause is defined 
by 12 months of amenorrhea, due to reduced ovarian secretion of estrogen and 
progesterone and is not associated with a pathological cause (Nelson 2008). Cessation 
of the menstrual cycle and onset of menopause can also be induced by external 
perturbations, such as surgery, chemotherapy, or radiation. 

Understanding the stages of normal reproductive aging in women is important to 
characterize the physiological and cardiometabolic changes that occur with the tran-
sition to menopause (Fig. 15.1). Hormones begin to change in women during puberty 
with the onset of menarche, at an average age of 12 years. A regular menstrual cycle 
coincides with predictable fluctuations of ovarian hormones including, estrogen, 
progesterone, follicle-stimulating hormone (FSH), and luteinizing hormone (LH) 
(Oosthuyse and Bosch 2010). A regular menstrual cycle lasts an average of 28 days 
(ranging from 23 to 38 days) and consists of two main phases: the follicular phase 
(FP) and the luteal phase (LP), which are separated by ovulation. During the FP (days 
~ 0–13), estrogen levels begin low (menstruation) and then peak at the peri-ovulatory 
phase. During the LP (days ~ 16–28), estrogen level rises again, and progesterone 
peaks until the premenstrual phases when estrogen and progesterone levels fall if 
pregnancy does not occur (Draper et al. 2018; El Khoudary et al. 2019).
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Fig. 15.1 Overview of a eumenorrheic menstrual cycle and model for the changes in hormones, 
cardiometabolic, and body composition from pre-, peri-, and postmenopause 

The menopause transition begins when menstrual cycles become irregular, termed 
perimenopause, which occurs at an average age of 40 years (Nelson 2008). Peri-
menopause can last an average of 2–8 years and involves a multitude of slow changes 
in hormone levels, which ultimately cause the well-known symptoms of menopause 
including hot flashes, mood disturbances, thermoregulatory issues, and other vaso-
motor symptoms (Santoro et al. 2015). These changes are driven by a decline in 
ovarian follicle number and a decrease in estrogen, which results in an increase 
in FSH. As menstrual irregularity continues, ovulation ceases, and the menstrual 
cycle lengthens and eventually stops. This demarks the transition to amenorrhea 
and menopause, which occurs at an average age of 51 years. As ovarian follicles 
are lost, estrogen production ceases, with a steady-state of high FSH/low estrogen, 
which occurs for about two years following the final menstrual period (FMP) (Nelson 
2008). When analyzing how sex hormones change in the years leading up to, during, 
and after menopause, an extensive longitudinal epidemiological evaluation (Study of 
Women’s Health Across the Nation [SWAN]) demonstrated that mean serum estra-
diol did not significantly change until about two years before the FMP (Randolph 
et al. 2011). Estradiol appears to continually decline through two years after the FMP 
and then stabilize. While menopause primarily demarks the end of reproductive func-
tion, the associated hormonal changes extend into all areas of physiological health. 
There is robust evidence that ovarian hormones like estrogen and progesterone play 
a vital role in the metabolic, cardiovascular, and musculoskeletal health of women. 
Because life expectancy has continually risen through the previous decades, women 
can spend up to 40% of their lives in the postmenopausal stage. As such, changes 
in physiological health associated with the menopause transition can significantly 
impact the quality of life during the postmenopausal stage.
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Physiological Changes Through Menopause 

An estimated 2 million women reach menopause daily, with over 85% experi-
encing symptoms (Woods and Mitchell 2005). A natural consequence of aging, 
the menopause transition, demarks significant physiological alterations that result in 
dramatic changes in cardiometabolic health, the skeletal system, and functionality 
(El Khoudary et al. 2019). 

Metabolic and Cardiovascular Changes 

Estrogen is an important regulator of bioenergetics. Corresponding with changes 
in reproductive hormones, changes in systemic- and tissue-level metabolism lead 
to distinct changes in body composition and result in a drastic increase in cardio-
vascular disease (CVD) risk factors around the time of menopause (El Khoudary 
et al. 2019, 2020; Van Pelt et al. 2015). Starting in early perimenopause, changes 
in energy expenditure, substrate utilization, appetite, and energy intake contribute to 
increases in body fat and loss of lean mass. Together, these changes in body composi-
tion and metabolism contribute to the development of chronic inflammation, insulin 
resistance, dyslipidemia, and cardiovascular dysfunction (Lovejoy et al. 2008). 

Metabolic Alterations 

Energy Expenditure 

There are two primary contributors to energy expenditure: resting energy expenditure 
(REE), also known as resting metabolic rate (RMR), and non-resting energy expendi-
ture (NREE). Collectively, total energy expenditure (TEE) is relatively stable in both 
men and women throughout the adult years (20–60 years) and then begins to decline 
at around 63 years of age (95% confidence interval: 60.1, 65.9 years) (Pontzer et al. 
2021). However, evidence from studies in women across the menopause transition 
suggests TEEs may subtly decline as women transition to menopause. When middle-
aged women (46–48 years old) were tracked across four years, significant decreases 
in 24-h TEE (~200 kcal/d) and sleep energy expenditure (~100 kcal/d) were observed 
in women who became postmenopausal (Lovejoy et al. 2008). If energy intake is not 
adjusted for, these changes in TEE may be enough to influence weight gain (Wolfe 
2006). 

Components of NREE have also been shown to decline across the menopause 
transition. In the two years before menopause, free-living physical activity decreased 
by 50% and remained low into postmenopause (Lovejoy et al. 2008). Spontaneous 
physical activity has also been shown to decrease with age by as much as 30%.



354 A. E. Smith-Ryan et al.

Other studies have reported no changes in total physical activity across the transi-
tion, but significant decreases in exercise intensity (Gould et al. 2022). Declines in 
NREE may be attributed to increased menopausal symptoms, cultural/social activ-
ities for women, and a reduction in muscle quality. Together, declines in REE and 
NREE emphasize the importance of encouraging physical activities early in the peri-
menopausal period to prevent declines in energy expenditure during the menopause 
transition. 

Substrate Utilization 

Females are known to have a greater reliance on fat oxidation and lower reliance on 
carbohydrate and protein oxidation, both at rest and during exercise, compared to men 
(Devries 2016). These differences are attributed primarily to the influence of estrogen, 
which stimulates lipolysis and mitochondrial oxidative capacity (Rosa-Caldwell and 
Greene 2019). Progesterone may also play a role in substrate regulation (Devries 
2016; Hackney et al. 2022), having anti-estrogenic effects on substrate oxidation. 
In premenopausal women, substrate oxidation varies across the menstrual cycle, in 
coordination with fluctuations in estrogen and progesterone (Oosthuyse and Bosch 
2010). Relative fat and protein oxidation increase during the LP, when estrogen and 
progesterone are elevated, compared to the FP when estrogen and progesterone are 
lower. Differences in substrate oxidation between phases may be dependent on the 
estrogen and progesterone ratio, with fat oxidation shown to increase in a fairly linear 
fashion with increasing the estrogen to progesterone ratio (Hackney et al. 2022). As 
women traverse the menopause transition, reliance on fat oxidation declines and has 
been shown to be reduced by 32% as women become postmenopausal (Lovejoy et al. 
2008). In contrast, carbohydrate oxidation remains constant (Lovejoy et al. 2008). 
Decreased fat oxidation across the menopause transition is primarily attributed to 
decreases in estrogen. Decreases in fat oxidation may also be attributed, in part, to a 
reduction in protein turnover (Wolfe 2006). Protein oxidation has also been shown 
to increase across the menopause transition (Lovejoy et al. 2008); increased protein 
oxidation may be a metabolic compensation to meet energy needs in response to 
declining fat oxidation. Increased protein oxidation may indicate reduced anabolic 
sensitivity in women, reflecting a decline in protein synthetic efficiency (Ferrando 
and Wolfe 2007). 

Metabolic flexibility is the ability to adjust fuel oxidation to fuel availability in 
response to changes in metabolic or energy demands. Metabolic inflexibility is char-
acterized by reduced fat oxidation at rest or when fasted, with little to no change in 
the ratio of fat to glucose oxidation during exercise or in response to insulin stim-
ulation (Kelley and Mandarino 2000). Metabolic inflexibility is a sign of skeletal 
muscle metabolic dysfunction that is associated with intramuscular fat accumulation, 
mitochondrial dysfunction, and the development of insulin resistance (Goodpaster 
and Sparks 2017; Kelley and Mandarino 2000). During exercise, postmenopausal 
women have a lower overall capacity for lipid oxidation compared to premenopausal 
women (Johnson et al. 2010). Twelve weeks of endurance training (30–60 min,
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3–5 d/wk, 65% VO2max) improved fatty acid mobilization and oxidation during 
exercise in postmenopausal women, albeit not to the same extent as observed in 
premenopausal women; however, overall oxidative capacity was still lower in post-
menopausal women (Johnson et al. 2010). Impairments in oxidative capacity may 
be most noticeable during moderate-intensity exercise (50–70% VO2max) when fat 
oxidation has been reportedly lower in both peri- (− 17%) and postmenopausal (− 
23 to 31%) women (Abildgaard et al. 2013; Gould et al. 2022). 

Appetite and Energy Intake 

On the other end of the energy balance equation, appetite and energy intake are known 
to vary across the menstrual cycle, but a paucity of data exists on changes across 
the menopause transition. Anecdotally, changes in appetite and hunger do seem 
to occur, with both increases and decreases in appetite being reported. Qualitative 
assessments suggest appetite and hunger increase and fullness decreases across the 
menopause transition (Duval et al. 2014). Hormonal profiling suggests an overall 
decline in regulatory controls of appetite across the menopause transition, supported 
by changes in hormones such as leptin, ghrelin, adiponectin, resistin, and orexin A 
and B (Karim et al. 2015; Lurati 2018). When interpreted collectively, it has been 
hypothesized that these changes in appetite could drive an increase in energy intake, 
creating a positive energy balance and contributing to increases in weight and body 
fat. However, studies of energy intake in women have reported no changes (Gould 
et al. 2022) or even a decrease in energy intake (Duval et al. 2014; Lovejoy et al.  2008) 
in the years leading up to menopause. It is unknown if changes in eating behaviors, 
such as dietary restriction, contribute to these findings. Analysis of macronutrient 
intake suggests decreases in dietary protein and fiber (Gould et al. 2022; Lovejoy et al.  
2008), both of which are associated with appetite management and hunger/fullness 
regulation (Fuglsang-Nielsen et al. 2021). 

Other factors that may influence appetite and energy intake include changes in 
sleep and gut health. About 30–60% of peri- and postmenopausal women report 
more frequent sleep disruptions and declines in sleep quality, related to vasomotor 
symptoms, changes in thermoregulation, and altered circadian rhythm (Gould et al. 
2022; Kravitz et al. 2018). Inadequate sleep can lead to changes in appetite hormones 
that increase hunger and appetite (Kravitz et al. 2018). Changes in gut microbiota 
and motility with menopause may also have a significant impact on appetite and food 
choice. Greater incidence of constipation, bloating, gas, nausea, and gastric-related 
disorders are commonly reported during the menopause transition (Im et al. 2022). 
These changes may cause women to choose different foods or diet patterns in an 
effort to manage gastrointestinal symptoms. Changes in the gut may also alter the 
absorption of macro- and micronutrients which may have downstream impacts on 
health. As such, changes in sleep and/or the gut may have significant impacts on 
appetite and energy intake across the menopause transition.
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Chronic Inflammation 

Chronic, low-grade inflammation is a systemic condition characterized by small 
but detectable increases in plasma levels of pro-inflammatory cytokines (Chen 
et al. 2016). While cytokines are dynamic signaling molecules key to protein 
balance, metabolic regulation, and immune function, chronically elevated inflamma-
tory signaling can lead to metabolic dysregulation and multiple disease comorbidi-
ties (Tsalamandris et al. 2019). Beyond what is detectable in circulation, individual 
tissues may also bear a significant inflammatory burden. Chronic and non-resolute 
skeletal muscle inflammation is a major contributor to age-related declines in muscle 
health (mass, strength, quality, function) (Merritt et al. 2013). There is evidence to 
suggest that the skeletal muscle environment is differentially impacted by aging in 
women compared to men (Lavin et al. 2019, 2020). Despite systemic inflammation 
levels that were considered clinically normal, women of menopausal age were found 
to have higher levels of both systemic and muscle inflammations compared to men 
(Bamman et al. 2015; Khera et al. 2005; Lavin et al. 2020). Lifelong aerobic exercise 
was also found to be ineffective at protecting older women against an age-related 
increase in circulating or muscle inflammation, as it did in older men (Lavin et al. 
2020). Estrogen is considered to be an anti-inflammatory hormone (Dama et al. 
2021; Kramer et al.  2004; Nedergaard et al. 2013), and decreases in estrogen are 
associated with decrements in cardiac (El Khoudary and Thurston 2018), vascular 
(Santos-Parker et al. 2017), and skeletal muscle health (Maltais et al. 2009) in post-
menopausal women. Changes in gut permeability with the menopause transition are 
also associated with greater inflammation (Shieh et al. 2020). 

Cardiometabolic and Cardiovascular Changes 

Before the menopause transition, metabolic and vascular health is generally well 
preserved in women, with a lower prevalence of risk factors or cardiac episodes in 
women compared to men (El Khoudary et al. 2020; Marlatt et al. 2020). During 
the menopause transition, the prevalence of insulin resistance, dyslipidemia, and 
metabolic syndrome increase, leading to vascular and cardiac dysfunction, and ulti-
mately a sharp increase in cardiovascular disease in the postmenopausal period (El 
Khoudary et al. 2020). As a result, menopause is considered a female-specific CVD 
risk factor by the American Heart Association. 

Metabolic Syndrome 

Metabolic syndrome (MetS) is defined as the presence of three or more risk factors 
associated with CVD and diabetes, including hypertension (≥ 130/85 mmHg), 
elevated fasting glucose (≥ 100 mg/dL), elevated triglycerides (≥ 150 mg/dL), 
reduced HDL cholesterol (< 50 mg/dL in women), and abdominal obesity (waist
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circumference > 35 in for women). Odds of developing MetS progressively increase 
during the years leading up to and following menopause, with over 30% of women 
having MetS by the time they reach menopause (Janssen 2008). Hormonal changes 
during menopause, specifically the predominance of testosterone, have been impli-
cated as the primary factor associated with the prevalence of MetS among women 
(Janssen 2008). The predominance of testosterone and declines in estrogen promote 
changes in fat distribution from subcutaneous to visceral. Visceral fat, insulin resis-
tance, and dyslipidemia are closely linked, and cardiometabolic risk may track more 
closely with increases in visceral fat across the menopause transition than with a 
change in menopausal status itself (Marlatt et al. 2020, 2022). 

Cardiovascular Dysfunction 

With the loss of anti-inflammatory and anti-oxidative effects of estrogen, the vascular 
function begins to deteriorate in women (Marlatt et al. 2022). Endothelial func-
tion and arterial compliance have both been shown to decline in peri- and post-
menopausal women, as indicated by decreases in flow-mediated dilation and pulse 
wave velocity, respectively (Marlatt et al. 2022). Changes in vascular function 
contribute to the development of hypertension, the prevalence of which increases 
during the menopause transition (Marlatt et al. 2022). Changes in peripheral vascular 
function can then contribute to central changes in the heart. Increases in systolic pres-
sure, pulse pressure, and aortic impedance all drive an increase in afterload and work 
performed by the left ventricle. This can lead to left ventricle hypertrophy, altered 
diastolic filling, and decreased systolic reserve (Marlatt et al. 2022). 

Skeletal System Changes 

Menopause is linked to increased disease risk due, in part, to harmful changes in body 
composition (Van Pelt et al. 2015). In addition to the shift in body fat accumulation 
in the abdominal/visceral region, there is an overall increase in total body fat mass, 
decreased lean mass, and decreased bone mineral density, which cumulatively are 
incited mostly by the reduction of estrogen (Greendale et al. 2019). 

Body Composition Changes 

Fat Mass 

The changes in fat mass throughout the menopause transition and during menopause 
have consistently demonstrated a significant linear increase in fat gain. In a 15-year, 
longitudinal study of body composition changes across the menopause transition,
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women had a 1% annual increase in fat mass during premenopause and a 2.3-fold 
increase in the annual increase in fat mass during the menopause transition, followed 
by a more stable fat maintenance into postmenopause (Greendale et al. 2019). A 
recent meta-analysis that incorporated data from a large sample of premenopausal 
(~475,000) and postmenopausal (~570,000) women reported that fat mass, BMI, 
weight, %fat, waist circumference, hip circumference, waist-to-hip ratio, visceral 
fat, and trunk fat percentage were significantly greater in postmenopausal women 
(Ambikairajah et al. 2019). Similarly, longitudinal data from this sample reported 
that changes in BMI and percent body fat were similar to changes represented by 
age, indicating that menopause may not have a direct impact on BMI or %fat, but 
rather likely influences fat distribution (Ambikairajah et al. 2019; Siervogel et al. 
1998). 

Measures of fat distribution indicate that perimenopausal women experienced 
comparatively greater fat deposition in the abdominal region, with the android-to-
gynoid ratio being on average 16% higher than premenopausal and 5% higher than 
postmenopausal (Gould et al. 2022). Similar differences were observed for visceral 
fat (Gould et al. 2022). When accounting for age and total body fat, previous data 
have demonstrated a significantly twofold greater increase in intraabdominal fat in 
postmenopausal women, compared to premenopausal women (Toth et al. 2006). 
Similarly, a longitudinal study found that while weight increased steadily over time, 
only postmenopausal women experienced a significant increase in visceral fat (mean 
increase of 9.5 cm2) that was accompanied by a significant decrease in serum estra-
diol (mean decrease 62.9 pg/ml) (Lovejoy et al. 2008). Similarly, when adjusting for 
%fat, age, race, depression, and physical activity, postmenopausal women had on 
average 8.6 cm2 more visceral fat than premenopausal women; these authors also 
found that bioavailable testosterone was a stronger predictor of visceral fat than estra-
diol, suggesting that testosterone may induce male-pattern fat distribution in post-
menopausal women, especially when estradiol is simultaneously reduced (Janssen 
2008). 

Lean Mass 

The effects of menopause on changes in lean mass are inconclusive, with some studies 
reporting accelerated losses (Carr 2003; Svendsen et al. 1995) and others reporting 
no significant impact attributable to menopause (Aloia et al. 1996; Greendale et al. 
2019; Hodson et al. 2014; Lovejoy et al. 2008; Piers et al. 1998; Toth et al.  2006). One 
cross-sectional study reported no differences in lean mass or appendicular skeletal 
muscle mass in pre- and postmenopausal women (Toth et al. 2006). Similarly, a 
longitudinal study that assessed middle-aged women annually for 4 years did not 
find a significant difference in lean mass in women who became postmenopausal 
(Lovejoy et al. 2008). In contrast, a cross-sectional study that included women aged 
18–79 years found that lean mass significantly decreased by an average of 2.7 kg each 
decade from 40 to 60 years, with the loss attributed to menopause (Svendsen et al. 
1995). A recent cross-sectional study across pre-, peri-, and postmenopausal women
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reported a 6.1 kg average lower lean mass in perimenopausal women compared to pre-
(Gould et al. 2022), supporting perimenopause may be a key time point for lifestyle 
modification, particularly to support lean mass maintenance. Together, it appears that 
there is likely a decrease in lean mass throughout the menopause transition, with an 
average 0.5% decrease, which is beyond what can be attributed to age. 

As a mechanism to understand the potential change in lean mass with menopause, 
estrogen is known for its role in maintaining muscle mass and mitochondrial effi-
ciency in females (Rosa-Caldwell and Greene 2019), via stimulation of muscle 
protein turnover. Changes in estrogen during perimenopause and into postmenopause 
may lead to reduced responsiveness to anabolic stimuli, resulting in a reduction in 
protein turnover. The consequences of downregulated protein turnover are multi-
faceted but are directly related to a loss of muscle size. Furthermore, protein turnover 
at the muscle and whole-body level is a primary contributor to resting energy 
expenditure (Wolfe 2006). As such, the reduction in REE, as a result of decreased 
protein turnover, corresponds with/could explain the significant loss of lean mass 
and concomitant increases in fat mass that are characteristic of the menopause transi-
tion. Exercise and nutrition interventions that target upregulation of protein turnover, 
particularly during perimenopause, could be preventative in offsetting the negative 
physiological cascade into menopause. 

Bone Tissue 

Menopause is a critical turning point for bone health, with the prevalence of osteo-
porosis affecting one out of every three postmenopausal women (Brown et al. 2009). 
Osteoporosis is a skeletal condition characterized by the decreased bone mineral 
density that ultimately results in reduced bone strength and a greater risk of bone 
fractures. There are two subtypes of osteoporosis: Type 1 osteoporosis affects mostly 
postmenopausal women and is caused by estrogen deficiency, whereas Type 2 osteo-
porosis occurs in both men and women and is caused primarily by aging alone (Glaser 
and Kaplan 1997). SWAN studies have identified that the menopause transition is a 
key period during which accelerated bone loss occurs (lumbar spine bone mineral 
density 2.2% mean annual decline; femoral neck bone mineral density 1.8% mean 
annual decline) and that if precautionary nutritional and exercise strategies are not 
implemented, women will have an exacerbated risk of osteoporosis in the future 
decades, particularly during menopause (Karlamangla et al. 2018). The loss of bone 
mass appears to be further accelerated in the three years following cessation of the 
menstrual cycle and is driven by changes in estradiol and FSH. 

Data from the SWAN studies have demonstrated the menopause transition as the 
key time to intervene to prevent rapid bone loss and delay osteoporosis (Zaidi et al. 
2009). Lifestyle habits, particularly related to exercise, diet, spending time outside, 
smoking cessation, and reducing alcohol consumption, have all been reported to 
have an important role in preventing bone loss. When these lifestyle changes are 
implemented during perimenopause, there appears to be a greater impact on the risk 
and severity of osteoporosis.
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Functional and Quality of Life Changes 

Beginning at around the time of menopause, women report greater physical limi-
tations and disabilities than men (Janssen 2008; Sowers et al.  2001). Data from 
the SWAN dataset indicate that 20% of postmenopausal women report some form 
of limitation in physical function (Pope et al. 2001). Women reporting substantial 
limitations (i.e., difficulty walking one block or climbing a single flight of stairs) 
were more likely to be postmenopausal and obese (Sowers et al. 2001). In post-
menopausal women, skeletal muscle atrophy and frailty are major predictors of 
dependence, morbidity, and mortality (Gemmati et al. 2019; Kaunitz et al. 2020). 
Atrophy of individual muscle fibers is further exaggerated with advancing age (Juppi 
et al. 2020; Lavin et al. 2019), as the molecular environment favors a shift from 
protein synthesis to breakdown (Hansen 2018; Park et al.  2019). Physiologically, 
both grip strength and vertical jump height are significantly lower in early post-
menopausal compared to premenopausal women (Bondarev et al. 2018). Together 
with the compounding effects of advancing age (Siglinsky et al. 2015), this pattern 
likely continues throughout late adulthood. Locomotor function or walking speed 
is not as consistently affected with menopause, likely due to large interindividual 
variability, but has clinical relevance in terms of social and psychological wellness. 
In postmenopausal women, walking speed is highly associated with positive affect 
and life satisfaction (Bondarev et al. 2018), as well as the ability to participate in 
social communities (Kennedy et al. 2017), thereby linking gait speed to the overall 
quality of life. In a cohort of Finnish women, locomotor function measured via a 6-
min walk was positively impacted by physical activity, suggesting a direct effect of 
skeletal muscle loading on the preservation of function into and following menopause 
(Bondarev et al. 2018). 

Racial/Ethnic Considerations 

Menopause is a universal experience for women, but the experience itself is unique 
for each individual woman and is influenced by socioeconomic status, education 
level, health status, stress, and marital status, in addition to race, ethnic, and cultural 
differences (Richard-Davis and Wellons 2013). Menopausal onset, hormone levels 
and patterns, obesity and body composition changes, and symptom experience have 
all been shown to vary by race and ethnicity (Richard-Davis and Wellons 2013). 
Consideration of similarities and differences in the experience of the menopause 
transition improves the delivery of care and lifestyle interventions that may decrease 
symptoms and increase the quality of life (Richard-Davis and Wellons 2013). 

The timing of menopause onset has significant implications for chronic health 
risks later in life. In White women, the median age of menopause is between 50 
and 52 years of age (Gold 2011; Luoto et al. 1994; McKinlay et al. 1992; Stan-
ford et al. 1987). Reports in other racial-ethnic groups are inconsistent but appear
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to be relatively similar across different races and ethnicities, with an average age of 
~50 years. However, Black and Hispanic women may experience menopause at a 
slightly earlier age (~48 years) (Richard-Davis and Wellons 2013), while Japanese 
women may experience menopause at a slightly later age (~52 years). Within the 
USA, menopausal onset may be more highly influenced by geographical region than 
race or ethnicity (McKnight et al. 2011). Southern women were found to experi-
ence menopause 10.8 months earlier than Northeastern women, 8.4 months earlier 
than Midwestern women, and 6.0 months earlier than Western women, suggesting 
a cultural and geographical influence on menopause onset (McKnight et al. 2011). 
Finally, a greater percentage of Black women undergo surgical menopause compared 
to White women; this percentage increases in Black women who reside in the South, 
who also have lower education and lower annual income (McKnight et al. 2011). 
Hispanic and Asian women are also more likely to undergo peripartum hysterectomy 
than White women (Lawson et al. 2020). 

Racial and ethnic differences in obesity prevalence and body fat distribution 
(android vs. gynoid) may influence hormonal changes and disease risk in women 
across the menopause transition. Black women have the highest rates of obesity 
(~58%) and severe obesity (~19%) (Cunningham et al. 2012), followed by Mexican 
American women (Obesity: ~50%; severe obesity: ~15%) (Ogden et al. 2020). 
Obesity status may influence hormonal changes of perimenopause, exacerbate the 
inflammatory-related impacts of the menopause transition, and reduce function-
ality/increase functional disability, placing Black and Mexican/Hispanic women at 
the greatest risk for cardiometabolic dysfunction and CVD risk with the menopause 
transition. White and Black women appear to experience similar, above-average rates 
of fat mass gain per year during the menopause transition (2.1%), but Black women 
may experience a more gradual increase in fat mass around the time of menopause, 
which may be attributed to the greater amounts of fat mass before menopause (Green-
dale et al. 2019). Results of another multiyear study support these findings, demon-
strating that Black women started with more abdominal fat prior to menopause, 
but reported more stable body composition and abdominal fat across the transition 
(Marlatt et al. 2020). Japanese and Chinese women have been shown to experience 
minimal fat mass gain during the menopause transition (Greendale et al. 2019). 

There is a known interaction between obesity status and sex hormones. Black 
women often maintain estradiol concentrations and have smaller increases in FSH 
across the menopause transition (Marlatt et al. 2020). Despite less dynamic changes, 
Black women have reported greater increases in fasting glucose during the transi-
tion to menopause suggesting greater metabolic vulnerability (Marlatt et al. 2020). 
Race may also be a moderating factor in the presentation of menopausal symptoms. 
Vasomotor and psychological/psychosomatic symptoms are the two primary cate-
gories of menopausal symptoms (Avis et al. 2001). White women tend to report 
more psychosomatic symptoms, such as mood disturbances and decreased libido, 
compared to Black women who tend to report the highest prevalence and more 
severe vasomotor symptoms, such as night sweats and hot flashes (Avis et al. 2001; El  
Khoudary et al. 2019; Richard-Davis and Wellons 2013). Hispanic women reported 
the largest number of total symptoms (Im et al. 2010, 2022), while Asian women
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tended to report the lowest number of total symptoms (Avis et al. 2001; Im et al.  
2010). Partially related to menopausal symptoms, alterations in sleep characteristics 
have been shown to vary substantially by race and ethnicity. White women may be 
more likely to experience increased waking frequency around the time of menopause 
compared to other racial/ethnic groups (El Khoudary et al. 2019). Black women may 
also experience increased waking frequency, in addition to shorter sleep duration, 
longer sleep latency, and lower sleep efficiency (El Khoudary et al. 2019; Hall et al.  
2009). Similar to Black women, Hispanic women tended to experience shorter sleep 
and lower sleep efficiency (El Khoudary et al. 2019; Hall et al.  2009). Finally, ethnic 
and cultural differences in energy expenditure/physical activity, calorie and macronu-
trient intake, and food preparation, all influence the physiological changes and overall 
experience of the menopause transition (Lovejoy et al. 2008). The relationship among 
race, obesity, and disease progression particularly across the menopause transition 
is clearly dynamic and complex and warrants deeper investigation. There is a need 
for more data across races/ethnicities, but it is important to note that there are key 
physiological differences for women of varied races. 

Summary 

Stages of the menopause transition include premenopause, perimenopause, and post-
menopause, defined by changes in menstrual regularity and ovarian hormone levels. 
The corresponding changes in ovarian hormones, particularly estrogen and proges-
terone, have pleiotropic effects on metabolic, cardiovascular, and musculoskeletal 
health in aging women. Metabolic changes with the menopause transition include 
declines in energy expenditure, fat oxidation, and metabolic flexibility, along with 
changes in appetite and the development of chronic inflammation. Body fat has 
consistently been shown to increase across the menopause transition. Changes in 
body fat distribution, specifically increases within the abdominal/visceral region, 
significantly increase around the time of the FMP and are highly associated with 
increased cardiometabolic and cardiovascular disease. Effects of menopause on 
changes in lean mass are inconclusive, but the loss of lean mass during the peri-
menopausal period may exacerbate metabolic changes, related to a decrease in protein 
turnover, as well as influence the loss of bone mineral density seen through the transi-
tion. Menopausal onset, hormone levels and patterns, obesity and body composition 
changes, and symptom experience vary by race and ethnicity, changing the course 
of disease progression. More data across different races and ethnicities are needed 
to improve the delivery of care and lifestyle interventions for all women across the 
lifespan. Collectively, the physiological changes reported across the transition to 
menopause are associated with an increased risk and prevalence of cardiovascular 
disease and dysfunction.
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Chapter 16 
Can Exercise Improve Symptoms 
in Menopausal Women? 

Vasso Apostolopoulos, Ayesha S. Al Dhaheri, Leila Cheikh Ismail, 
Habiba I. Ali, and Lily Stojanovska 

Introduction 

Menopause (also known as climacteric), from the Greek words men- (month) and 
pausis (stop), is the end of a woman’s menstrual cycle and is usually a point in time 
12 months after the last cycle. There is a loss of ovarian follicular function which 
marks the end of fertility. Menopause is not sudden or abrupt and usually occurs 
over 5–10 years between the ages 45 and 55. During the transition period, a number 
of signs and symptoms may occur as a result of hormonal imbalances. Each woman 
experiences different symptoms and severity, although the most common are changes 
in their monthly cycles and hot flushes. Other symptoms include headaches, itchy 
skin, fatigue, night sweats, low libido, back pain, and muscle tension. In addition, 
women may experience psychological symptoms (mood swings, anxiety, depres-
sion, panic attacks, fatigue, irritability, tearfulness, insomnia), cognitive symptoms 
(lack of concentration, forgetfulness), and atrophic effects (atrophic vaginitis, bladder 
irritability, vaginal dryness) (Garzon et al. 2021; Lagana et al. 2018; Talaulikar 2022).
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Menopause symptoms, in some instances, can significantly disturb daily activi-
ties and overall quality of life. Many chronic diseases can develop within 10 years of 
menopause including osteoporosis, depression, dementia, cancer (Pudkasam et al. 
2021a, b), cardiovascular disease, and type 2 diabetes. As such, making lifestyle 
changes such as increased exercise, healthier eating, and the use of hormone replace-
ment therapy (HRT) is important to improving quality of life (Apostolopoulos et al. 
2014; Mikkelsen et al. 2017; Shakoor et al. 2021; Stojanovska et al. 2014). 

HRT uses synthetic hormones, estrogen, and progestin in women with an intact 
uterus, or estrogen alone for women who have undergone hysterectomy, and is the 
most effective treatment for the relief of menopause symptoms. However, there are 
risks associated with HRT use (Utian and Woods 2013). Data from the Women’s 
Health Initiative of a randomized human clinical trial of 75,343 women with no 
history of cancer or cardiovascular disease had significantly higher levels of inflam-
mation, interleukin (IL)-6, and C-reactive protein. Inflammation is associated with 
an increased risk of chronic diseases including heart disease (Pradhan et al. 2002). In 
a multicenter randomized, double-blinded, placebo-controlled trial, 10,739 women 
with prior hysterectomy (aged 50–79 years old) were randomly grouped to receive 
either estrogen alone or placebo. Although the study showed no association with 
increased risk of cardiovascular disease or breast cancer, the study was stopped 
prematurely as there were increased incidences of stroke (Anderson et al. 2004). In 
the analysis of the Taiwanese national health insurance databases, a clear association 
was noted between cardiovascular diseases and menopause symptoms (Huang et al. 
2021). The Million Women Study from the Cancer Epidemiology Unit, UK, and the 
National Health Services assessed the effects of HRT use in more than 1 million 
women and confirmed that HRT was associated with an increased risk of breast 
cancer, especially when both estrogen and progestin were used (Banks et al. 2004; 
Beral et al.  2004;Gray  2003). In a UK data analysis of 98,611 women aged 50–79 with 
a breast cancer diagnosis, it was concluded that an increased risk of breast cancer was 
dependent on the type of HRT used, with increased risks for combined treatments 
and longer duration of use (Vinogradova et al. 2020). In addition, it was recently 
reported that the effects of HRT were associated with age, time since menopause, 
and duration of treatment (Hodis and Mack 2022). As a result of these studies, a 
large percentage of women have become hesitant to start or continue with HRT due 
to fear of adverse health risks, even though studies have shown a decrease in the 
incidence of breast cancer (Clarke et al. 2006). In November 2012, the International 
Menopause Society conducted a round table discussion involving members of the 
major regional menopause societies to reach a consensus regarding HRT recommen-
dations. A global consensus statement on HRT was published, which was aimed at 
women and healthcare practitioners to aid in making appropriate decisions on the 
use of HRT (de Villiers et al. 2013). In addition, HRT has been linked to an increased 
risk of blood clots in particular HRT tables but not from the use of creams, trans-
dermal patches, or gels (Vinogradova et al. 2020). In a 20-year prospective study 
an association between the length of HRT/estrogen exposure and risk of stroke in 
postmenopausal women (Mishra et al. 2021). As a consequence of the increased risks
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associated with HRT, many women seek other alternative treatment modalities, such 
as complementary and alternative therapies. 

Alternative therapies, although a viable approach that can provide relief for an 
array of menopausal symptoms, in most cases lack scientific support. In a recent study, 
however, it was noted that black cohosh 40 mg/day significantly improved mood and 
reduced hot flushes (Castelo-Branco et al. 2022). In addition, phytoestrogens, dong 
quai, wild yam ginseng, evening primrose oil, and Lepidium meyenii (maca) have 
been studied but with inconsistent data (Brooks et al. 2008; Maffei et al.  2022; 
Shakoor et al. 2021; Stojanovska et al. 2014). However, due to increased health 
risks associated with HRT and conflicting data from alternative treatments, physical 
activity and exercise have been proposed as another means to improve the quality of 
life (QoL) of females during the transition between menopause and postmenopause 
(Apostolopoulos et al. 2014; Daley  2011a, b; Daley et al. 2009, 2015; Honisett et al. 
2016a, b; Mikkelsen et al. 2017; Stojanovska et al. 2014). 

The Benefits of Exercise 

The importance of physical activity for overall health and well-being has been recog-
nized for thousands of years, with the first recorded physician, Hippocrates (460– 
370 BC), prescribing exercise daily (Tipton 2014). Hippocrates stated that “Eating 
alone will not keep a man well; he must also take exercise. For food and exercise, 
while possessing opposite qualities, yet work together to produce health”. Later, 
Galen (129–216 AD) recommended the use of exercise to manage the disease, and 
it prevailed until the 1500s (Tipton 2014). 

Physical inactivity is ranked second only to cigarette smoking, and it is a detriment 
to good health, giving rise to huge economic costs worldwide. The US Department 
of Health and Human Services Surgeon General published a report on the effects 
of physical activity on health (USDHHS 1996) leading to an international awak-
ening to this important aspect of public health. There are a number of short-term and 
long-term benefits of exercise in health and disease (Feehan et al. 2022). Participa-
tion in regular exercise, either as a lifestyle choice or as part of a disease interven-
tion program, results in improved QoL and overall health benefits. In fact, exercise 
improves immunity (Apostolopoulos et al. 2014; Pudkasam and Apostolopoulos 
2022), bone health (Honisett et al. 2016a, b), chronic pain (Buttigieg et al. 2022), 
neuropathic pain (Wright et al. 2022), chronic heart failure (Giuliano et al. 2022), 
osteoarthritis (Corcoran et al. 2022), cancer (Pudkasam et al. 2017, 2018, 2021a, b), 
neurological diseases (Dargahi et al. 2022; Irvine and Tangalakis 2022; Taylor et al. 
2022), decreases depression (Mikkelsen et al. 2017; Musker  2022), etc. 

A 12-week study in obese middle-aged women participating in 1 h of resistance 
and aerobic exercise 3 days per week showed that metabolic syndrome risk factors 
(blood pressure, fasting glucose, triglyceride, cholesterol, body fat) were signifi-
cantly decreased with exercise (Seo et al. 2011). In addition, 3 classes per week 
of Bikram yoga improved glucose tolerance (Hunter et al. 2013), and resistance
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exercise significantly decreased triglyceride levels in the blood (Agil et al. 2010). 
Furthermore, an analysis of 80 independent studies demonstrated a positive correla-
tion between physical inactivity and clinical depression, regardless of gender, age, 
or health status (Cody et al. 2021; North et al. 1990; Sun et al. 2021). Patients that 
participated in regular exercise after the termination of anti-depressants had lower 
depression scores than those who did not (LaFontaine et al. 1992). In a recent study, 
30 participants involved in moderate to vigorous walking exercise, decreased depres-
sion and severity, and improved QoL and cardiorespiratory fitness (Yu et al. 2022). 
Overall, regular physical activity enhances mental health and well-being, including 
improved mood and self-esteem, reduced anxiety, stress, and depression (Daley et al. 
2009, 2011a, b; Hebron and Juniper 2022). 

Menopause is commonly associated with a number of health complaints, most 
often hot flushes, joint and muscle pain, urinary disorders, and psychological distress 
(Berecki-Gisolf et al. 2009). In addition, chronic conditions such as osteoporosis and 
cardiovascular disease (Mishra et al. 2022) are more likely to occur postmenopause 
than premenopause, and menopausal women are generally of poorer overall health (El 
Khoudary et al. 2020; Ji and Yu 2015). Physical activity has a positive impact on both 
bone density and cardiovascular health in menopausal women. In the case of bone 
density, increased physical activity during both normal activity and recreationally 
is associated with higher peak femoral neck strength relative to load in over 1,900 
menopausal women (Mori et al. 2014). Furthermore, physical activity has a positive 
effect on the tibial cartilage of the knee during menopause (Fontinele et al. 2013). 
A systematic review and meta-analysis of intervention studies in postmenopausal 
women undergoing exercise training showed an effect on bone mineral density at the 
lumbar spine; however, it was noted that there were large differences among exercise 
protocols and better-formulated studies are required (Shojaa et al. 2020). However, a 
study of HRT combination with walking showed that HRT but not walking reduced 
bone turnover in postmenopausal women (Honisett et al. 2016a, b). 

There are a plethora of studies published and continuously being published on 
the benefits of exercise to health and disease. Hence, it is beneficial for women to be 
physically active throughout menopause and beyond (Hilary et al. 2022; Stojanovska 
et al. 2014). 

Exercise During Menopause 

According to the United States Centre for Disease Control and Prevention, regular 
exercise helps relieve stress, improves overall QoL, and reduces weight gain and 
muscle loss, which are commonly associated with menopause (Pudkasam et al. 2017; 
Warburton et al. 2006a, 2006b). A minimum of 150 min of aerobic activity and 75 min 
of vigorous activity per week are recommended for the maintenance of cardiovascular 
health. Strength training is also recommended to build bone and muscle strength, 
decrease body fat, and increase metabolism, which is also important factors during 
menopause (Mishra et al. 2011).
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Significantly improved physical and mental health and overall QoL were noted in 
women undertaking an exercise program of 3 h per week for 12 months, compared 
to those who were sedentary (Villaverde-Gutierrez et al. 2006). The proportion of 
women in the group who completed the exercise program reported a drop from 50 
to 37% in menopause symptoms, whereas the control group reported an increase 
from 58 to 68% in menopause symptoms during the 12-month period (Villaverde-
Gutierrez et al. 2006). Hence, exercise alleviated menopause symptoms in a propor-
tion of the participating women, and their ability to choose their preferred physical 
activity type increased the likelihood of adhering to exercise as a treatment method. 
Physical activity regimes that allow the person to choose the type of exercise have 
been shown to increase overall adherence to exercise in addition to motivational 
interviewing strategies (Pudkasam et al. 2021a, b; Pudkasam et al. 2020).  In a study,  
108 women randomized into 4 groups who participated in either aerobic exercise, 
nutritional education, combined nutritional education, and aerobic exercise or no 
intervention were assessed for QoL using the Greene and menopause-specific QoL 
(MENQOL) symptom scales (Asghari et al. 2017). Overall, the aerobic exercise 
intervention group had significantly lower symptom scores compared to the controls 
and nutritional education groups (Asghari et al. 2017). A 12-week program with or 
without exercise training in 80 menopausal women significantly showed higher QoL 
scores in the exercise group in particular in 2 domains of vitality and mental health 
(Dabrowska et al. 2016). Most importantly, women with greater levels of physical 
activity report improvements in mental and physical aspects of QoL (Ethosic et al. 
2021). Such improvements can even be achieved with low-intensity aerobic activity, 
such as dancing (Teixeira et al. 2021) and walking. In fact, in Chinese postmenopausal 
women, walking was shown to improve menopausal symptoms (somatic, urogen-
ital), self-esteem as well as mental health outcomes (Hu et al. 2017). In addition, the 
amount of time spent on light physical activity correlated to better outcomes in all 
domains of QoL compared to moderate and vigorous physical activity (Felipe et al. 
2020). Exercise is therefore a cost-effective alternative therapy to manage menopause 
symptoms (Prakash et al. 2016). 

However, not all studies show positive changes in menopause symptoms as a result 
of exercise (see Tables 16.1 and 16.2). A longitudinal study conducted in Norway 
of 2,002 women over 10 year period demonstrated that there was no correlation 
between the occurrence of symptoms, body mass index (BMI), parity or menarche 
age, and physical exercise (Gjelsvik et al. 2011). Likewise, in a Nigerian cohort, there 
was no association between physical activity and menopausal symptoms and overall 
health-related problems (Ogwumike et al. 2012). Hence, physical exercise has not 
consistently been shown to be beneficial in ameliorating symptoms associated with 
menopause (Mishra et al. 2011).
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Vasomotor Symptoms 

Vasomotor symptoms are the most commonly reported symptoms during peri-
menopause (“around menopause”) which is the time the body transition to 
menopause. The symptoms occur due to decreased levels of estrogen and proges-
terone which is the start of perimenopause. Common symptoms include hot flushes, 
night sweats, sleep disturbances, and insomnia. Symptoms are sometimes so severe 
that a woman’s overall QoL is disturbed. HRT has been shown to alleviate such symp-
toms; however, prolonged use can have serious side effects. Some non-hormonal 
interventions include vitamin E, omega-3 (Maghalian et al. 2022), black cohosh 
(Castelo-Branco et al. 2022), soy isoflavones (Ahsan and Mallick, 2017), and 
acupuncture (Soares et al. 2020); however, these effects are controversial with huge 
placebo effects and show overall minimal benefits. As a result, many women resort 
to lifestyle changes such as improvements in diet, cessation of smoking, and regular 
structured exercise and physical activity; these have the potential to reduce vasomotor 
symptoms associated with menopause (Daley et al. 2009, 2011a, b). However, the 
evidence remains controversial. Intervention studies are largely inconsistent, with 
about half of the observational studies reporting no effect while others suggest a 
protective effect (Guthrie et al. 2015; Rowe and Baber, 2021; Soares et al. 2020). 
Some studies even report increased vasomotor symptoms with increased physical 
activity (Romani et al. 2009; Whitcomb et al. 2007) (Fig. 16.1). 

Fig. 16.1 Summary of effects of exercise in menopausal women
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No Effects of Exercise on Vasomotor Symptoms 

In response to these conflicting reports, the Menopause Strategies: Finding Lasting 
Answers for Symptoms and Health (MeFLASH) Research Network conducted a 12-
week randomized controlled trial of aerobic exercise training in previously sedentary 
menopausal women (Newton et al. 2014). The study demonstrated that moderate-
intensity aerobic exercise for 12 weeks did not alleviate vasomotor symptoms, but 
did result in improved sleep quality, insomnia, and depression (Sternfeld et al. 2014). 
In a study comparing exercise to HRT, it was not clear whether exercise was effective 
in treating vasomotor menopausal symptoms, nor was it clear whether exercise was 
more beneficial compared to HRT (Daley et al. 2011a, b). The same research group 
updated this with an analysis of 5 additional studies and again noted no evidence for 
exercise as an effective treatment for menopause-associated vasomotor symptoms 
(Daley et al. 2015). Likewise, the Australian Longitudinal Study on Women’s Health 
reported no improvement in vasomotor or psychological symptoms and only marginal 
improvements in somatic symptoms upon commencement of physical activity (van 
Poppel and Brown, 2008). In a study of 280 women, increasing their level of physical 
activity had no effect on vasomotor or sexual symptoms of menopause (McAndrew 
et al. 2009). In several studies including 16,000 American women from a range 
of backgrounds (Gold et al. 2007), 173 African-American and Caucasian women 
(Wilbur et al. 2005), and 338 overweight women (Huang et al. 2010), no associa-
tions were noted among vasomotor symptom severity and physical activity. Similarly, 
in 164 women participating in moderate physical activity, such as walking and yoga, 
no improvement was shown in sleep quality (Elavsky and McAuley 2007). Further-
more, in a randomized controlled study of 237 women participating in yoga classes, 
no improvements in vasomotor symptom frequency were noted (Newton et al. 2014). 
Pooled analysis of 6 pharmacologic and non-pharmacologic interventions showed 
no effect on vasomotor symptom frequency or severity with either aerobic exer-
cise or yoga (Guthrie et al. 2015). A study comparing at-home DVD-based exercise 
and social exercise to control menopausal women showed no significant decrease in 
the frequency of hot flushes or night sweats in either exercise group (Daley et al. 
2015). Another randomized controlled trial at 3 different sites, where 106 women 
participated in moderate exercise for 12 weeks and were compared to 142 women 
with no addition of exercise to their daily routine, showed no improvement to vaso-
motor symptoms, although slight improvements in sleep quality, insomnia, mood, 
and depressive symptoms were noted in the exercise group (Sternfeld et al. 2014). 
Likewise, in a recent cross-sectional study, 627 Lebanese women hot flushes were 
correlated to smoking, BMI, education level, age, spicy food consumption, but no 
improvements were noted with physical activity status and other dietary factors 
(Ahmadieh and Jradi 2021).
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Exercise Decreases Hot Flushes 

The longitudinal Melbourne Women’s Midlife Health Project, where 438 women 
were monitored over 8 and 13 years, demonstrated that those who exercised daily 
were 49% less likely to report hot flushes, and more exercise was associated with 
shorter vasomotor symptoms duration (Col et al. 2009). Moderate physical activity 
was associated with decreased objective and subjective hot flushes 24 h post-exercise, 
although increased symptoms were noted in women with lower fitness levels (Elavsky 
et al. 2012). In slightly overweight women, aerobic exercise (50 min, 4 times per 
week over 6 months) decreased the frequency of hot flushes and improved overall 
QoL (Luoto et al. 2012). A randomized controlled trial of 65 postmenopausal women 
participating in moderate to severe resistance training, rather than aerobic exercise 
3 times per week compared to control, was recently reported to improve vaso-
motor symptoms (sleep, menstrual symptoms) (Berin et al. 2022). Reports from the 
FLAMENCO project which assessed 112 middle-aged women who were involved 
in a 60-min 3 days per week exercise intervention over 4 months showed significant 
improvements in vasomotor symptoms (Baena-Garcia et al. 2022). 

Exercise Improves Sleep Disturbances 

Studies specifically assessing the effects of high-intensity exercise on chronic 
insomnia, while varied in their design, type of exercise prescribed, and outcome 
measures, show overwhelming support for the benefit of exercise (Attarian et al. 
2015). A cross-sectional observational study of 339 perimenopausal women demon-
strated that high levels of physical activity such as recreational sports were associated 
with significantly improved sleep quality with fewer disturbances (Kline et al. 2013). 
Another year-long randomized trial of low-intensity stretching versus high-intensity 
exercise also demonstrated improvement in sleep in both groups (Tworoger et al. 
2003). In a small trial of 52 perimenopausal women with chronic insomnia and 
vasomotor symptoms, those that were more physically active reported better subjec-
tive sleep and improvement in vasomotor symptoms (Lambiase and Thurston 2013). 
Another randomized trial of 176 perimenopausal women with chronic insomnia and 
vasomotor symptoms prescribed subjects either 50 min of aerobic exercise a day, 
4 times per week, or sedentary activity for 6 months. The exercise group reported 
significant improvement in sleep and decreased the number of hot flushes (Mansikka-
maki et al. 2012). An observational cross-sectional study of 336 menopausal women 
demonstrated a significant correlation between the absence of vasomotor symptoms 
and high levels of physical activity, compared to those who had low or moderate 
levels of physical activity (Skrzypulec et al. 2010). This was not independent of 
weight as perimenopausal women that were more highly physically active had lower 
BMI, and obesity was associated with increased frequency of chronic insomnia and 
vasomotor symptoms (Skrzypulec et al. 2010).
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Effects of Physical Activity on Vasomotor Symptoms 
and Metabolic Measures 

It is generally accepted that physical activity has positive effects in reducing choles-
terol, triglyceride levels, apolipoprotein, and blood glucose levels (Muscella et al. 
2020; Wang and Xu 2017). In 3201 42–52-year-old women, monitored annually 
for 8 years, hot flushes were associated with higher cholesterol, triglyceride, and 
apolipoprotein A levels (Thurston et al. 2012a, b). In addition, in 3,075 women, a 
strong correlation between hot flushes and insulin resistance was noted (Thurston 
et al. 2012a, b). As a consequence, it is conceivable to associate exercise with reducing 
hot flush symptoms and metabolic measures. In addition, sleep disturbances are less 
prevalent in menopausal women who are physically active (Newton et al. 2014), with 
fewer awakenings during the night (Lambiase and Thurston 2013) and improved 
quality of sleep (Mansikkamaki et al. 2012). 

Moreover, excess body weight is associated with increased menopause symp-
toms. Indeed, the Australian Longitudinal Study on Women’s Health showed in 
3330 mid-aged women that although there was no association between physical 
activity and total menopausal symptoms, there was an association between reduced 
weight and vasomotor symptoms (van Poppel and Brown 2008). In addition, in 1165 
Finnish females aged 45–64, followed for 8 years, overall QoL was improved in 
those who were physically active and whose weight remained stable during follow-
up, compared to those who had gained weight (Moilanen et al. 2012a, b). Hot flushes 
and night sweats are more prevalent in women with higher BMI (Gold et al. 2007), 
and in an intensive weight loss intervention study that included physical activity, 
exercise led to an improvement in hot flushes occurrence in obese women (Huang 
et al. 2010). Conversely, 430 women in a 6-month controlled study demonstrated 
no correlation between weight change with mental and physical QoL. In a 5-year 
cohort study in 631 women, no significant associations were noted in BMI and 
weight change to hot flushes outcomes (Gallicchio et al. 2014). Further studies are 
required and should involve weight loss by means of physical activity and its effect 
on menopausal symptoms. 

Despite the growing body of data evaluating the effects of exercise on vasomotor 
symptoms, there are inconsistencies, mainly due to the different exercise duration, 
exercise intensity, type of exercise, age, and timing since vasomotor symptoms onset. 
For this reason, the 2015 position statements of both the North American Menopause 
Society and the European Menopause and Andropause Society (EMAS) do not 
recommend exercise as an alternative therapy for menopause-associated vasomotor 
symptoms (Mintziori et al. 2015; NAMS  2015).
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Psychological Symptoms 

Exercise Improves Psychological Symptoms in Menopausal Women 

Although psychological symptoms such as depression, anxiety, mood changes, panic 
attacks, forgetfulness, irritability, tearfulness, and feelings of sadness are not directly 
caused by menopause, about 75% of women report such symptoms. Changes in 
estrogen hormone levels during pre-, peri-, and postmenopause impact mental health 
(Borkoles et al. 2015). Often, such symptoms could be managed through lifestyle 
changes, including healthy eating, exercise, and meditation. In fact, in a study of 
middle-aged Australian women, it was noted that exercise was beneficial for somatic 
and psychological symptoms including depression and anxiety, but not for vasomotor 
symptoms or sexual function (Mirzaiinjmabadi et al. 2006). Similarly, a random-
ized controlled trial of 121 inactive postmenopausal women showed that the group 
prescribed a walking intervention of 40 min per session, 3 times a week for 6 months 
experienced a significant decrease in depression compared to controls (Bernard et al. 
2015). More recently, physical activity showed positive effects in pre- (n = 304), 
peri- (n = 198), and postmenopausal (n = 387) women in QoL and depressive 
symptoms (Bondarev et al. 2020). In a cohort of 60 Saudi Arabian women (early to 
mid-50 s), physical activity improved depression symptoms as well as other parame-
ters including insomnia and fatigue compared to inactive counterparts (Almurdi and 
Buragadda 2021). 

Depression has also been associated with other symptoms of menopause, particu-
larly vasomotor symptoms (Borkoles et al. 2015). In a cross-sectional Korean study of 
648 women aged 40–60 years, a positive correlation was shown between the severity 
of menopausal symptoms and depression; those who exercised on a regular basis 
were less depressed and less symptomatic than those who were sedentary (Lee and 
Kim 2008). These findings suggest that women who are depressed have more severe 
menopausal symptoms and exercise may aid in alleviating some of these symptoms 
(McAndrew et al. 2009). In addition, habitual physical activities (those that are part of 
a person’s lifestyle) such as household chores, gardening, walking, cycling, and work-
related physical activities of up to 1 h per day have positive effects on menopause 
symptoms and QoL (Netz et al. 2008). Habitual practice improves social outcomes 
and psychological symptoms and decreases body weight (de Azevedo Guimaraes and 
Baptista 2011). Likewise, in a cross-sectional study involving 151 physically active 
women, psychological symptoms are improved (Haimov-Kochman et al. 2013), and 
60 postmenopausal women who have exercised reported improvements in anxiety 
and depressive symptoms (Villaverde Gutierrez et al. 2012). Exercise is believed to 
impart psychological benefits to its participants by providing mental distraction and 
social interaction (Agil et al. 2010; Mirzaiinjmabadi et al. 2006). A common barrier 
for menopausal women considering an exercise regime is the demands at their stage 
of life, their lack of time, safety concerns when exercising outdoors, weather, and 
lack of company (Harkin et al. 2022; Im et al.  2008, 2010, 2012a, b, 2013). Breaking 
up exercise regimes into multiple shorter bursts and encouraging social interaction as
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part of the exercise are important in maintaining compliance among midlife women 
(Fig. 16.1). 

Somatic Symptoms 

Exercise Improves Somatic Symptoms in Menopausal Women 

Somatic from the Greek word soma- (body), symptoms are those related to the 
body. Somatic symptoms include dizziness, headaches, feeling faint, pressure-like 
sensation in the head or body, muscle and joint pain, numbness, or tingling in the 
extremities. The Health 2000 population-based study of 1427 Finnish women aged 
45–64 years noted that those who were physically active reported significantly fewer 
somatic symptoms and pain than women with a sedentary lifestyle (Moilanen et al. 
2010). Interestingly, smoking showed no correlation with symptoms. Eight years 
later, those that remained physically active exhibited improved QoL compared to 
those who were not physically active (Moilanen et al. 2012a, b). In addition, in a 
longitudinal study of 3,300 Australian women, increased physical activity was asso-
ciated with fewer somatic symptoms (van Poppel and Brown, 2008). In the study 
of Women’s Health Across the Nation (SWAN), a multiethnic observational cohort 
study of the menopause transition in 3,302 women across 7 sites in the US, it was 
noted that physically active women experienced less bodily pain during menopause 
(Avis et al. 2009). Likewise, a 3-year longitudinal study of over 2,400 women from 
SWAN demonstrated that women who were more physically active at midlife experi-
enced less bodily pain over time regardless of menopausal status (Dugan et al. 2009). 
A 16-year follow-up study of the Erlangen fitness and osteoporosis prevention study 
(EFOPS) showed that postmenopausal women in the high-intensity exercise group 
had fewer bone fractures and improved lower back pain (Kemmler et al. 2017). 
Likewise, more recently, pilates and elastic resistance activity improved lower back 
pain associated with postmenopausal women (Castro et al. 2022). Based on these 
studies, there is a correlation between physical activity and improvement in somatic 
symptoms in menopausal women which increases their overall QoL (Fig. 16.1). 

Sexual Symptoms 

Due to the decline of estrogen levels during menopause and the drop in blood supply to 
the vagina, many symptoms are reported including loss of lubrication, vaginal dryness 
or thinning of the wall, and sexual dysfunction. In a study of 42 postmenopausal 
women, divided into 2 groups of aerobic or resistance exercise programs for 3 days per 
week over 8 weeks, no effects were noted for urogenital complaints and sexual symp-
toms (van Poppel and Brown 2008). In another study of 24 women participating in a
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3-month exercise regime, no improvements in sexual function were noted, although 
reduced anxiety and improvement in pelvic floor muscular strength were reported 
(Lara et al. 2012). Likewise, a cross-sectional study of 1071 postmenopausal Turkish 
women showed no association between regular exercise and improvement in urogen-
ital symptoms (Aydin et al. 2014). However, in another cross-sectional study of 151 
women, those who exercised regularly (at least 3 times a week) reported improved 
menopausal symptoms including a decrease in sexual symptoms (Haimov-Kochman 
et al. 2013). In addition, in a Brazilian cohort of middle-aged women, those who led 
sedentary lifestyles had a higher prevalence of sexual dysfunction compared to active 
women (Cabral et al. 2014). Further, in 273 Iranian women, a significant negative 
correlation was noted between sexual problems and vaginal dryness and the level of 
physical activity (Javadivala et al. 2013). In a systematic review of sexual function in 
menopausal women and the effects of aerobic exercise showed inconsistent results 
and resistance training did not convey any benefits (Carcelen-Fraile et al. 2020). It 
is clear that exercise and sexual functioning are ambiguous, and further studies are 
required (Fig. 16.1). 

Expert Opinion 

Habitual physical activity has numerous health benefits, including decreased risk of 
obesity, cardiovascular disease, type 2 diabetes, stroke, metabolic syndromes, cancer, 
osteoporosis, psychological symptoms, and improved muscle and bone health. The 
risk of having one of these health issues is greatest postmenopause, independent of 
traditional risk factors (Hilary et al. 2022; Kline et al. 2013; Sternfeld and Dugan 
2011; Sternfeld et al. 2014). 

Inflammatory Markers and Menopause Symptoms 

Many of the menopause conditions are associated with chronic inflammation. The 
link between exercise and inflammation in menopausal women has recently been 
given much attention. Emerging evidence suggests that perimenopause itself is pro-
inflammatory, and estrogen receptor beta regulates innate immune responses (inflam-
masome) resulting in systemic and central nervous system inflammation (McCarthy 
and Raval 2020). In a randomized controlled trial studying the effects of exercise on 
inflammatory cytokine levels, 28 sedentary postmenopausal women were grouped as 
controls or prescribed 25–30 min of low–moderate-intensity treadmill training 3–4 
times a week for 16 weeks (Tartibian et al. 2015). The exercise group showed a signif-
icant decrease in pro-inflammatory markers, interleukin-1β (IL-1β), IL-6, and tumor 
necrosis factor-α (TNF-α) and, hence, decreased inflammation (Tartibian et al. 2015). 
Similarly, a study on the effect of resistance training in postmenopausal women 
showed that high volume resistance training, but not low volume resistance training,
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prevented increased inflammation as measured by circulating levels of TNF-α and 
IL-6 (Nunes et al. 2016). More recently, in a systematic review and meta-analysis, 
IL-6, TNF-α, and C-reactive protein were decreased and adiponectin was increased 
following exercise training compared to no intervention control group (Khalafi et al. 
2021). 

Exercise Improves Cardiometabolic Disease 
in Postmenopausal Women 

The incidence of cardiovascular disease is increased in postmenopausal women, but 
the risk is lower in physically active women. Indeed, blood pressure is lower in phys-
ically active postmenopausal women compared to healthy sedentary women (Silva 
et al. 2021), and resistance training with an intensity of 60% once a week for 12 weeks 
has beneficial effects on blood pressure, heart rate, and cholesterol levels (Gelecek 
et al. 2012). Similarly, a modified relaxation technique used as an intervention in 
Thai postmenopausal women lowered blood pressure as early as 4 weeks after treat-
ment commenced (Saensak et al. 2013). Interestingly, whole-body vibration exer-
cise training improves systemic and local leg arterial stiffness, leg muscle strength, 
and blood pressure in postmenopausal women with pre-hypertension or hyperten-
sion (Figueroa et al. 2014a, b). Furthermore, aerobic exercise and calorie restriction 
improve insulin sensitivity and reduce the risk of diabetes in postmenopausal women 
(Elsayed et al. 2022; Ryan et al. 2012). 

Concluding Remarks 

Physical activity plays an important role in maintaining good health and reducing 
the risk of diseases beyond menopause, including cancer, cardiovascular disease, and 
diabetes. Exercise intervention programs reduce menopause symptoms, particularly 
psychological and somatic symptoms, and to a lesser extent vasomotor and sexual 
symptoms. Overall, exercise increases bone and muscle mass, improves mood and 
cognition, and prevents weight gain. Though exercise has not been shown to treat 
menopausal symptoms, physically active women are less stressed and have better 
overall QoL during and postmenopause. It is therefore important for exercise to play 
a major role in the lives of pre-, peri-, and postmenopausal women, with the aim of 
decreasing risks of disease and improving overall QoL. Importantly, exercise is safe 
with no adverse side effects. However, due to some inconsistencies between studies 
on the effects of exercise on menopause symptoms, in particular those relating to 
vasomotor and sexual symptoms, there is a need for well-designed and sufficiently 
powered randomized trials in order to further elucidate the benefits of exercise on
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menopause symptoms. Possible explanations for the ambiguous findings on vaso-
motor and sexual symptoms in particular and exercise may be: (i) varying sample 
sizes, (ii) non-randomized designs, (iii) inadequate specified exercise dose (vigorous 
vs. moderate intensity; frequency, duration), (iv) mode (aerobic vs. resistance exer-
cise), and (v) inadequate follow-up. Studies have often assessed physical activity 
and exercise behaviors by means of self-reporting and questionnaires rather than 
objectively. In addition, some studies included participants who were already physi-
cally active, whereas other studies included women who started exercise to alleviate 
symptoms. Furthermore, different mechanisms might underlie symptom etiology in 
those that are active prior to and during menopause compared to those who take up 
exercise during menopause. Nonetheless, it is clear that exercise has numerous bene-
fits for menopausal symptoms. Regular exercise is also known to boost the immune 
system and decrease chronic inflammation in menopausal women. Moreover, studies 
relating to physical activity, immunological outcomes, and menopausal symptoms 
during menopause and beyond are critically needed, as they may hold the key to 
understanding the underlying mechanisms of menopause symptoms. 
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Chapter 17 
The Transgender Woman and Sport 
Performance 

Tal Schiller, Iris Yaish, Karen Tordjman, and Naama Constantini 

Introduction 

The Tokyo 2020 Olympic games were the first time in which openly transgender 
women athletes competed. Specifically, the athletes, Laurel Hubbard, a New Zealand 
weightlifter, Quinn, a Canadian women’s soccer player, and Chelsea Wolfe, an US 
bicycle motocross (BMX) alternate. 

In 2003, the International Olympic Committee (IOC) published the “Stockholm 
Consensus”, a policy statement for transgender participation in the Olympic games. 
This document allowed participation of transgender athletes only if: 

1. Gender-affirming surgery has been completed, including external genitalia 
changes and gonadectomy. 

2. Legal recognition of the assigned sex has been conferred by the appropriate 
official authorities. 

3. Gender-affirming hormonal therapy (GAHT) appropriate for the assigned sex has 
been administered in a verifiable manner and for two years after gonadectomy. 

In the twenty years since, the IOC has changed its policy twice (as discussed 
below), many international and national sports organizations have published their 
own rules on transgender athletes, and the debate on the issue continues. The elements
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of the debate are, on the one hand, the desire for inclusion and giving every person 
the opportunity to compete according to his gender identity, and on the other hand 
the “fair play” principle which gives equal chances without giving advantage to some 
participants. 

Background—Transgender Individuals 

Transgender individuals are people whose gender identity differs from the sex they 
were assigned at birth. Reports suggest that 0.3 to 0.6% of the adult population 
consider themselves transgender (Conron et al. 2012; Reisner et al. 2014). One study 
estimated that there are approximately 25 million transgender people worldwide 
(Winter et al. 2016) and approximately half of them are transgender women. 

The fifth edition of the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-V) has coined the term Gender Dysphoria to describe the mental distress 
experienced by many transgender subjects from the incongruence between their 
expressed gender and their assigned at birth sex, de facto removing this condition from 
the list of mental disorders. (Campo-Arias and Herazo 2018; Hembree et al. 2017). 

Most transgender individuals come out in adulthood or late adolescence. Some 
seek treatments such as GAHT, gender-affirming surgery, or psychotherapy. Not 
all transgender people desire these treatments, and some cannot undergo them for 
financial, medical, social, or political reasons. 

The World Professional Association for Transgender Health (WPATH) criteria 
for starting GAHT include persistent, well-documented gender dysphoria/gender 
incongruence, the capacity to make a well-informed decision, and the knowledge 
that relevant medical or mental health issues are well controlled (The World Profes-
sional Association for Transgender Health 2012). 

Criteria for initiating gender-affirming surgery are the same as mentioned for 
GAHT, in addition to at least a year of continuous GAHT while living in the desired 
gender role, unless it was determined the GAHT is not medically indicated. This 
criterion is not a prerequisite for surgeries such as chest reconstruction or other non-
genital surgeries (The World Professional Association for Transgender Health 2012). 

Gender-Affirming Hormonal Therapy of Transgender 
Women 

Generally speaking, GAHT aims to induce physical changes to match gender identity. 
The treatment goal is to maintain hormone levels in the normal physiological range 
for the target gender (Hembree et al. 2017; “Standard of Care—WPATH World 
Professional Association for Transgender Health” n.d.).
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Specifically, in the case of transgender women, the goal of treatment is to reduce 
male characteristics, while enabling the appearance of female secondary sex charac-
teristics. To this end, exogenous estrogen helps to suppress endogenous testosterone 
secretion while creating the desired hormonal milieu. However, to achieve adequate 
testosterone suppression, higher doses of estrogen are usually required, which may 
expose the woman to a higher risk of venous thromboembolic events (VTEs). Thus, 
the more common medical approach employs the combination of a moderate dose 
of estrogen together with an anti-androgen pharmaceutical agent. 

There is a wide range of estrogens available; however, 17-beta-estradiol is the 
most prescribed. Estradiol can be given orally, usually in 2–4 mg/day doses, or 
transdermally via patches that deliver 50–200 mcg/24 h, applied once or twice a 
week, or in the form of an estradiol gel applied daily. While ethinyl estradiol was 
commonly used in the early days of GAHT, VTE, the most important risk associated 
with estrogen therapy, has mostly been associated with the use of this compound, 
thus current guidelines recommend against its use (Hembree et al. 2017). 

The transdermal use has been associated with a lower risk of VTEs and stroke 
in postmenopausal women on hormone replacement therapy (HRT). By analogy, 
the transdermal route is the preferred method of administration in older transgender 
women or in women at higher risk of VTE such as smokers. Parenteral estrogens 
(estradiol valerate or cypionate) are sometimes used if target serum estradiol (E2) 
levels cannot be achieved with oral or transdermal preparations. 

Conjugated estrogen levels are not detected by commercial E2 assays, and 
therefore, estradiol preparations may be preferred for better monitoring. 

To achieve suppression of testosterone secretion and block its action, several 
pharmaceutical agents are available: 

1. Spironolactone, a mineralocorticoid receptor antagonist, is also a competi-
tive inhibitor of the androgen receptor as well as an inhibitor of testicular 
steroidogenesis. The recommended dose of spironolactone is 100–300 mg/day. 

2. Cyproterone acetate (CPA)—A potent androgen receptor antagonist is not 
approved for use in the USA. However, it is the most widely used agent outside 
the USA. The doses range from 25 to 100 mg/day; however, we have recently 
shown that a lower dose of 10 mg daily is as effective, and possibly safer 
(Even Zohar et al. 2021) N.B., both spironolactone in the USA, and CPA in 
Europe, are popular as first-line therapies given their effectiveness and low cost. 

3. Long-acting Gonadotropin-releasing hormone (GnRH) agonists, used parenter-
ally, inhibit gonadotropin secretion and, as a result, suppress testicular testos-
terone production with few adverse events. However, their cost along with the 
more difficult administration makes them a second-tier therapy in most centers. 

The monitoring schedule recommended by the Endocrine Society is every three 
months in the first year to tailor the doses to the subject’s (patient’s) individual need, 
and then once to twice yearly thereafter (The World Professional Association for 
Transgender Health 2012; Winter et al. 2016). 

The recommended serum E2 concentration should not exceed 200 pg/mL 
(734 pmol/L), and the serum testosterone levels should be lowered to the normal
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physiologic female range. Serum potassium should be monitored under spironolac-
tone, while prolactin and triglycerides levels should be monitored in all subjects, as 
they may rise significantly under treatment. 

The main clinical changes achieved by GAHT include decreased rates of growth 
of facial and body hair, reduced oiliness of the skin, redistribution of fat mass (subcu-
taneous fat tissue expands, while there is a decrease in lean body mass), and body 
weight usually increases (Lapauw et al. 2008). As a result of estrogen exposure, 
the development of breast tissue takes place, while the decreasing concentrations of 
testosterone usually result in lower sexual desire and erectile function. 

In transgender women treated after completion of puberty, prior effects of testos-
terone on the skeleton, such as the size and shape of hands, feet, jaws, and pelvis, 
as well as on the anatomy of the larynx (including voice pitch and laryngeal promi-
nence) cannot be reversed (The World Professional Association for Transgender 
Health 2012). 

Transgender Women Affirming Surgery 

Currently, the surgical procedures for gender affirmation in transgender women 
include the following: 

1. Facial feminization surgeries to create more feminine features. 
2. Breast augmentation. 
3. Genital reconstruction surgery includes a bilateral orchiectomy performed to 

remove the main source of endogenous testosterone (gonadectomy). 

In addition to gonadectomy, other procedures can include penectomy and 
vaginoplasty (typically with surgical construction of a vagina, clitoris, and labia, 
usually using the penile skin for vaginal lining and scrotal skin for the labia 
(Hembree et al. 2017). 

Athletic Performance in the Transgender Athlete 

Data on athletic performance in transgender athletes are very limited. While there 
are no limitations on transgender men’s competition, the controversy about trans-
gender women’s participation in the female sport is still ongoing and hotly debated. 
The performance gap between males and females amounts to 10–50% depending 
extensively on the sport (Hilton and Lundberg 2021), and is more pronounced in 
sports that rely on muscle mass and explosive strength, particularly in the upper 
body (Hilton and Lundberg 2021). 

Those who object to transgender women competing in women’s (female) sports 
categories argue that some advantages of androgen exposure since birth cannot be 
erased through GAHT. This includes skeletal physical characteristics such as height,
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limb length, hand span, and the cardiovascular (heart size) and respiratory systems 
(lung size) that remain unchanged during, and after GAHT, and give a performance 
advantage over cisgender women (Knox et al. 2019). 

Limited research suggests that other important features, such as muscle 
size and strength, are affected by GAHT; however, the initial advantage is 
greater than the observed average reduction even after years of GAHT (Harper 
et al. 2021; Hilton and Lundbe 2021). Hemoglobin and hematocrit do decrease to 
the female range in approximately four months of GAHT in parallel to the decrease 
seen in testosterone (Harper et al. 2021). 

Gaps of Knowledge on Sports Performance in Transgender 
Women 

After reviewing the limited available literature, we wish to highlight several points 
that were encountered, and which merit much further consideration when trying to 
effectively answer questions on transgender women’s participation in female sports: 

1. Different sports require different sets of skills, i.e., aerobic capacity, strength, 
speed, and recovery. Thus, in some sports, the advantages of testosterone are 
more prominent, while in others, such as equestrian disciplines, they are negli-
gible so that competitions are not gender-segregated. On the same note, advan-
tages are more pronounced in individual competitions compared to team sports 
(Knox et al. 2019). 

2. Legal gender reassignment is still banned in parts of the world, and even when 
allowed, not all athletes are willing to be exposed. For example, in the study by 
Harper et al., some data were collected anonymously through questionnaires and 
not through direct measurements, creating a dilemma between the need to verify 
data and the need to protect privacy (Harper 2015). 

3. Most data available rely on surrogate parameters for athletic performance. For 
example, no studies were found that directly measure maximal oxygen uptake 
(VO2max) change for endurance athletes. Only two studies report running times, 
either measured (Roberts et al. 2020) or self-reported (Harper 2015). Simi-
larly, there are no direct measurements of maximal power, and studies report 
substitute parameters such as body composition, muscle area, and handgrip 
(Harper et al. 2021; (Hilton and Lundberg 2021). While handgrip serves as a 
good proxy for general strength, different sports require assessments of different 
muscle groups. 

4. There are a limited number of studies comparing the same individual before 
and after GAHT. In these studies, it is difficult to correct for age as a possible 
confounder for declining performance. Harper used an age-graded formula to 
correct for age (Harper 2015). 

5. Most data from longitudinal studies demonstrate differences after a year of treat-
ment. Some data exist up to three years of GAHT. Furthermore, very limited
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data are available for longer treatment periods (Harper et al. 2021; Hilton and 
Lundberg 2021). 

6. Some studies that compared transgender women to cisgender men indicate 
inherent differences between the two populations even before GAHT, indicating 
that transgender women tend to exercise less, to begin with (perhaps to maintain 
a more feminine physique) (Van Caenegem et al. 2015; Lapauw et al. 2008). 

7. Hilton et al. point out that athletic differences are evident even in prepu-
bertal children and could be mediated by genetic factors and/or the hypotha-
lamic–pituitary–gonadal axis during the neonatal period termed “mini-puberty” 
(Hilton and Lundberg 2021). Data from several studies demonstrate that boys 
typically can run faster, throw harder, and throw farther compared to girls (similar 
age) (Catley and Tomkinson 2013; Tambalis et al. 2016). It should also be pointed 
out that the reason for these differences could stem from the cultural or sociolog-
ical differences between boys and girls in societies. However, it is possible that 
transgender women that started GAHT before or during puberty will have certain 
physiological aspects (such as muscle mass) that are different from transgender 
women who transition after the end of puberty. Currently, most data available 
are for the latter group, and more research is needed. 

8. There is considerable variability in drug regimens used (type of estrogen and anti-
androgen agents) for GAHT and testosterone levels achieved during treatment. 
Not all studies report testosterone levels (Harper et al. 2021). 

9. We could not find scientific information on other factors related to testosterone 
and performance such as aggressiveness, coordination, mood, and many other 
factors contributing to overall performance in a sports-physical activity. 

Athletic Performance in Transgender Women 

Athletic Performance in Untrained Transgender Women 

As mentioned previously, the most current available data are from untrained trans-
gender women populations. A systematic review published in 2021 by Harper 
et al. (Harper et al. 2021) and a second review published the same year by Hilton 
et al. (Hilton and Lundberg 2021) examined changes in body composition, muscle 
strength, and hemoglobin levels in non-athletic transgender women. Overall, they 
conclude that transgender women experience a decline in the parameters exam-
ined; however, for the most part, they still retain physical advantages over cisgender 
women.
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Muscle Cross-Sectional Area (CSA) 

The seminal work by Gooren et al. (Gooren and Bunck 2004) measured thigh muscle 
area by magnetic resonance imaging (MRI) in 19 transgender women. They demon-
strated a 12% reduction in muscle area after 36 months of GAHT, and when compared 
to the muscle area in transgender men, muscle area was 13% larger in transgender 
women suggesting that testosterone suppression does not reverse muscle size to that 
of females. Since then, several studies assessed muscle areas using MRI or peripheral 
quantitative computed tomography (pQCT). 

Wilk et al. assessed thigh muscle volume in 11 transgender women after 
12 months of GAHT and demonstrated a modest decrease of approximately 5% 
(Wiik et al. 2020). In the Harper et al. systematic review, CSA was decreased 
after 12 months of GAHT (Harper et al. 2021). Overall, in follow-up studies, the 
decrease in CSA ranged from 1.5 to 11.7% over a 24 to 36-month period. None 
exceeded the 12% decrease demonstrated by the study of Gooren and associates 
(Gooren and Bunck 2004). In two studies comparing transgender women to cisgender 
men, Van Caenegen and associates (Van Caenegem et al. 2015) showed a 9% lower 
forearm and calf CSA using pQCT in 49 hormone-naïve transgender women and a 
further 4% decrease after 24 months of GAHT. Likewise, Lapauw and colleagues 
(Lapauw et al. 2008) further demonstrated a 24% decrease in CSA after 24 months 
of GAHT. 

Lean Body Mass (LBM) and Fat Mass 

In the systematic review by Harper et al., follow-up studies examining lean body 
mass (LBM) before and after GAHT found that LBM decreased an average of 3– 
5.4% after a year of GAHT (N.B., in most studies LBM, was determined using 
dual-energy X-ray absorptiometry [DXA]) (Harper et al. 2021). In a cross-sectional 
study by Van Caenegem (Van Caenegem et al. 2015), that compared hormone-naïve 
transgender women (before GAHT) to cisgender men, it was found that LBM was 
4% lower, to begin with, and a further 4% reduction in LBM was demonstrated after 
12 months of GAHT (Van Caenegem et al. 2015). Fat mass increased in parallel by 
25%. Lapauw, and associates reported (Lapauw et al. 2008) 20% lower LBM in trans-
gender women following two years of GAHT compared to comparable cisgender 
men. All the studies in the Harper et al. review reported an increase in total body fat 
mass (Harper et al. 2021). 

In addition, the review by Hilton and Lundberg similarly states that several longi-
tudinal studies demonstrate a 5% decrease in LBM after 12 months of GAHT, with 
a slightly greater reduction in the arm compared to the leg region. They conclude 
that given the large initial advantage men have with a 40% larger muscle mass, a 5% 
reduction by 12 months and three years is not enough to bring transgender women 
to the level of cisgender women (Hilton and Lundberg 2021).
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Strength Measurements 

In the studies we examined, muscular strength was mostly evaluated through 
handgrip dynamometry measurements. In the review by Harper and associates 
(Harper et al. 2021), most studies looking at strength measurements before and 
after GAHT found a significant reduction of 4.3–7.1% after a year of GAHT. When 
comparing strength measurements in transgender women to cisgender men, two 
cross-sectional studies, Van Caenegem, and associates found 14% lower handgrip 
strength in hormone-naïve transgender women and a further 7% reduction after a 
year of GAHT (Van Caenegem et al. 2015). While Lapauw and associates found a 
22–25% reduction in handgrip and quadriceps strength using knee extension after 
two years of GAHT (Lapauw et al. 2008). 

Summary 

Taken together, current evidence supports that muscle area, LBM, and strength in 
transgender women remain above those of cisgender women even after 36 months 
of GAHT. This suggests that transgender women retain a muscular performance 
advantage over cisgender women. However, whether longer duration GAHT would 
yield further decrements is unknown. Since no data exist on trained transgender 
women (N.B., it is possible that the above-mentioned differences would be even 
smaller in exercise-trained individuals). 

Of note, considerable variability exists in drug regimens and testosterone levels 
achieved. Although Harper et al. found (Harper et al. 2021) that in most studies, 
testosterone levels were within the reference range for cisgender women, in five 
studies levels were above 5 nmol/L and of them, and four were in adolescents. 

Athletic Performance in Trained Transgender Women 

We found only two studies that have examined athletic performance in trained trans-
gender women and none on professional or elite athletes. In a study published by 
Harper, self-reported race times from eight transgender women track distance runners 
were collected over seven years (Harper 2015). The collection process consisted of 
seeking out female transgender distance runners, mostly online, and then asking them 
to voluntarily submit race times. None were elite runners. Running distances ranged 
from 5 K to a full marathon. Most runners were over the age of 30 years. For six 
of the eight runners, race times could be verified; however, two runners remained 
anonymous. Some athletes reported a stable training pattern, whereas others suffered 
injuries and changes in body weight which influenced their training volume. Seven 
reported a substantial reduction in running speed upon transition. The study also used 
an age grading formula to compare the performance of older track and field athletes.
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Harper found that as the female performance was corrected for age, their running 
performance was almost identical to their male age-graded performance. 

In an interesting study, Roberts and associates reported on the physical perfor-
mance of 46 transgender women that started GAHT while in the US Air Force 
(Roberts et al. 2020). They reviewed fitness test results and medical records for the 
number of push-ups, the number of sit-ups done in a minute, and a 1.5-mile run 
time documented before and two years into GAHT. Their age prior to GAHT was 
26 ± 5.5 years (mean ± SD). Age at initiation of GAHT had no significant effect on 
outcome, but all subjects started after puberty. After GAHT, average body weight and 
waist circumference were not significantly changed. Prior to GAHT (i.e., as males), 
transgender women did 31% more push-ups, 15% more sit-ups in a minute, and 
ran 1.5 miles 21% faster compared to cisgender women. After two years of GAHT, 
the push-up and sit-up differences disappeared, but transgender women were still 
12% faster. The authors conclude that among transgender women, a competitive 
advantage from prior testosterone level exposure (i.e., before GAHT) continues to 
exert an influence beyond 12 months, a standard currently proposed by most interna-
tional federations for inclusion in women’s elite competition. However, the authors 
acknowledged there were several limitations to their study: (1) Repeated maximal 
efforts as opposed to a single maximal effort capture endurance and strength and are 
more relevant to sports with sustained effort; (2) transgender women weighed more 
than cisgender women and thus had higher power output which might underestimate 
the advantages of strength in transgender women compared to cisgender women; (3) 
hormone levels were not presented, only the time to the first therapeutic level; (4) find-
ings cannot be applied to sports requiring explosive strength such as weightlifting; 
and, (5) training habits were unknown and could have influenced results. 

The Current Stands of Sport Organizations 

The IOC stated in 2015 that transgender men are allowed to compete in the male 
category without restrictions. Transgender women, however, must declare a gender 
identity as female (a declaration that cannot be changed, for sporting purposes, 
for a minimum of four years prior) and have total levels below 10 nmol/L for at 
least 12 months prior to competition. In contrast to this statement and the accumu-
lating scientific evidence, the IOC published in November 2021 a new framework 
on fairness, inclusion, and non-discrimination based on gender identity and sex vari-
ation (Pigozzi et al. 2022). This framework was drafted mainly from a human rights 
perspective, i.e., inclusion, rather than looking at the biological, medical, and scien-
tific issues which show that transgender women maintain significant advantages from 
undergoing male puberty even when they subsequently lower their testosterone level. 
According to this latest IOC framework, there is no need for transgender women 
to lower their testosterone to compete against cisgender women, a statement that 
applies also to athletes with disorders of sexual development (DSD), such as the 
South African 800 m runner Caster Semenya. Essentially, the agenda of the IOC was
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to leave the responsibility of dealing with this delicate and controversial issue to the 
International Sports Federations (ISF) on an individual basis rather than establishing 
their own criteria/stance. 

In response, the International Federation of Sports Medicine (FIMS) and the Euro-
pean Federation of Sports Medicine (EFSMA) published a joint position statement 
emphasizing the need for a discussion and revision of the IOC framework according 
to their point of view, while they strongly support the right of each athlete to make 
their own choice based on “their own needs and situation”, they should seek to 
ensure that “all athletes remain entitled to fair competition consistent with the World 
Anti-Doping Agency (WADA) code” that protects an athlete’s fundamental right to 
participate in a sport where fellow athletes have not been modified to their advantage 
by doping or other means”. They believe that the IOC, as a multisport international 
organization, should take the responsibility to set standards and expectations based 
on competitive fairness and the best available science that all International Sports 
Federations (ISF) can follow, and fund research to support more evidence-based 
scientific solutions that are consistent with human rights and fairness. 

Due to the change of the IOC policy from 2015 to 2021 and new scientific data, 
many ISF and national sports organizations created their eligibility criteria for trans-
gender women to compete in the female category, and published position stands and 
recommendations. A sample of eligibility criteria for participation of transgender 
athletes in the women’s category is given in Table 17.1.

At a working meeting organized by World Athletics in Lausanne in October 2019, 
with the participation of several ISF, experts, and representatives of transgender and 
cisgender athletes, it was agreed that if a federation decides to use testosterone as 
an indicator, transgender women athletes will only be eligible to compete in the 
women category if their blood total level is below 5 nmol/L. However, this level 
was not accepted by all ISF. For instance, the International Powerlifting Federation 
(IPF) uses total levels equal to or below 2.4 nmol/L and/or free testosterone equal 
to or below 0.433 nmol/L (alternatively, at or below the upper limit of normal of a 
particular laboratory reference) as a cutoff (see Table 17.1). There are many other 
differences between ISF regarding eligibility criteria, where some federations have a 
panel of experts that approve the eligibility criteria, others require that the therapy is 
given by certain professionals, or the need for a specific testosterone testing method, 
etc. 

While many ISF allows transgender women to compete under several conditions, 
there are some ISF that totally ban the participation of transgender women in the 
women category such as World Rugby (Table 17.1) which as of October 2020 does 
not allow participation of transgender women in elite and international women’s 
rugby. 

Interestingly, the International Federation of Water Sports–Federation Interna-
tionale De Natation (FINA) has not published any position statement until recently, 
although, one of the most famous transgender woman athletes is Lia Thomas, who 
is the first transgender athlete to win NCAA Division I (USA) national swimming 
championship. The controversy over her case raised numerous opinions, reports, 
podcasts, and articles, and in February 2022 USA Swimming released its “Athlete
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Table 17.1 Olympic International Federations policies on integrating transgender women into the 
female category 

International 
Federation/Year/Link 

Rule Comments 

World Athletics (previously 
called International 
Association of Athletics 
Federations [IAAF]) 
2019 

Serum total < 5 nmol/L 
continuously for at least 
12 months prior to participation 
and as long as she competes in 
the female category 

International Tennis 
Federation 
2018 

Same as above (Re-test level) 
+ provide a written and signed 
declaration that her gender 
identity is female 

Union Cycliste 
Internationale (UCI) 
2020 

Same as above (Re-test level) 
+ serum total tests conducted 
using a benchmark method 
(mass spectrometry) 

Approved and monitored by a 
commission of experts + 
UCI’s medical manager 
All NF must include these 
directives in their regulations 

World Rugby 
2020 

TW who transitioned 
post-puberty and has 
experienced the biological 
effects of testosterone during 
puberty and adolescence cannot 
currently play women’s rugby 

TW who transitioned 
prepuberty and not 
experienced the biological 
effects of testosterone during 
puberty and adolescence can 
play women’s rugby (subject 
to confirmation of medical 
treatment and the timing 
thereof) 

World Rowing 
2020 

Same as above (Re-test level) 
+ The gender of the rower is 
female in the rower’s passport 
or national identity card 

Approved and monitored by 
Executive Committee of the 
World Rowing Gender 
Advisory Panel 

International Powerlifting 
Federation (IPF) 
2022 

Serum total ≤ 2.4 nmol/L 
and/or free test. ≤ 
0.433 nmol/L (or at or below 
the upper limit of normal of a 
particular laboratory reference) 
for at least 12 months to 
participation and as long as she 
competes in the female 
category 
+ 
Declaration of gender identity 
as female and a valid passport 
bearing a female gender 

Monitored by IPF Medical 
Commission (MC) 
Declarations cannot be 
changed, for competition 
purposes, for a minimum of 
four years

(continued)
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Table 17.1 (continued)

International
Federation/Year/Link

Rule Comments

Federation Internationale 
De Natation (FINA) 

TW athletes are not eligible to 
participate in elite women’s 
competitions unless “they can 
establish to FINA’s comfortable 
satisfaction that they have not 
experienced any part of male 
puberty beyond Tanner Stage 2 
(of puberty) or before age 12, 
whichever is later” 

FINA is going to create a 
working group to establish an 
“open” category for TW in 
some events as part of a new 
policy 

The Association of Boxing 
Commissions (ABC) 
2012 

2 years of documented test. 
suppression therapy 

Hormone suppression therapy 
must be administered by 
specific doctors 

TW transgender women; NF national federation; Test testosterone

Inclusion, Competitive Equity and Eligibility Policy” (https://www.usaswimming. 
org/inclusion). The policy requires a panel of three independent medical experts to 
approve the participation of transgender women swimmers in women’s events based 
on two eligibility criteria: 

1. Evidence that the prior physical development of the athlete as a male, as mitigated 
by any medical intervention, does not give the athlete a competitive advantage 
over the athlete’s ciswomen competitors. 

2. Evidence that the blood concentration of total in the athlete has been less than 
5 nmol/L (as measured by liquid chromatography/mass spectrometry [LCMS]) 
continuously for a period of at least 36 months before the date of application. 

The FINA decision, as of June 19, 2022, was to restrict the participation of 
transwomen in elite women’s competitions and create a working group to establish 
an “open” category for them in some events as part of a new policy. The new 
eligibility policy for FINA competitions states that transwomen athletes are eligible 
to compete only if “they can establish to FINA’s comfortable satisfaction that 
they have not experienced any part of male puberty beyond Tanner Stage 2 (of 
puberty) or before age 12, whichever is later” (https://resources.fina.org/fina/doc 
ument/2022/06/19/525de003-51f4-47d3-8d5a-716dac5f77c7/FINA-INCLUSION-
POLICY-AND-APPENDICES-FINAL-.pdf). 

It should be noted that Table 17.1 includes only Olympic sports. There are many 
other ISF of non-Olympic sports that have their policy regarding including trans-
gender women in women’s sports such as CrossFit that as of 2019 allows transgender 
women to compete in the annual CrossFit Games, reversing their policy from 2018 
that allowed athletes to compete only in the category of their sex assigned at birth, a 
decision that was criticized. 

Many national sports federations (NSF) adhere to ISF policies if they exist. 
However, there are many such sports organizations that do not have guidelines (the

https://www.usaswimming.org/inclusion
https://www.usaswimming.org/inclusion
https://resources.fina.org/fina/document/2022/06/19/525de003-51f4-47d3-8d5a-716dac5f77c7/FINA-INCLUSION-POLICY-AND-APPENDICES-FINAL-.pdf
https://resources.fina.org/fina/document/2022/06/19/525de003-51f4-47d3-8d5a-716dac5f77c7/FINA-INCLUSION-POLICY-AND-APPENDICES-FINAL-.pdf
https://resources.fina.org/fina/document/2022/06/19/525de003-51f4-47d3-8d5a-716dac5f77c7/FINA-INCLUSION-POLICY-AND-APPENDICES-FINAL-.pdf
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reader is directed to see for commentary—https://www.transathlete.com/policies-
by-organization). 

Possible Solutions Proposed for Sports 

Possible solutions that have previously been suggested (Bianchi 2019) argue for 
eliminating sex segregation and categorizing athletes based on sport-specific factors 
rather than gender since genetic advantages already exist in sports making a fair and 
equal starting point impossible to achieve. Extending this notion Knox and associates 
suggested an extended algorithm with an analogy to the divisions in the Paralympic 
sport with the creation of multiple divisions rather than simply male and female 
categories (Knox et al. 2019). Such an algorithm would be tailored to specific sports. 
The current state of affairs is such that many potential options may be proposed, but 
a universal “one-size fits all” answer to every sports activity may not exist. 

Summary and Conclusions 

In this unprecedented time, when openly transgender people are present and influ-
ential at all levels of society, the fair involvement of transgender women in gender-
segregated competitive sports remains one of the thorniest and most unresolved 
issues. Clearly, no one envisions that transgender women athletes will ever over-
whelm the female competitive stage; thus, the whole topic could be considered a mere 
theoretical exercise. However, a case like that of Lia Thomas helps to rekindle the 
quandary between the right of transgender people not to be victims of discrimination 
and fairness in competitive sports. 

The zigzag and stammering of the various sports organizations over the matter in 
the last decade is eloquent proof that this issue is far from being resolved. There are 
obviously several sports in which superior explosive strength is not as crucial such as 
equestrian sports, shooting, and archery. However, in the authors’ opinion, beyond 
testosterone thresholds, much scientific work is urgently needed to define criteria 
(such as muscle mass and composition parameters, and tissue oxygenation capacity) 
that will allow to select transgender women who may compete alongside cisgender 
women in sports where muscle mass and strength are of paramount importance, 
without enjoying an inadmissible advantage. Until better scientific evidence emerges, 
and until such criteria are clearly defined for each relevant sports category, in the 
interest of competitive fairness and safety, participation of transgender women in the 
women’s category should be reconsidered, regardless of testosterone levels.

https://www.transathlete.com/policies-by-organization
https://www.transathlete.com/policies-by-organization
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Chapter 18 
Stress Reactivity and Exercise in Women 

Tinna Traustadóttir 

Introduction 

Stress reactivity can be defined as any physiological response to a perturbation to 
homeostasis and generally includes both the response and recovery to a stressor. 
More broadly, in addition to the physiological response, it can include behavioral, 
subjective, and cognitive responses to stress (Schlotz 2013). It is important to note that 
a robust response can be more beneficial than a lower response, as long as recovery 
is optimized after the removal of the stressor and not prolonged. In the context of 
this chapter, the literature on stress reactivity will be limited to cardiovascular and 
neuroendocrine responses to acute mental or physical challenges. Cardiovascular 
responses include heart rate and blood pressure responses to a stimulus and are 
driven by activation of the sympathetic nervous system. The neuroendocrine response 
is most often represented by measures of cortisol (salivary or plasma) as an indicator 
of hypothalamic–pituitary–adrenal (HPA) axis activity. 

Stress Reactivity and Health 

Assessing stress reactivity can have implications for future disease risk. One example 
is heart rate recovery in the first minute after a maximal graded exercise test; indi-
viduals who recover less than 12 bpm in the first minute of recovery have a fourfold 
increase in mortality compared to individuals who recover faster, regardless of the 
maximal heart rate response during the test (Gupta 2005; Cole et al.  1999). Similarly, 
exaggerated blood pressure response and poorer recovery after a laboratory stressor 
are associated with a greater risk for future hypertension (Trivedi et al. 2008; Stewart
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et al. 2006; Carroll et al. 2012). A greater cortisol response to a psychosocial or mental 
laboratory challenge is associated with a risk for coronary heart disease, hyperten-
sion, and future risk of depression (Morris et al. 2012; Hamer et al. 2012; Steptoe et al. 
2016); however, a blunted response is also associated with worse health outcomes 
(Carroll et al. 2017; de Rooij 2013). There are important differences between the 
effects of acute and chronic stress on the organism, and these effects are also medi-
ated by the stress reactivity of an individual. Evolutionary speaking, the activation of 
the HPA axis in response to acute stress can be considered beneficial since it helps the 
individual survive a challenge by mobilizing fuel for energy, inhibiting reproductive 
behavior, and increasing arousal and vigilance. However, when the system is chron-
ically challenged, either continuously or too frequently to allow for recovery and 
adaptation, the stress response becomes maladaptive and leads to an increased risk 
for diseases such as cardiovascular disease, diabetes, hypertension, osteoporosis, and 
cognitive dysfunction (McEwen 1998, 2007; Lazzarino et al. 2013; Nagaraja et al. 
2016; Feeney et al. 2020; Nafisa et al. 2021). 

Methods for Testing Stress Reactivity 

There are several established protocols for evaluating stress reactivity under standard 
laboratory conditions. By far the most commonly used one is the Trier Social Stress 
Test (TSST), a psychosocial laboratory challenge established by investigators at 
the University of Trier (Kirschbaum et al. 1993). The test has a few variations but 
typically consists of an anticipatory period, a 5-min free speech, and a 5-min mental 
arithmetic task of serial subtraction, performed in front of a panel of evaluators 
(sometimes videotaping is added as well) (Birkett 2011). For additional information 
on the TSST, the reader is referred to some excellent previously published reviews 
(e.g., Dickerson and Kemeny 2004; Allen et al. 2014; Foley and Kirschbaum 2010). 
The Iowa Singing Stress Test (I-SST) is a test similar to the TSST but with the added 
task of public singing (Reschke-Hernandez et al. 2017). 

The Montreal Imaging Stress Task (MIST) is a challenge that is specifically used 
in conjunction with imaging such as functional magnetic resonance imaging (fMRI) 
and positron emission tomography (PET) and uses a series of computerized arith-
metic challenges along with social evaluative threat components presented within the 
program or by an investigator (Dedovic et al. 2005). A recent study investigated the 
possibility of using the MIST in a longitudinal design (repeated testing) and found 
some habituation effects on heart rate and salivary cortisol response (De Calheiros 
Velozo et al. 2021). 

The Matt Stress Reactivity Protocol (MSRP) is another laboratory challenge that 
consists of a series of stressors in a set order: Stroop color-word task, mental arith-
metic, anagram task, a cold pressor test, and an interpersonal interview about a 
particularly stressful event in the person’s life (Bosch et al. 2009; Traustadóttir et al. 
2005). Other studies have used driving simulation challenges (Seeman et al. 1995)
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or a combination of cognitive tests such as the Stroop color-word task and mirror 
tracing task (Seeman et al. 2001; Gotthardt et al. 1995). 

These laboratory challenges are all designed to elicit a stress response as demon-
strated by increases in cardiovascular and HPA-axis activity. The latter is usually 
assessed by changes in plasma and/or salivary cortisol. Recently, other measures 
including markers of sympathetic nervous system activity such as salivary alpha-
amylase (sAA) and heart rate variability are also being included in studies on stress 
reactivity (Allen et al. 2014). 

Are There Sex Differences in Stress Reactivity? 

Since this chapter and book focus on studies on women, it is important to establish that 
there are in fact sex differences—otherwise, it would not be necessary to differentiate 
the discussion based on sex. Numerous studies have shown significant differences in 
the HPA-axis response to psychosocial or mental stressors between men and women. 
However, the results have not always been consistent in regard to which sex is more 
stress reactive, with some finding greater responses in men (Seeman et al. 2001; 
Traustadóttir et al. 2003; Uhart et al. 2006; Kirschbaum et al. 1992, 1999; Earle et al. 
1999; Kudielka et al. 1999; Henze et al. 2021) and other in women (Seeman et al. 
1995; Ahwal et al. 1997), and some showing an interaction with age (Seeman et al. 
2001; Kudielka et al. 2004). One potential explanation for the unequivocal results 
may be due to the different stressors used. To this effect, it has been shown that 
women have a greater cortisol response to a stressor invoking social rejection, while 
men are more reactive to achievement-related stressors (Stroud et al. 2002). Other 
explanations may be due to not controlling for potential confounding variables such 
as menstrual cycle phase, fitness levels, or mental conditions that could influence the 
HPA-axis response such as depression, anxiety, or other psychiatric disorders (Allen 
et al. 2014). Nevertheless, these studies illustrate that sex definitely has an effect on 
psychosocial stress reactivity, and data from men and women should not be lumped 
together in analyses. 

A fairly recent study by Stephens et al. (2016) may have put the question of 
“which sex is more stress reactive” finally to rest, at least in young individuals (18– 
30 years). They had a much larger sample size than any of the previous studies, with 
a total of 282 subjects who underwent the TSST. The women were tested in the 
early-follicular phase. Their results show equivocally that men had greater HPA-axis 
response to the psychosocial stressor as measured by plasma ACTH, serum cortisol, 
and salivary cortisol (see Fig. 18.1), analyzed by the change across time points, overall 
response (area-under-the-response-curve), as well as slopes of baseline-to-peak and 
peak-to-end.

It is worth noting that the results from psychosocial stressors do not extend to 
other stimuli of the HPA axis such as pharmacological challenges where women 
tend to have a more pronounced response (Heuser et al. 1994; Greenspan et al. 
1993; Born et al.  1995) or exhibit blunted negative feedback sensitivity (Wilkinson
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Fig. 18.1 Mean HPA-axis hormone levels (means ± SE) in response to the TSST for men (black 
circles) and women (black squares) in the follicular phase of the menstrual cycle. Times prior to 
the test are shown as negative values on the x-axis (time). *Significant interaction with gender (p < 
0.05). Reprinted from Stephens et al. (2016) with permission from Elsevier

et al. 1997) or acute exercise where the responses in men and women are similar 
(Sandoval and Matt 2002; Szivak et al. 2013; Kraemer et al. 1993). However, sex 
differences in responses to psychosocial or mental stress may contribute to differ-
ences in morbidity and mortality of diseases that have distinct differences in preva-
lence between men and women such as cardiovascular disease (prior to menopause) 
and autoimmune diseases (Stoney et al. 1987; Bjorntorp 1997; Sternberg et al. 1990). 
One reason for the discrepancies in results of studies using pharmacological chal-
lenges versus psychosocial challenges may be related to where they stimulate the 
HPA axis. Many of the pharmacological challenges, such as infusion of corticotropin 
release hormone (CRH), stimulate the axis at the level of the pituitary. Psychoso-
cial challenges, on the other hand, require the stressor to be processed in the brain 
and therefore acts as a supra-pituitary stimulus, activating the HPA-axis response by 
stimulating the paraventricular nucleus (PVN) through the limbic system (prefrontal 
cortex, hippocampus, amygdala), whereas physiological stressors have a more direct 
pathway to the PVN (Herman and Cullinan 1997). 

A general consensus from the literature is that men exhibit greater cardiovascular 
and HPA-axis responses to psychological stress than women when compared between 
puberty and menopause, whereas sex differences are smaller when compared in 
individuals before puberty or after menopause (Kajantie and Phillips 2006). 

Effects of Estrogen on Stress Reactivity 

Sex hormones, particularly estrogen, have been shown to influence the HPA-axis 
response in both animal and human studies. Animal studies where estrogen levels 
are decreased by removing the ovaries and increased with estrogen replacement
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show that the effect of estrogen is an enhanced HPA-axis response (Lesniewska et al. 
1990a, b). The same finding was shown in young men treated with an estrogen patch 
or a placebo for 24–48 h before being exposed to the TSST (Kirschbaum et al. 1996). 
The estrogen-treated group had significantly higher ACTH and cortisol responses as 
compared to the placebo group. 

Menstrual Cycle Phases 

The question is whether these results from extreme differences in estrogen extend 
to normal estrogen fluctuations across the menstrual cycle. Based on the fact that 
estrogen levels are higher in the mid-luteal phase compared to the early-follicular 
phase, it would be predicted that stress reactivity would be greater in the luteal phase. 
This prediction is supported by many studies (Tersman et al. 1991; Sato and Miyake 
2004; Lustyk et al.  2010, Kirschbaum et al. 1999), but there is also a number of studies 
that have not found significant differences in stress reactivity between follicular and 
luteal phases (Pico-Alfonso et al. 2007; Shenoy et al. 2014; Veldhuijzen van Zanten 
et al. 2009; Choi and Salmon 1995). Using exercise as a stimulus to induce a cortisol 
response, Boisseau et al. (2013) found no differences in salivary or urinary cortisol 
response in women tested in the follicular and luteal phases of the menstrual cycle. 
In contrast, one study found that the effect of the menstrual cycle on neuroendocrine 
activation to Stroop test and handgrip exercise depended on trait anxiety where 
women who had high trait anxiety had greater responses in the follicular phase 
versus luteal phase (Hlavacova et al. 2008). One caveat in many of these studies is 
that the comparison is not made in the same subjects across the different phases of the 
menstrual cycles but compares two different cohorts. The reason for this is because 
an important component of psychosocial stressors such as the TSST is the “element 
of surprise” and therefore these tests do not lend themselves to repeated measures. 
However, comparing within-subjects as opposed to between-subjects would be a 
much stronger research design to get at this question properly. One such study, that 
did not use a challenge, compared heart rate and blood pressure responses in the 
everyday working life of women who reported their perceived stress (Pollard et al. 
2007). They found that heart rate response to perceived stress was greater in the 
luteal phase, but blood pressure was unaffected (Pollard et al. 2007). Another study 
tested cardiovascular and epinephrine reactivity to the TSST in women in the early-
follicular, late-follicular, and luteal phases using a within-subject design (Gordon 
and Girdler 2014). Their results were in agreement with the previously discussed 
study and showed that the autonomic stress reactivity in response to the TSST was 
significantly greater in the luteal phase. In contrast to most other studies, the TSST 
did not elicit a significant increase in cortisol in this cohort. However, this is probably 
related to their methodology where the only sampling times for plasma cortisol were 
at baseline and at the end of the recovery period. 

Cook et al. (2021) studied acute changes in salivary testosterone and cortisol in 
female athletes in response to a physical and psychological stressor at three-time
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points in the menstrual cycle (day 7, 14, and 21). Their results demonstrated that 
baseline testosterone levels were predictive of the cortisol response to the stressor, 
which could relate to one possible mechanism regarding sex differences. 

How does the potential effect of the menstrual cycle phase translate to female 
athletes and exercise performance? Athletes typically do not schedule their races 
or tournaments around their menstrual cycle. However, it would be interesting to 
evaluate the performance of female athletes who compete in sports where control of 
stress reactivity is of particular importance such as archery, biathlons, and shooting. 
A PubMed search revealed that no such studies have been conducted, and hence, this 
is an area in need of future research. 

Oral Contraceptives 

It is well known that basal cortisol levels are increased in women who take oral 
contraceptives (Burke 1969). This increase is seen in free and total cortisol, and 
there is increased production of cortisol-binding globulin (CBG). CBG levels are 
negatively correlated with salivary cortisol response to the TSST in women (Kumsta 
et al. 2007). Perhaps not surprising then is that women on oral contraceptives exhibit a 
blunted cortisol response to stress reactivity challenges, particularly when measured 
in saliva (free cortisol) (Kirschbaum et al. 1995, 1999; Rohleder et al. 2003). These 
results are corroborated in studies using exercise as the HPA-axis stimulus (Boisseau 
et al. 2013; Bonen et al. 1991). However, when cortisol response was measured in 
elite female athletes during heavy training sessions and competitions, there were 
no differences between oral contraceptive users and non-users suggesting that high-
intensity and competition stress overrides the effects of oral contraceptives (Crewther 
et al. 2015). 

Taken together, the data from the comparison between menstrual cycle phases and 
oral contraceptives suggest that estrogen may modulate the effects on cardiovascular 
and neuroendocrine stress response in premenopausal women, but it is dependent 
on the type of stressor and potentially an interaction with other factors such as trait 
anxiety. 

Effects of Aging on Stress Reactivity in Women 

General HPA-axis function is altered with aging, and these changes appear to be 
more extensive in women (Luisi et al. 1998; Wilkinson et al. 1997). These changes 
include increases in 24-h mean cortisol concentrations, decreased diurnal variability, 
and blunting of negative feedback sensitivity (Traustadóttir et al. 2004; Deuschle 
et al. 1997; Van Cauter et al. 1996; Nater et al. 2013). Maximal response of the axis 
appears to be maintained with aging, while the response to a submaximal challenge 
is often greater in older women.
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The literature on the effects of aging on psychosocial stress reactivity in women is 
still surprisingly sparse. Traustadóttir et al. (2005) used the MSRP to induce a cardio-
vascular and HPA-axis response in young and older women. The older women exhib-
ited a significantly greater plasma cortisol response to the challenge (see Fig. 18.2). 
Markers of cardiovascular reactivity were divided with the young exhibiting a signif-
icantly higher heart rate response and the older women having a significantly greater 
increase in systolic blood pressure in response to the challenge. Interestingly, the age-
related increase in cortisol reactivity was attenuated in age-matched older women 
who were physically fit (the effects of fitness are discussed further in the sections 
of this chapter on the “Effect of Exercise on Stress Reactivity in Women—Regular 
Exercise”). Similar results were found using the TSST where older women had 
significantly greater plasma cortisol response; however, there were no age-related 
differences in the response of salivary cortisol (Kudielka et al. 2004). A recent study 
also reported greater cardiovascular reactivity in postmenopausal women compared 
to premenopausal women as indicated by systolic blood pressure and heart rate 
variability (Hirokawa et al. 2014). 

The specific role of estrogen in the age-related changes in stress reactivity in 
women has not been well elucidated. Postmenopausal women on hormone replace-
ment therapy had higher baseline levels of cortisol compared to age-matched women 
not on hormone replacement therapy, but there were no differences in the cortisol 
response to a psychological stressor between the groups (Burleson et al. 1998). Simi-
larly, another study that compared postmenopausal women treated with estrogen or 
a placebo for two weeks prior to undergoing the TSST found no significant differ-
ences in ACTH, cortisol (plasma or salivary), or heart responses between these groups 
(Kudielka et al. 1999). This study also included a group of premenopausal women 
as a control, but there were no reported differences between the young and older

Fig. 18.2 Plasma cortisol response to a psychological challenge, calculated as area-under-the-
response-curve (AURC) in young (black bar, n = 10), older (light-gray bar, n = 12), and older-
fit (dark-gray bar, n = 11) women. The cortisol response was significantly greater in the older 
women compared to young and older-fit (p < 0.05). Reprinted from Traustadóttir et al. (2005), with 
permission from Elsevier 
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women in contrast to a subsequent study from the same laboratory (Kudielka et al. 
2004). The discrepancy between these two studies may potentially be due to the way 
the data were analyzed in the earlier study which treated the baseline values as a 
covariate, essentially losing the initial response to the challenge. 

Effects of Exercise on Stress Reactivity in Women 

Acute exercise is a potent stimulus of the neuroendocrine system, including cate-
cholamines and the HPA-axis response, with the magnitude of response related to the 
intensity and duration of the exercise bout (Hackney 2006; Hill et al. 2008). There 
appears to be a critical threshold of the relative intensity of 50–60% of maximal 
aerobic capacity (VO2 max) that must be exceeded before a rise in cortisol occurs 
(Farrell et al. 1983; Davies and Few 1973). The main effect of repeated bouts of 
exercise, as in regular training, in terms of the stress response is that the threshold of 
activation is higher (Buono et al. 1987). In other words, the work required to stimu-
late the same response after training as before is greater, and comparing an exercise 
response at the same absolute intensity pre- to post-training shows a lower response 
after an exercise intervention (Eliakim et al. 2013; Galbo 2001). These adaptations 
to training occur to a similar extent in older individuals (Korkushko et al. 1995). 

Acute Exercise 

A single bout of acute exercise leads to improved insulin sensitivity and greater 
resistance to oxidative stress, even 16 h after acute exercise (Weiss et al. 2008; 
Nordin et al. 2014). A related question of importance for understanding the bene-
ficial effects of exercise on lowering the risk for chronic diseases is whether acute 
exercise leads to increased psychosocial stress resilience for a period after the exer-
cise session. Rejeski et al. (1992) studied premenopausal women who were low to 
moderately fit. Subjects completed a psychosocial challenge comprised of Stroop 
color-word task and public speech on two occasions: with a 40-min exercise session 
at 70% of age-predicted maximal heart rate preceding the stress challenge and a non-
exercising control condition. The outcome variables were limited to heart rate and 
blood pressure measurements. The psychosocial stressor elicited significantly lower 
blood pressure responses when preceded by acute exercise compared to the control 
trial, but there were no differences in heart rate reactivity (Rejeski et al. 1992). A 
meta-analysis specifically on blood pressure responses to psychosocial stressors also 
concluded that acute exercise provided protection in form of lower hemodynamic 
reactivity (Hamer et al. 2006). Another study designed around this same research 
question included measures of salivary cortisol and sAA although the study cohort 
was limited to highly trained and sedentary young men (Zschucke et al. 2015). Due 
to the paucity of information on the effect of acute exercise, the results of this study
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are included here, and the reader can ponder whether these data would translate to 
women. The stress challenge used in this study was the MIST, and the response was 
tested approximately 90 min after an exercise bout that was performed at 60–70% 
of maximal aerobic capacity for 30 min and compared to a non-exercise control 
condition. The MIST following acute exercise elicited a significantly lower cortisol 
response as compared to the control trial in support of the hypothesis that acute exer-
cise can act as a stress buffer. There were no differences in sAA responses between 
trials (Zschucke et al. 2015). Additionally, the effects of acute exercise on subsequent 
response to a psychosocial stressor may be dependent on the intensity of exercise 
and the time frame between the exercise bout and the administration of the stress 
challenge (Alderman et al. 2007). 

In summary, there are limited data available to make a definitive conclusion on the 
effect of acute exercise on lowering subsequent stress reactivity and the mechanisms 
are unclear. Certainly, this appears to be an area that warrants further studying. 

Regular Exercise 

Regular exercise or training results in physiological adaptations where tolerance to 
an acute exercise stimulus is increased due to greater capacity. In the context of the 
HPA-axis response, these adaptations manifest in a lower pituitary-adrenal response 
at a given absolute workload (Galbo 2001; Buono et al. 1987; Eliakim et al. 2013). In 
addition, the maximal capacity of the adrenal gland is also increased with training, 
allowing for a greater response when appropriate such as very high-intensity exercise 
or prolonged duration (Luger et al. 1987; Kjaer 1992). Regular lifelong physical 
activity is associated with many health benefits, and recent data support that habitual 
exercise may protect older individuals from changes in diurnal endocrine rhythms 
and increased cortisol levels during periods of high stress (Heaney et al. 2014). 

The early studies on whether physical fitness is associated with a lower response 
to psychosocial stress were almost all designed around measuring cardiovascular 
and hemodynamic reactivity. The data demonstrate that physical fitness (measured 
by VO2 max, physical activity questionnaires, or activity monitoring) is generally 
associated with a blunted heart rate and blood pressure response to laboratory stress 
challenges. These studies have been reviewed extensively elsewhere, and the reader 
is referred to the following narrative and meta-analytic reviews: Crews and Landers 
(1987), Huang et al. (2013), Forcier et al. (2006). 

The studies that have been designed to test this hypothesis around measures of 
HPA-axis response have reported either a significant effect of fitness on attenuating 
the response or no difference between groups of different levels of physical fitness. Of 
these studies, only two have been conducted on women. Two other studies included 
both men and women but did not report separate analyses based on gender. These 
studies are reviewed in further detail below.
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Studies on Women 

Traustadóttir et al. (2005) were one of the first studies to show a significant effect 
of physical fitness on psychosocial stress resilience as demonstrated by significantly 
lower plasma cortisol response in older women who were physically fit (as measured 
by VO2 max) compared to age-matched unfit controls (see Fig. 18.2) in response to the 
MSRP. In contrast, Jayasinghe et al. (2016) found no differences in plasma cortisol 
or catecholamine responses to the TSST between fit and unfit women. Aside from 
the different challenges used in these studies, the cohorts differed in age. The former 
study compared postmenopausal women that were not on hormone replacement 
therapy (mean age 66 years), while the latter study compared premenopausal women 
(mean age 38–40 years) tested in the mid-follicular phase. 

Studies on Men and Women Combined 

Two studies that analyzed men and women grouped together found no effect of 
fitness on the HPA-axis response to psychosocial stress. One of those studies assessed 
physical activity levels through a questionnaire and defined exercisers as those who 
reported exercising ≥1x/week (Childs and de Wit 2014). They found no differences 
in salivary cortisol responses between the two groups who were comprised of young 
individuals (mean age 22 years). It could be argued that their definition of physical 
fitness is not rigorous enough and that may have minimized the chance of seeing 
differences between the groups. Another study assessed fitness levels by measuring 
VO2 peak and found no correlation with plasma ACTH or cortisol responses to the 
TSST (Arvidson and Jonsdottir 2015). Subjects in this study ranged in age from 20 to 
50 years. Interestingly, children who were more physically active as measured with 
an activity monitor exhibited lower salivary cortisol response to the TSST compared 
to their peers who were less physically active (Martikainen et al. 2013). 

Studies on Men 

Rimmele and colleagues completed two similar studies, one compared elite athletes 
to untrained (Rimmele et al. 2007) while the other compared three groups of young 
men; elite athletes, amateur athletes, and untrained (Rimmele et al. 2009). The sali-
vary cortisol response to the TSST was significantly lower in the elite athletes in both 
studies and in the latter, the other two groups did not differ. These data suggest that 
perhaps the effects of fitness on increasing stress resilience in young individuals is 
only seen in very high levels of fitness such as in elite athletes. In contrast, Zschucke 
et al. (2015) did not find differences between trained and sedentary in their salivary 
cortisol response to the MIST. They did however find a significant negative corre-
lation between VO2 max  levels and cortisol reactivity, supporting the idea of greater 
fitness leading to lower stress reactivity. It is worth noting that the average VO2 max  

levels reported for their sedentary group were 47.5 mL/kg/min which despite being
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significantly lower than their fit group would not be considered sedentary according 
to any norms. 

Summary of Studies on Regular Exercise 

Taken together, there are a few things that surface as possibilities for explaining the 
discrepancies in results. One explanation could be related to the age of the subjects. 
It is likely that the effects of fitness would be greater in individuals that have compro-
mised stress resilience, and therefore, the effects would be more readily seen when 
fitness is layered onto aging. This is analogous to the effect of exercise training 
on blood pressure. Exercise training lowers blood pressure, but only in individuals 
with hypertension and not in normotensive individuals. If we consider healthy young 
individuals to have appropriate or normal stress responses, then there is no reason to 
expect physical fitness to change the response. Alternatively, there may be a higher 
threshold of fitness needed in the young to actually see an effect, as seen by the 
differences in elite athletes versus fit young men (Rimmele et al. 2009). Finally, as 
men generally show greater stress reactivity to a psychosocial stressor such as the 
TSST compared to women, the effects of fitness may be more pronounced in men 
than women—although this has not been compared to date. 

Conclusions and Future Directions 

Stress reactivity is clinically relevant because of the association with risk for 
many chronic diseases such as cardiovascular disease, diabetes, osteoporosis, and 
Alzheimer’s disease. Stress-related cortisol secretion is positively correlated with 
risk factors for these diseases such as visceral obesity, metabolic dysregulation, 
hypertension, and cognitive dysfunction (Bjorntorp 1997, 1999; Rosmond et al. 
1998; Brindley and Rolland 1989; Stoney et al. 1987). While the understanding of 
factors that affect stress reactivity and stress resilience has increased and the studies 
have become more standardized in terms of challenges used and outcome variables 
measured, there is still much work to be done especially on whether lowering of 
stress reactivity translates to lower disease risk. There is a need for more studies 
on women, in particular older women. It also would be beneficial if more studies 
would employ specific analyses of recovery after a peak response as that may be 
more informative regarding stress resilience and therefore more relevant to health. 

In order to really understand whether exercise increases psychosocial stress 
resilience, we need randomized controlled trials (RCT) with successful exercise inter-
ventions and comparison to non-exercising control groups. The obstacle has been 
that psychosocial laboratory stressors often are not conducive to repeated testing due 
to habituation or desensitization. To my knowledge, there has only been one exercise 
intervention study completed that measured cortisol responses to a laboratory stressor 
(Klaperski et al. 2014). This study used a version of the TSST adapted for groups
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(von Dawans et al. 2011), and the challenge stimulated a significant increase in sali-
vary cortisol and heart rate at both measurement times, before and after a 12-week 
intervention. Cortisol reactivity was attenuated in both the endurance training group 
and the relaxation group, while there was no change in the control group (Klaperski 
et al. 2014). These results are promising for future studies and need to be replicated 
in women. 
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Chapter 19 
Exercise, Depression–Anxiety Disorders, 
and Sex Hormones 

Shannon K. Crowley 

Introduction 

Research has consistently shown that sex differences exist across many mental health 
disorders. In general, women have a higher prevalence of most affective disorders, 
whereas men have higher rates of substance use disorders (Kendler and Gardner 
2014; Kessler et al. 1993). Depression, now considered to be the leading cause of 
global disability (World Health Organization 2020), is twice as common in women 
compared to men Labaka et al. (2018). Additionally, the prevalence of anxiety disor-
ders is approximately twice as high in women, compared to men (Young and Pfaff 
2014; Green et al. 2018). The precise mechanisms underlying sex differences in 
depression and anxiety rates are currently unknown; however, observations that the 
risk for depressive and anxiety disorders appears to be higher during certain periods 
of a woman’s life including, puberty, the reproductive years, and the menopause tran-
sition (Soares and Zitek 2008) suggest that fluctuations in female hormone status may 
play a role. Additionally, chronic stress, early-life adversity, and negative cognitive 
styles are more common in women than in men (Dunn et al. 2012; Matud 2004) and 
may also contribute to sex differences in depression and anxiety disorder prevalence. 
Considering that chronic stress has been consistently and strongly associated with 
the precipitation and exacerbation of depressive and anxiety disorders (Brilman and 
Ormel 2001; Mundy et al. 2015; Eiland and McEwen 2012), heightened sensitivity 
to stress during periods of reproductive hormone change (Slentz et al. 2004) may be 
one pathway by which susceptibility to depression and anxiety disorders is higher in 
women than in men. 

Low levels of physical activity have been consistently observed in individuals with 
depression and/or anxiety disorders (Daumit et al. 2005; Goodwin 2003; Teychenne
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and York 2013; Dugan et al. 2015). This association appears to be even stronger 
in women with depressive and anxiety disorders (Goodwin 2003). It is possible 
that mental health symptomatology (e.g., low motivation, lethargy, depressed mood, 
anhedonia, etc.) may impede the initiation and motivation to engage in physical 
activity in affected individuals (Leventhal 2012). To date, however, there has been 
limited study of the influence of reproductive-related mood and anxiety disorders on 
participation in physical activity. 

Literature reviews maintain that exercise compares favorably to antidepressant 
medications as a first-line and/or adjuvant treatment for mild to moderate depression 
in adults (Mead et al. 2009; Lawlor and Hopker 2001; Byrne and Byrne 1993), and 
studies suggest that participation in physical activity may be protective against the 
development of mood and anxiety disorders (Kritz-Silverstein et al. 2001; Jacka et al. 
2011; Harvey et al. 2018; McDowell et al. 2019; Rothon et al. 2010; Guintivano et al. 
2018). The protective and treatment effects of physical exercise for depression and 
anxiety might be mediated through the positive impact of exercise on fundamental 
psychological processes of affective dysregulation (e.g., emotion regulation, mood), 
stress-processing systems, and/or comorbid conditions (e.g., sleep problems). This 
chapter aims to provide an overview of women’s reproductive-related mood disor-
ders, the role of sex hormones in the development and maintenance of women’s 
reproductive-related mood disorders, and the associations among physical activity 
and women’s reproductive-related mood disorders. 

Women’s Reproductive-Related Mood Disorders 

Reproductive-related mood disorders in women consist of psychiatric disorders 
whose etiology and pathophysiology are linked to reproductive-related processes. 
With regards to reproductive-related depressive disorders, it is important to note 
that anxiety-like features are often the predominant presenting symptoms (Yonkers 
1997; Wisner et al.2010; Falah-Hassani et al. 2016). Consequently, studies indicate 
that women have a greater propensity to develop comorbid anxiety and depression, 
compared to men (Angst and Vollrath 1991; Breslau et al. 1995; Howell et al.  2001; 
Yonkers 1997). There is evidence that psychosocial stressors (e.g., early-life adver-
sity, chronic stress, low social support) may play a large role in the development of 
women’s reproductive-related mood disorders (Crowley et al. 2015a; Gordon et al. 
2015; Kendler and Gardner 2014; Girdler et al. 2003; Girdler et al. 2003), perhaps 
by increasing sensitivity to stress during hormone-mediated events (Albert et al. 
2019; Gordon et al. 2016; Hodes et al. 2019; Schmidt et al. 2004; Schmidt and 
Rubinow 2009; Schiller et al. 2015). Research also suggests that some women may 
be differentially sensitive to changes in gonadal steroid hormones, including estrogen 
and progesterone (PROG) (Schiller et al. 2015; Soares and Zitek 2008), increasing 
vulnerability to the development of mood disorders during periods of gonadal steroid 
hormone flux. The increased prevalence of depression in women during periods of 
reproductive hormone change suggests a potential role of gonadal steroid hormones,
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perhaps via their interactions with behavior-modulating physiological systems, in 
the development and maintenance of depression and anxiety disorders. 

Menstrually Related Mood Disorders (MRMDs) 

Menstrually related mood disorders (MRMDs), including premenstrual syndrome 
(PMS) and pre-menstrual dysphoric disorder (PMDD), are characterized by the 
cyclic recurrence of emotional and physical symptoms during the luteal phase of 
the menstrual cycle that remit with the onset of menses. Epidemiological evidence 
suggests that, during their reproductive years, 20–25% of women exhibit clinically 
relevant PMS, and approximately 5–8% of women meet diagnostic criteria for PMDD 
(Ismaili et al. 2016). Affective (mood lability, irritability, anxiety/tension, depressed 
mood) and physical (breast tenderness/swelling, joint/muscle pain, bloating) symp-
toms associated with MRMDs may significantly interfere with occupational, 
academic, and social activities (Bloch et al. 1997; Borenstein et al. 2005; Ekholm 
and Backstrom 1994; Heinemann et al. 2012). 

PMDD, the most severe form of an MRMD, results in luteal phase impairment 
equivalent to that of major depression, panic disorder, and post-traumatic stress 
disorder (PTSD) (Freeman and Sondheimer 2003; Halbreich et al. 2003). The DSM-
V diagnosis of PMDD is based upon a pre-menstrual pattern of at least five physical, 
affective, and/or behavioral symptoms that are associated with significant distress or 
interference in role or social functioning, with the requirement that at least one of the 
key affective symptoms must be: (1) marked affective lability (mood swings, tearful-
ness, sensitivity to rejection); (2) marked irritability or anger; (3) marked depressed 
mood; or (4) marked anxiety or tension (American Psychiatric Association 2013). 
Less severe than PMDD, PMS encompasses the cyclic recurrence of pre-menstrual 
symptoms with minimal impairment or distress (the presence of a mood symptom is 
not required for the PMS diagnosis) (Freeman 2003; Kessel 2000). 

Hormonal regulation of the ovarian cycle in premenopausal women is charac-
terized by a complex interaction of luteinizing hormone (LH), follicle-stimulating 
hormone (FSH), estrogen, and PROG (see Chap. 1). Menstruation marks the first day 
of the follicular phase, characterized by low and steady levels of PROG and estradiol 
(Farage et al. 2009). The ovulatory phase begins with a surge in LH and FSH, peak 
estrogen levels, and increasing PROG levels (Farage et al. 2009). Ending the cycle, 
the luteal phase is characterized by decreasing LH and FSH levels and peak PROG 
production from the corpus luteum (Gandara et al. 2007; Farage et al. 2009). It is 
important to note that inter- and intraindividual variations can exist across cycles, 
including occurrence of some non-ovulatory cycles (Metcalf 1983; Metcalf et al. 
1983). 

The etiology of MRMDs is currently unknown; however, it has been suggested 
that some women may be differentially sensitive to changes in gonadal steroid fluc-
tuations occurring during the ovarian cycle, increasing risk for the development 
of pre-menstrual symptoms (Bixo et al. 2015; Schiller et al. 2014; 2014; Lentz
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et al. 2007). Research suggests that luteal phase changes in reproductive hormones, 
perhaps particularly their neuroactive steroid derivatives (of which allopregnanolone 
is the most widely studied), may trigger affective dysregulation in susceptible women 
(Bixo et al. 2015; Hantsoo et al. 2020; Schiller et al. 2014). It is also possible that 
sex steroid fluctuations across the ovarian cycle may modulate other neurobiological 
processes implicated in affective regulation including serotonin availability (Eriksson 
et al. 2008;Hantsoo et al.  2015; Hindberg and Naesh 1992; Kikuchi et al. 2010), circa-
dian rhythms (Parry et al. 2011; Shechter et al 2012), neuronal growth factors such 
as brain-derived neurotrophic factor (BDNF; Cubeddu et al. 2011; Pluchino et al. 
2009), hypothalamic–pituitary–adrenal-axis (HPA-axis) regulation (Beddig et al. 
2019; Crowley and Girdler 2014; Kirschbaum et al. 1999; Kulkarni et al. 2022), 
and immune system function (Faas et al. 2000; Oertelt-Prigione 2012). Increased 
sensitivity to changes in the reproductive hormone environment, in some women, 
may stem from a complex interplay of genetic (Huo et al. 2007; Kendler et al. 
1992), physiological (Masho et al. 2015), and psychosocial (e.g., early life adversity, 
chronic stress) factors (Bertone-Johnson et al. 2014; Kulkarni et al. 2022; Crowley  
et al. 2015a). 

Perinatal Depression 

Perinatal depression, including antepartum depression (APD) and postpartum 
depression (PPD), describes a wide range of mood disorders that can affect women 
during pregnancy and after childbirth. Despite the classification of “perinatal depres-
sion,” many women with the disorder experience symptoms of anxiety, mood lability, 
ruminative thoughts, panic attacks, and obsessive thoughts (particularly related to 
infant well-being; O’Hara and Wisner 2014; Putnam et al. 2017; Wisner et al. 2013; 
Reck et al. 2008). The prevalence of APD is estimated at 10–20 % of childbearing 
women (Breedlove and Fryzelka 2011), and PPD is estimated to affect between 10 
and 20 % of childbearing women (Gavin et al. 2005; O’Hara and McCabe 2013; 
O’Hara and Wisner 2014; Shorey et al. 2018). According to the DSM-V, PPD is 
defined as the onset of depressive symptoms during pregnancy or within 4 weeks of 
delivery (American Psychiatric Association 2013). However, some research suggests 
that some women may experience late onset PPD up to a year post-delivery (de 
Moraes et al. 2017; Stuart-Parrigon et al. 2014; Tebeka et al. 2021). 

The DSM-V diagnosis of major depressive disorder (MDD) with “peripartum” 
specifier (perinatal depression) requires the presentation of five of the following nine 
symptoms most of the day, nearly every day for at least a 2 week period: (1) depressed 
mood, (2) marked diminished interest or pleasure in all, or almost all, activities, 
(3) significant weight loss or weight gain, or a decrease or increase in appetite, (4) 
insomnia or hypersomnia, (5) psychomotor agitation or psychomotor retardation, (6) 
fatigue or loss of energy, (7) feelings of worthlessness or excessive or inappropriate 
guilt, (8) cognitive difficulties such as diminished ability to think/concentrate, or 
indecisiveness, and (9) recurrent thoughts of death or recurrent suicidal ideation. To
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meet the diagnostic criteria for perinatal depression, the defining symptoms must 
represent a change from previous functioning and have had onset during pregnancy 
or within four weeks of delivery (American Psychiatric Association 2013). 

The precise psychological, social, and biological factors which may help to iden-
tify and treat women with perinatal depression are still being understood. Several 
factors may be associated with increased risk for the development of depression 
and anxiety during pregnancy and the postpartum period, including: (1) a previous 
history of psychiatric disease; (2) a family history of psychiatric disease; (3) a history 
of chronic stress, anxious, and depressive symptoms during pregnancy; and (4) low 
social support (Guintivano et al. 2018; O’Hara and Wisner 2014; Verreault et al. 2014; 
Falah-Hassani et al. 2016). In addition, disturbed sleep has been associated with both 
depressed mood (Emamian et al. 2019; Okun et al. 2013; Okun 2015; Osnes t al. 
2021; Skouteris et al. 2008) and stress during pregnancy (Okun et al. 2013) and has 
also been shown to be a potential predictor of depressive mood postpartum (Okun 
et al. 2013; Goyal et al. 2009; Bei et al. 2010; McEvoy et al.  2019). Underlying 
biological processes which may be associated with these behavioral risk factors for 
perinatal depression include HPA-axis dysregulation, inflammatory processes, and 
genetic vulnerabilities (Crowley et al. 2016; Glynn et al. 2013; Garfield et al. 2015; 
Guintivano et al. 2015; Posillico and Schwarz 2016; Barth et al. 2015). Treatment 
of perinatal depression is essential, considering the potential negative impacts of 
perinatal depression on both maternal and child health outcomes (Schiller et al. 
2015). 

Reproductive steroid hormones (such as estrogen and PROG) have been impli-
cated in the etiology and pathophysiology of perinatal depression, and this is thought 
to be due to heightened sensitivity, in some women, to the substantial and rapid 
changes in gonadal steroid hormone concentrations that occur during the perinatal 
period (particularly after delivery) (Mehta et al. 2019; Schiller et al. 2015). Indeed, 
both human and animal studies have suggested that gonadal steroid hormones, and/or 
their neuroactive steroid derivatives, may be linked to key physiological processes 
underlying affective regulation, including modulation of the HPA axis, facilitation of 
neuroplasticity, and regulation of immune processes (McEwen 2002; Crowley et al. 
2016 ; Pluchino et al. 2013; Morrow et al.  1995; Kipp et al. 2012; Maki et al. 2019). 

Depression During the Menopause Transition 
(Perimenopausal Depression) 

Cross-sectional studies of midlife women indicate that women in the 40- to 55-
year age group are more likely to report depressive symptoms than premenopausal 
and postmenopausal women (Soares and Almeida 2001; Avis et al.  2001; Denner-
stein et al. 2004); however, prevalence rates for mood and anxiety disorders during 
the menopause transition are difficult to ascertain, in part due to the variability
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in how women biologically and psychosocially experience the menopause tran-
sition. Additionally, there is substantially less research in this area compared to 
other reproductive-related disorders (such as PMDD and perinatal depression). Some 
research has suggested that women may be at increased risk for the development of 
mood and anxiety disorders during the menopause transition (Gordon et al. 2012; 
Maki et al. 2019), particularly if there is a history of psychiatric disease (Freeman 
2010; Willi et al. 2021). Yet even in women without a previous history of depression, 
the transition to menopause appears to confer some heightened risk for the develop-
ment of new onset depression (217), and mood disturbances during this period are 
commonly reported (Caruso et al. 2019; Natari et al. 2018). 

Research suggests that a previous and/or family history of psychiatric disease, 
poor sleep, stressful or negative life events, lack of employment, higher body mass 
index (BMI), smoking, younger age, race (prevalence rates of depression during the 
menopause transition are substantially higher in African American women) and a 
history of reproductive-related mood disorders (e.g., PMDD, PPD) may be associated 
with increased risk for the development of mood disturbances during the menopause 
transition (Colvin et al. 2021; Epperson et al. 2017; Gibbs et al. 2014; Gibbs and 
Kulkarni 2014; Willi et al. 2020). Evidence that women with a history of reproductive-
related mood disorders (e.g., pre-menstrual syndrome, postpartum depression) are 
at elevated risk for the development of depression during the menopause transition 
suggests, at least in part, a hormonally mediated pathophysiology. 

Typically occurring between the ages of 45 and 49, the menopause transition lasts 
an average of 5 years and is characterized by increased variability in menstrual cycles 
(with long cycles becoming more common as the menopause transition progresses), 
skipped cycles, and changes in hormone levels including estrogen, PROG, and FSH 
(Burger et al. 2001). It is important to note that there are substantial individual 
differences in hormone patterns during the menopause transition (Santoro et al. 
2004). However, most women experience an increase in FSH levels; a decline in 
luteal phase (prior to menses) PROG (Gordon et al. 2015); erratic changes in estra-
diol (the most prevalent endogenous estrogen) concentrations, including elevated 
estradiol (compared to premenopausal levels), which coincide with the increasing 
frequency of anovulatory cycles (O’Connor et al. 2009); and eventual cessation of 
estradiol and PROG production (Schmidt and Rubinow 2009). Longitudinal studies 
have suggested that these perimenopausal changes in reproductive function may be 
associated with an increased risk of depression in susceptible women (Freeman et al. 
2014; Gordon et al. 2015; Cohen et al. 2006; Schmidt et al. 2004). 

Though the precise biological underpinnings of depression during the menopause 
transition are still under investigation, findings that depression prevalence appears to 
increase concurrent to changes in reproductive hormones (including elevated FSH 
and diminished estradiol and PROG) during the menopause transition (Schmidt et al. 
2021), combined with the efficacy of estradiol therapy in the acute treatment of 
depression during this period (Gordon et al. 221; Schmidt et al. 2015; de Novaes 
Soares et al. 2001), suggest that risk for depression during the menopause transition 
is likely influenced by changes in reproductive-related steroid hormones. It has been
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suggested that susceptible women may experience heightened sensitivity to environ-
mental stressors during periods of hormonal fluctuation (including the menopause 
transition), thus increasing risk for the development of mood disorders during this 
time (Gordon et al. 2015, 2016). Additionally, endocrine events during the menopause 
transition have been associated with increased prevalence of somatic complaints 
including vasomotor symptoms (e.g., hot flushes, night sweats) and sleep distur-
bances (Brown et al. 2002; Dennerstein et al. 2000; Kravitz et al. 2008), which may 
precipitate or exacerbateperimenopausal depressive disorders (Chung et al. 2018; 
Joffe et al. 2002; Gallicchio et al. 2007; Chung et al. 2018; Bromberger et al. 2016). 

Physical Activity and Women’s Reproductive-Related Mood 
Disorders 

Regular participation in physical activity may offer women a non-pharmacological 
means to help relieve depressive and anxious symptoms. For example, regular phys-
ical activity has been shown to have salutary effects on core symptoms of depres-
sion and anxiety disorders including sleep problems (Herring et al. 2015; Kline 
2014; Rubio-Arias et al. 2017; Wang et al. 2018), fatigue (McDowell et al. 2019; 
Tomlinson et al. 2014), depressed mood (Da Costa et al. 2009; Lawlor and Hopker 
2001; Mata et al.  2013; 229; Paolucci 2018), anxious symptoms (Petruzzello et al. 
1991; Bennie et al. 2019), and cognitive difficulties (Hopkins et al. 2012; Bherer 
et al. 2014; Dauwan et al. 2021). Several mechanisms have been proposed to explain 
the antidepressant and anxiolytic effects of regular physical activity and exercise, 
including: (1) increased availability of neurotransmitters including serotonin and 
dopamine; (2) positive effects on HPA-axis reactivity to stressors; (3) enhanced 
neuroplasticity; and (4) reduced systemic inflammation (Kandola et al. 2019; Tsat-
soulis and Fountoulakis 2006; Tomlinson et al. 2014). Considering that reproductive 
hormone fluctuation may confer risk for the development of mood and anxiety disor-
ders via increased sensitivity to environmental stressors, the potential for exercise to 
prevent or treat affective disorders during reproductive states might involve adapta-
tions resulting from regular physical exercise training which also positively impact 
physiological adaptations to psychological stressors. Despite the potential positive 
impact of exercise training on affective regulation, symptoms associated with depres-
sion and anxiety disorders may impede the initiation and motivation to engage in 
physical activity in affected individuals (Leventhal 2012; McDevitt et al. 2006). This 
may be particularly salient to reproductive-related mood disorders, which are also 
associated with heightened somatic and pain-related symptoms (Bunevicius et al. 
2013; Wang et al. 2003; Straneva et al. 2002; Joffe et al. 2002; Kaiser et al.  2018).
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Relationships BetweenPhysical Activity and Menstrually 
Related Mood Disorders 

It has long been suggested that participation in regular physical activity may help 
to ameliorate pre-menstrual symptoms associated with MRMDs. Indeed, regular 
physical activity and exercise are often recommended by healthcare providers for 
pre-menstrual symptom management (Appleton et al. 2018; Kraemer and Kraemer 
1998). However, epidemiological studies of the association between regular physical 
activity and pre-menstrual symptoms have produced mixed results. Several studies 
have reported a reduction in pre-menstrual symptoms in physically active women, 
while other studies have reported either negative effects or no association (Aganoff 
and Boyle 1994; Choi and Salmon 1995; Kroll-Desrosiers et al. 2017; Freeman et al. 
2003; Johnson et al. 1995; Rasheed and Al-Sowielem 2003; Samadi et al. 2013). 
Studies which have employed a physical activity-based intervention for the treat-
ment of MRMDs have reported reductions in PMS-related symptomatology, though 
these studies have important methodical limitations, including small sample sizes, 
and failure to control for important covariates (including BMI; Samadi et al. 2021; 
Steege and Blumenthal 1993; Stoddard et al. 2007). A recent meta-analytic review 
of randomized controlled trials of exercise for PMS found that exercise significantly 
reduced symptoms of PMS, though the study authors also noted that significant 
heterogeneity existed among the fifteen RCTs included in the analysis (2020). 

The biopsychosocial mechanisms by which PA may be protective against the 
development of depression and anxiety not related to reproductive events may also 
confer protection against the development of MRMDs in susceptible women. For 
example, the notable central and peripheral physiological stress responses to exercise 
have led to the theory of “cross-stressor adaptation,” which posits that physiological 
adaptations resulting from physical training may also result in physiological adap-
tations to psychological stressors (Sothmann et al. 1996). In line with this concept, 
some studies have shown that exercise training and/or cardiovascular fitness (CRF) 
may decrease sympathetic nervous system (SNS) (Spalding et al. 2004; Anshel 1996; 
Rimmele et al. 2009) and HPA-axis activity (Rimmele et al. 2007, 2009) in response 
to psychological stressors. It is important to note that clinical populations (e.g., indi-
viduals with diagnosed depression or anxiety) were not included in these studies, and 
differences (compared to healthy matched subjects) in baseline and stress-induced 
cortisol levels in individuals with depression and anxiety disorders have been reported 
(Burke et al. 2005; Sousa-Lima et al. 2019). Related, a recent randomized controlled 
trial which investigated the effect of a six-week moderate intensity aerobic exercise 
program on cortisol stress reactivity in individuals with diagnosed MDD found no 
significant difference in cortisol reactivity to a laboratory-based psychosocial stressor 
between patients who completed the aerobic exercise intervention and those in the 
control condition (Gerber et al. (2020). It is important to note that this small study 
included both men and women, and menstrual cycle phase was not controlled for, 
nor included as a covariate in this study. Whether stress reactivity in women with 
depressive or anxiety disorders might be differentially affected (compared to healthy
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controls) by exercise training will require more investigation. Nevertheless, consid-
ering the strong correlation between chronic stress and the development of MRMDs 
and the potential for exercise training to positively modulate physiological stress 
reactivity to psychosocial stressors, it is possible that exercise training may help to 
prevent or treat MRMDs by attenuating the negative physiologic effects of stress. 

There are other plausible biological mechanisms by which exercise could reduce 
MRMD symptoms. For example, some studies suggest that exercise training may 
influence levels of gonadal steroid hormones including estrogen and PROG (Ennour-
Idrissi et al. 2015; Crowley et al. 2015b; Stoddard et al. 2008). The concept that 
exercise training may impact circulating steroid hormone levels in reproductive 
aged women and, in so doing, reduce the adverse cyclic symptoms associated with 
MRMDs is an intriguing, yet understudied phenomena. The plausibility of exercise 
training, through its modulatory effects on gonadal steroid hormones, to reduce 
depressive symptoms in women with MRMDs is supported by evidence which 
suggests that menstruating athletes with anovulatory menstrual cycles and low steroid 
hormone levels exhibit reduced menstrual cycle symptomatology (Shangold et al. 
1990). In addition, shorter luteal phases during the menstrual cycle have been shown 
to correlate with low serum LH, FSH, estrogen, and PROG levels in female athletes 
(Shangold 1982; Prior et al. 1982; Shangold et al. 1979), and experimental evidence 
suggests that, in women with a history of PMDD, pharmacologically induced ovarian 
suppression eliminates PMDD symptoms while hormone (estradiol and PROG) 
addback precipitates symptom return (Schmidt et al. 1988). Whether moderate exer-
cise training may alleviate cyclic depressive symptoms in women via modulatory 
effects on reproductive steroid hormone levels has not yet been investigated. 

Obesity (which is highly correlated with physical inactivity) has also been asso-
ciated with increased risk for the development of MRMDs (Bertone-Johnson et al. 
2010; Masho et al. 2005). For example, a large cross-sectional study by Masho et al. 
(2005) found that women with a BMI ≥ 30 had nearly a threefold increased risk for 
a MRMD, compared to non-obese women [odds ratio (OR ) = 2.8 (95 % CI = 
1.1–7.2)], and a study by Bertone-Johnson et al. (2010) found that, during a ten-year 
follow-up of 1057 women, every 1 kg/m2 increase in BMI was associated with a 
3% increase in PMS risk. Considering that regular physical activity and exercise are 
key tools for weight management, it is possible that participation in regular physical 
activity may be protective against the development of MRMDs via its positive effects 
on body fat. 

Though aerobic exercise may be effective at relieving symptoms of MRMDs, 
participation in exercise requires motivation to engage in physical activity during a 
period of time when MRMD symptoms may limit the desire to engage in phys-
ically active behaviors. As such, the initiation and maintenance of a physical 
activity program may be especially difficult for women with MRMDs. Epidemi-
ological studies have found reduced physical activity levels in women with MRMDs 
(including PMS and PMDD), compared to women without MRMDs (Morino et al. 
2016; Seedhom et al. 2013), and a recent study of 232 female collegiate athletes found 
that pre-menstrual symptoms such as difficulty concentrating and fatigue/lack of 
energy negatively impacted athletic performance (Takeda et al. 2015). More research
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is needed to determine whether the impairing symptoms of MRMDs adversely impact 
the ability to participate in exercise training. 

Relationships Between Physical Activity and Perinatal 
Depression 

Regular participation in physical activity (PA) has been shown to improve maternal 
cardiovascular fitness (Melzer et al. 2010; Nascimento et al.2010; Price et al. 2012), 
reduce adverse maternal obstetric complications and improve fetal/infant health 
outcomes (Joy et al. 2013; Currie et al.  2013; da Silva et al. 2017; The International 
Weight Management in Pregnancy (i-WIP) Collaborative Group 2017), reduce post-
partum weight retention (da Silva et al. 2017; Joy et al. 2013), and improve maternal 
mood in euthymic perinatal women (Demissie et al. 2011; Sanchez-Polan et al. 
2021; Takahasi et al. 2013). Non-pharmacological treatments (including exercise) 
for perinatal depression may be particularly favored by women who have concerns 
about possible adverse effects of antidepressant medications on the developing fetus 
or newborn. To date, however, little is known regarding the modality, intensity, or 
appropriate duration of PA interventions for the treatment of perinatal depression. 
Evidence suggests an inverse association between regular participation in PA (either 
pre-pregnancy or during pregnancy or postpartum) and the presence of postpartum 
depressive symptoms (Teychenne and York 2013). However, the majority of studies 
which have investigated physical activity interventions for the treatment of perinatal 
depression have been conducted on non-clinical samples (women without depres-
sion at study baseline), with risk for PPD as an outcome. For example, results from a 
recent meta-analysis of 17 available studies (representing 93,676 women) indicated 
a small effect size [SMD=−0.22 (95% CI−0.42 to−0.01), p=0.04)] for PA during 
pregnancy to significantly reduce risk of PPD (Nakamura et al. 2019). However, inter-
pretations of these data warrant caution due to methodological limitations including 
the use of non-clinical samples, significant heterogeneity between studies, and large 
variability in PPD outcome measures. Indeed, many studies in this area fail to report 
key components of PA interventions including intensity, modality, and/or duration of 
sessions (Teychenne and York 2013), and participant attrition was reported to be high 
in multiple studies, which may limit the generalizability of some of these studies for 
perinatal populations. 

Fewer studies have investigated the effect of exercise on perinatal depression or 
perinatal depressive symptoms in women exhibiting perinatal depression or perinatal 
depressive symptomology at study baseline. In an RCT by Daley et al. (2015b), 94 
participants who met the Edinburgh Postnatal Depression Scale (EPDS) score of 13+ 
(indicative of PPD) were randomized to 6 months of moderate intensity facilitated 
home-based aerobic exercise 3–5 days/week vs. 6 months of standard care (Daley 
et al. 2015b). In this study, the exercise intervention resulted in significantly reduced 
EPDS scores (mean difference: − 2.26, p = 0.03; after controlling for baseline EPDS



19 Exercise, Depression–Anxiety Disorders, and Sex Hormones 447

score and demographic covariates), compared to the control (standard care) group. 
In addition, Daley and colleagues found that significantly more women in the exer-
cise training group exhibited EPDS scores indicative of recovery (EPDS scores < 
13) than women in the standard care condition, suggesting that exercise training 
may have salutary effects on postpartum depressive symptoms in women with PPD. 
In support of this concept, results from a recent meta-analysis of six RCTs (where 
study participants met PPD criteria, as assessed via the EPDS, at baseline) suggested 
a moderate effect for exercise interventions to reduce postpartum depressive symp-
toms (Poyatos-Leon et al. 2017). Additionally, a recent meta-analysis of the effect 
of walking interventions on PPD (including five RCTs and 242 total participants 
who met PPD criteria as assessed via the EPDS) found that, compared to matched 
control participants, walking interventions yielded significant decreases in mean 
EPDS scores from baseline (SMD = −  4.01; 95% CI: − 7.18 to − 0.84) (Pentland 
et al. 2021). Taken together, evidence suggests that physical activity interventions 
may be beneficial for reducing depressive symptoms in women with PPD, but more 
research is needed in this area. 

Current American College of Obstetricians and Gynecologists recommenda-
tions suggest that, in the absence of medical or obstetric complications, perinatal 
women can follow the current Centers for Disease Control and Prevention and Amer-
ican College of Sports Medicine recommendations for participation in moderate to 
vigorous physical activity (MVPA) for 30 min or more on most, if not all, days of the 
week (2002). However, epidemiological evidence suggests that ~70 % of pregnant 
women are inactive (Evenson et al. 2004) and that participation in PA declines across 
gestation (Hausenblas and Downs 2005; Schmidt et al. 2006) and the postpartum 
period (Pereira et al. 2007). Interestingly, this occurs even though, physiologically, 
most healthy women have the capacity to perform exercise at moderate to vigorous 
levels exist throughout gestation (Watson et al. 1991). 

The precise biological mechanisms by which exercise may help to reduce or 
prevent perinatal depression have not yet been elucidated, but may involve similar 
physiological and psychological adaptations which have been shown to be beneficial 
for non-perinatal depression (e.g., positive modulation of stress-responsive systems). 
Considering that exercise is also a physiologic and psychological stressor (Hackney 
2006) and depression has been associated with disruption in stress-processing 
systems, examination of the safety and efficacy of PA interventions for women with 
perinatal depression may be particularly important. For example, research suggests 
that women exhibit different physiologic and psychological responses to stress across 
gestation (Christian 2006), and that these responses may be modified by the pres-
ence of a depressive or anxiety disorder (Evans et al. 2008). Therefore, in addition 
to exercise intensity, the timing of exercise initiation (e.g., prior to pregnancy or 
during certain gestational stages) may be an important consideration for women 
with perinatal depression.
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Relationships Between Physical Activity and Affective 
Disorders During the Menopause Transition 

There are limited data regarding exercise as a treatment for depression during 
the menopausal transition. Several RCTs have investigated the efficacy of aerobic 
exercise training in improving mental health and quality of life in euthymic peri-
menopausal and postmenopausal women (Luoto et al. 2012; Reed et al. 2014; 
Mansikkamaki et al. 2012). Though these studies found that aerobic exercise training 
produced the modest improvements in negative symptoms during midlife (including 
mood swings, irritability, vasomotor symptoms, sleep difficulties, and depressed 
mood), the use of non-clinical samples and varied midlife periods limits the ability 
to generalize these studies to women with mood and anxiety disorders during 
the menopause transition. One prospective population-based study of 2891 midlife 
women participating in the Study of Women’s Health Across the Nation (SWAN) 
investigated the longitudinal relationship between regular participation in physical 
activity [assessed via the Kaiser Physical Activity Survey, a self-administered ques-
tionnaire which asks about PA in the past year, and assesses PA in four domains: 
(1) sports/exercise, (2) active living, (3) occupational, and (4) household/caregiving] 
and the development of depressive symptoms [assessed via the 20-item Center for 
Epidemiological Studies Depression Scale (CES-D)] (Dugan et al. 2015). Dugan and 
colleagues found that participation in physical activity at the public health guide-
lines recommended dose of 150 min of moderate-intensity PA weekly (Haskell et al. 
2007) was associated with lower levels of depressive symptoms over a ten-year 
period in midlife women during the menopause transition. Several recent cross-
sectional studies of the association between physical activity and perimenopausal 
depression also suggest that regular physical activity and exercise may be associated 
with reduced depressive symptoms during the menopause transition. For example, a 
recent study by Bondarev et al. (2020) found that in early perimenopausal women, 
depression scores on the CES-D were significantly lower in women with high levels 
of self-reported leisure time PA, compared to women with medium and low levels 
of leisure time PA (Bondarev et al. 2020). Another recent cross-sectional study by 
Aparicio et al. (2019) found a similar inverse relationship between self-reported 
physical fitness and depressive and anxious symptoms in perimenopausal women 
(Aparicio et al. 2019). This study suggests a possible protective role for PA on the 
development of depression during the menopause transition. 

The extent to which exercise may have a positive impact on core impairing 
menopausal symptoms, and subsequent mental health, in women during the 
menopause transition is not known, although there are reasons for assuming that 
exercise may be beneficial. There are a limited number of RCTs that have investi-
gated the effect of exercise on core symptoms of the menopausal transition that have 
been linked to increased risk for depression (including vasomotor symptoms and 
sleep disturbances)(Brown et al. 2009; Natari et al. 2018). Those that have investi-
gated effects of exercise on menopausal symptoms, for example, have found weak 
associations, or failed to find significant differences in core menopausal symptoms
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between perimenopausal women who participated in moderate- to vigorous-intensity 
aerobic exercise interventions and matched controls (Aparicio et al. 2017; Sternfeld 
et al. 2014; Daley et al. 2015a). To date, there is insufficient evidence that PA alleviates 
vasomotor symptoms in midlife women. However, there is some limited evidence 
that exercise training may be beneficial for sleep disturbances (which are commonly 
associated with depression) in middle-aged and menopausal women (Mansikkamaki 
et al. 2012; Kline et al. 2017; Rubio-Arias et al. 2017). Whether exercise training 
may help to alleviate depressive symptoms during the menopause transition via 
improvements in vasomotor symptoms and sleep disturbances remains to be fully 
explored. 

Summary 

The complex relationships among reproductive steroid hormones and the develop-
ment and maintenance of affective disorders across the female lifespan are still being 
elucidated, and there remain many unanswered questions regarding the role of exer-
cise in these associations. Physical activity may serve as a unique opportunity to 
help women cope with the multiple somatic, sleep-related, and mental health symp-
toms associated with fluctuating levels of reproductive steroid hormones. However, 
more research is needed in order to better understand the role of physical activity 
(and mechanisms underlying this role) in the prevention and treatment of women’s 
reproductive-related mood and anxiety disorders. There has been limited study of 
the impact of reproductive-related affective disorders on the initiation and mainte-
nance of regular participation in physical activity. Reproductive hormones play a 
major role in emotion regulation, arousal, cognition, and motivation. Therefore, it is 
also possible that changes in reproductive steroid hormones, and more specifically 
sensitivity to these changing hormone levels, may influence participation in physical 
activity via impacts on psychosocial and physical risk factors for inactivity. 
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Chapter 20 
Sex Hormones and Physical Activity 
in Women: An Evolutionary Framework 

Ann E. Caldwell and Paul L. Hooper 

Introduction 

Over recent decades, researchers, athletes, and coaches have been interested in 
understanding the bidirectional relationships between sex hormones and exercise in 
women. This interest comes from evidence suggesting that sex hormones are related 
to exercise in both among highly active women and athletes as well as among seden-
tary women. In a laboratory-controlled study, for example, sedentary women who 
were not using hormonal contraceptives and were in the early follicular phase had 
steeper increases in perceived exertion and pain during moderate-intensity exercise 
compared to those in the late follicular or luteal phases (Caldwell Hooper et al. 2011). 
One potential explanation for this result is that estrogen has analgesic effects, and 
the absence of endogenous estrogen during the menstrual phase makes first-time 
moderate exercise relatively more aversive compared to cycle phases with higher 
levels of estrogen. This is important because subjective experience (perception) of 
exercise has been shown to influence intentions to exercise and behavior (Kwan 
and Bryan 2010). That is, a more negative subjective experience may influence 
women’s motivation to exercise again and could affect the likelihood that seden-
tary women successfully take up exercise. This study shows that understanding 
the relationships between sex hormones and exercise can not only improve perfor-
mance and health in highly trained athletes, but can also inform interventions aimed 
at increasing activity among sedentary women. Identifying female-specific barriers 
and approaches to overcome those barriers can to make exercise less aversive and 
more accessible, to make meaningful contributions to public health. To that end, the
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goal of this chapter is to present a framework from evolutionary biology, including 
life history theory, which can illuminate why sex hormones and exercise are related. 
This perspective can lead to theoretically driven predictions about the bidirectional 
relationships between sex hormones and exercise among women that may not be 
considered from more strictly physiological approaches. 

Life History Theory: An Evolutionary Framework 
for Understanding Sex Hormones and Exercise in Women 

In general, evolutionary theory aims to explain how traits, behaviors, and the under-
lying mechanisms leading to a trait or behavior have been shaped by natural selection. 
Natural selection operates through differential reproductive success—or fitness, in 
the evolutionary sense—as the genes of individuals who successfully survive and 
reproduce are passed on to subsequent generations at a relatively higher rate than the 
genes of those who reproduce less or not at all. The environmental forces that deter-
mine which traits or behaviors result in greater reproductive success are called selec-
tion pressures. Selection pressures differ considerably depending on an organism’s 
natural environment, their ecological or social niche (their way of “making a living”), 
as well as age, sex, and physical condition. 

Selection continues to act on traits, behaviors, and their underlying psychological 
and physiological mechanisms so long as they exhibit heritable variation that is 
associated with differential reproductive success. For traits or behaviors with one 
optimal solution within a species regardless of environment or individual condition, 
that trait or behavior will tend to become universal over time. However, when there 
is more than one optimal solution and/or the optimum depends on individual or 
environmental circumstances, variation will remain. A flexible system that responds 
to the individual and/or environmental circumstances with behaviors that increase 
the probability of survival and reproductive success can evolve. Thus, while the 
universality of a trait or behavior is often used as evidence that it has been shaped by 
evolutionary forces, this is not a necessary condition for evolved traits or behaviors. In 
the case of exercise or physical activity—the costs and benefits of which vary widely 
between individuals and environments—a flexible, condition-dependent system is 
more likely to have evolved. 

Given the numerous mental and physical health benefits associated with exer-
cise and the deleterious health outcomes related to physical inactivity in modern 
environments (Hillman et al. 2008; Kohl et al. 2012; Lee et al. 2012; Ramesh and 
Science 1997; Warburton et al. 2006), it is intuitively appealing to imagine that 
exercise might be a universally adaptive behavior. Moreover, there is evidence that 
humans have anatomical (Bramble and Lieberman 2004) and neurological (Raichlen 
et al. 2012) adaptations for endurance activity. There is another side to the story, 
however, suggesting that physical inactivity and energy conservation are also adap-
tive in humans (Caldwell 2016b). Many of the currently adaptive benefits of exercise
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and physical activity reflect a mismatch between the environments in which humans 
evolved and the ones we have built. 

Human patterns of activity have changed drastically over a relatively short amount 
of evolutionary time. Over the past 10,000 years—and especially in the last two 
centuries—humans have created novel environments that require very little physical 
energy expenditure in order to fulfill basic biological needs. Cumulative technolog-
ical innovations have increased the efficiency of resource extraction, storage, and 
transportation. Why did humans create this environment that enables inactivity, in 
spite of adaptations that make endurance physical activity rewarding and relatively 
efficient? 

From an evolutionary perspective, humans, like all other organisms, have evolved 
to strategically allocate time and energy in ways that increase the likelihood of repro-
ductive success. This is the central premise of life history theory, an evolutionary 
framework that aims to understand how natural selection has shaped the allocation 
of time and energy across species and organisms between the competing demands 
of growth, reproduction, and maintenance across the lifespan (Gomulkiewicz 1994; 
Hill and Kaplan 1999; Winemiller 1994). Selection pressures arise from the inter-
action of an individual’s genome, condition, and environment to determine optimal 
duration and rates of growth, rate and timing of reproductive maturation, the pace of 
reproduction, rate and timing of reproductive decline, and senescence (Kaplan et al. 
2010). Life history theory also fundamentally considers that there are inherent trade-
offs between allocations to different (potentially) fitness-enhancing activities across 
the lifespan because energy and time put toward one activity cannot be invested else-
where. Because exercise inherently requires energy expenditure, exercise necessarily 
trades off against growth, reproduction, and maintenance in important ways. 

The drive for optimizing energy allocation affects exercise and physical activity 
because allocation strategies have been shaped throughout human evolution to flex-
ibly respond to factors—such as sex, age, environment, and individual condition— 
that influence the evolutionary fitness costs and benefits of physical activity. In 
humans and other mammals, in particular, the energetic demands of reproduction 
are much higher for females than males, in terms of investment in sex cells (eggs vs. 
sperm), gestation, and breastfeeding. As a result, the energetic trade-offs and oppor-
tunity costs of investing energy in physical activity tend to be higher for women of 
reproductive age than men. 

Within a life history framework, hormones are considered to be the physiological 
mechanism orchestrating where energy is allocated between the competing short- and 
long-term demands of growth, reproduction, and maintenance (Lancaster and Kaplan 
2009;Worthman  2009; Zera and Harshman 2001). Energy expenditure in the form of 
physical activity or exercise necessarily trades off against these competing demands 
and is partially regulated through hormones (Caldwell 2016b; Ellison 2017). There-
fore, when considering the role of sex hormones and exercise, it is important to keep 
in mind that the primary function of sex hormones is their role in reproduction and 
that traits and behaviors have been shaped over evolutionary time to increase the 
probability of survival and reproductive success. A thorough understanding of how



466 A. E. Caldwell and P. L. Hooper

this system is predicted to operate can help illuminate how and why sex hormones 
and exercise are related. 

One example of an exercise phenomenon illuminated by evolutionary principles 
is the decrease in physical activity across adolescence that is well documented in 
Western populations (Cumming et al. 2008; Sherar et al. 2007; Thompson et al. 
2003). Although epidemiological researchers have tended to interpret this pattern of 
decrease as a by-product of the psychosocial stress of puberty, life history theory 
predicts that activity declines at this stage because pubertal adolescents increase the 
energy invested in growth and reproductive maturation, which trades off against exer-
cise and non-obligatory forms of activity (e.g., active play, running games, riding 
bikes). Evidence supporting this interpretation comes from a study of activity levels 
of indigenous Tsimane’ adolescents (Caldwell 2016b; Caldwell et al. n.d.). The 
Tsimane’ are a small-scale society that lives in the Amazonian lowlands of Bolivia. 
They have a subsistence-based economy and primarily produce food through hunting, 
fishing, foraging, and small-scale horticulture; all requiring high levels of oblig-
atory physical activity. Even in this setting, which shares many features with the 
conditions of our remote evolutionary past, age is inversely associated with device 
measured physical activity during adolescence. This relationship, moreover, is medi-
ated by indicators of energetic investment in growth (height velocity) and repro-
ductive maturation (Tanner stage of reproductive maturation and dehydroepandros-
terone [DHEA]). Estrogen, progesterone, and testosterone may also mediate these 
decreases, with higher levels of sex hormones predicting lower levels of physical 
activity/exercise, but to our knowledge, this has not been examined empirically. 
Notably, however, decreases in estradiol following ovariectomy in rodents are asso-
ciated with reductions in spontaneous physical activity (Witte et al. 2010). In humans, 
experimentally suppressing the hypothalamic–pituitary–ovarian axis leads to lower 
resting and total energy expenditure and therefore could be associated with lower 
physical activity (Day et al. 2005; Melanson et al. 2015). 

More generally, life history theory is an ideal theoretical framework for under-
standing exercise and sex hormones in women because they both influence and 
are influenced by life history parameters such as reproductive maturation, repro-
duction, and physical condition. The framework suggests that human physiology 
and psychology have been shaped by natural selection to maintain physical fitness 
and selectively engage in physical activity and exercise when the adaptive benefits 
outweigh the metabolic and opportunity costs (Caldwell 2016a). When the benefits 
do not outweigh the costs, humans, like other animals, have evolved to conserve 
energy through behavioral and physiological shifts in energy allocation. 

Another important consideration in employing evolutionary theory in this area is 
that over the vast majority of human history, optimal energy allocation strategies have 
been constrained by finite resource availability and resource scarcity (Shetty 1999; 
Vickers et al. 2003). Innate drives to conserve energy have only recently been coupled 
with massive abundances of calorically dense, easy-to-acquire foods. When environ-
ments change rapidly, or are vastly different from the environment in which selection 
was acting to shape a trait or behavior, a discordance or mismatch can occur (Eaton 
et al. 1988, 2002; Kaplan 1996; Lieberman 2014). In these mismatched environments,
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previously adaptive behaviors or mechanisms may no longer increase reproductive 
success and can even be detrimental to reproduction or survival. Energy-conserving 
behaviors and metabolic adaptations that increased the likelihood of survival and 
reproduction in environments with fewer and less predictable resources now lead to 
health disorders like obesity and cardiovascular disease, which can hinder reproduc-
tion in women (Metwally et al. 2007). One must thus consider the mechanisms and 
behaviors that would have been adaptive in the environments during the majority of 
human history, when selection was acting to shape them, rather than just those that 
are expected to be currently adaptive. In current environments, exercise and phys-
ical fitness significantly decrease the risks of chronic disease mortality and physical 
activity has been shown to induce epigenetic changes that decrease cancer risk (Bryan 
et al. 2013). Current environments therefore create the potential for selection to begin 
to favor higher levels of activity and exercise, because those who are more active and 
physically fit are more likely to live longer and be healthy enough to provide better 
support for offspring and grand-offspring relative to less active and physically fit indi-
viduals. This is particularly true in environments in which parental and grandparental 
investment significantly improves survival and reproduction of younger generations. 

Reproductive Ecology, Sex Hormones, and Exercise 
in Women 

Given that selection operates through differential reproductive success, the effects of 
physical activity on reproductive function are central to an evolutionary framework. 
An evolutionary approach can also draw on work in human reproductive ecology, a 
subfield of evolutionary anthropology that aims to understand the ways the human 
reproductive system responds to environmental cues (Ellison 2001; Kaptein 2016). 
Importantly, this body of research establishes that women’s reproductive systems 
have evolved to be remarkably sensitive to energetic cues in the environment in 
order to shift effort adaptively. 

Human females incur much higher energetic costs to reproduce compared to 
males. This imbalance begins at the level of the gamete, but energetic costs increase 
through pubertal maturation, gestation, and breastfeeding. Childbirth also involves 
significant, potentially mortal, risks for females. The energetic trade-offs between 
reproduction and exercise or physical activity alone are substantial enough to help 
explain why exercise and sex hormones are related in women. Both activities can 
be hugely metabolically taxing. The metabolic costs of pregnancy during the third 
trimester are estimated to be around 465 kcal/day above pre-pregnancy levels, while 
breastfeeding can increase metabolic load by 625–700 kcal/day (Butte and King 
2005). Research in reproductive ecology also shows that women’s reproductive 
systems have physiological mechanisms that decrease the likelihood of conception 
in response to cues of short-term energetic stress, particularly through reductions in 
ovarian steroid hormone levels in response to low energy availability, negative energy
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balance, and high and low levels of energy flux (Ellison 2003). This makes concep-
tion less probable during unfavorable conditions when women are less capable of 
meeting the energetic demands of pregnancy and lactation. 

Women’s biological capacity to reproduce, or fecundity, is greatly influenced by 
sex hormones. Ovarian function varies along a continuum of fecundity, which can 
be assessed by sex hormones. Low levels of estradiol during the follicular phase or 
progesterone during the luteal phase have been shown to reflect decreased fecundity 
(Lipson and Ellison 1996). Menstrual cycle irregularities measured by a short luteal 
phase (<10 days), or by oligomenorrhea (cycle length >35 days) also signal potential 
disturbances in reproductive function and fecundity. 

There is evidence that transient shifts in energy availability influence female 
fecundity in both Western and non-Western human samples, as well as in chim-
panzees (Thompson and Wrangham 2008). Low ovarian steroid levels have been 
observed among women in Western populations who have low energy availability 
(i.e., are losing weight, are restraining their intake below appetite, or have less stored 
fat, lower lipid profiles, or high energy expenditure through exercise or workload, 
reviewed in Ellison 2008; Vitzthum 2009). The combination of high energy expendi-
ture and low energy intake has a particularly pronounced negative effect on fecundity 
(Ellison 2001). It is worth noting that even when food is not limited, increased phys-
ical workloads have been shown to decrease sex hormones (Jasienska 2006b; e.g., 
Jasienska and Ellison 2004; Williams et al. 2015). 

Seminal research examining the reproductive function and energy availability 
(dietary intake minus expenditure) has demonstrated that very low energy avail-
ability (less than 30 kcal/kg lean body mass per day) disrupts LH pulsatility, which 
is critical for reproductive function (Loucks et al. 1994, 1998; Loucks and Thuma 
2003). Building on this research, a recent study attempted to tease apart the effects 
of energy expenditure and negative energy balance on menstrual cycle irregularities 
in a randomized control trial of sedentary women in the USA (Williams et al. 2015). 
In one condition, participants increased exercise but had compensatory increases in 
energy intake to attain a neutral energy balance. In the other conditions, participants 
exercised and reduced caloric intake, resulting in deficits of 15%, 30%, or 60% across 
three conditions. Over three months, around 13% of the women in the exercise-only 
condition experienced menstrual cycle irregularities (short luteal phase, <10 days, 
or inadequate urinary progesterone during the luteal phase, <5.0 μg/ml). In contrast, 
nearly all of those in the most extreme energy deficient condition (88%) exhibited 
irregularities. In addition to demonstrating the dose–response nature of energetics 
on fecundity, this study demonstrated the wide variability in the response of the 
reproductive systems to energetic stress. While some women’s reproductive systems 
were highly sensitive, showing menstrual irregularities even when energy expendi-
ture was compensated by increased consumption, others were much more robust and 
did not show signs of menstrual irregularities despite increased exercise and substan-
tial caloric deficits. This interindividual variability may help explain why so much 
work in this area has led to equivocal findings and may make it more difficult for 
future research to produce consistent findings. However, an evolutionary framework
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can also lead shed light on what factors may underlie these individual differences in 
predictable ways. 

It can be difficult to know where to begin testing moderators of the relation-
ships between exercise and the reproductive axis. Does it have something to do with 
socioeconomic status, ethnicity, education, or other stressors? Within a life history 
framework, reproductive responsiveness to low energy availability may be influ-
enced by energy availability in prenatal and developmental environments, as well as 
factors that determine energetic trade-offs: age, parity, overall health, immune func-
tion, and immune burden (i.e., parasite and infection load) and previous experiences 
with physical activity and physical fitness. This framework would further predict 
that women whose reproductive system is particularly sensitive to energetic stress 
face higher costs of performing exercise than those whose systems are more robust. 
Women facing higher costs may be less likely to engage in exercise that is not related 
to tangible evolutionary fitness benefits (i.e., mating, parental investment). Future 
research can also test if there are psychological mediators between these relation-
ships, such as whether women who have particularly responsive reproductive systems 
have higher ratings of perceived exertion, are less likely to feel motivated to exer-
cise, or enjoy exercise less when facing steep competing demands for reproductive 
function. 

The flexibility of the relationships between physical workloads, dietary intake, 
and reproductive function is nicely illustrated by a study of the Tamang in Nepal. The 
Tamang practice small-scale agriculture and pastoralism, and they have seasonal vari-
ation in physical workloads—from moderately heavy in winter to very heavy during 
the monsoon season. Overall, Tamang women exhibit weight loss and decreased 
ovulation in the heavy-work monsoon season (38% ovulating during the monsoon 
versus 71% in the winter). Notably, however, this effect differed by age, with younger 
women (those aged 17–23) exhibiting negligible seasonal changes in ovarian function 
and no weight loss during the heavy-work season compared to older menstruating 
women (Panter-brick et al. 1993). Vitzthum (2009) hypothesized that acclimation to 
heavy workloads and high energy consumption levels allow some Tamang women to 
buffer against ovarian suppression in the face of high physical workloads. However, it 
could be that younger, non-lactating, and/or nulliparous women have a larger energy 
budget to put toward increasing the likelihood of becoming pregnant and are therefore 
less affected by acute shifts in physical workloads. Since the data are cross-sectional 
within one year, differences between age groups could also be driven by epige-
netic factors that influenced the energetic phenotype of a cohort of women. Others 
have hypothesized that critical periods during development, where mothers provi-
sion offspring through the placenta or lactation, allow for the transfer of information 
about the mother’s cumulative and current energetic status (Kuzawa and Quinn 2009). 
From this perspective, the information transferred to offspring can provide cues of 
the energetic stress in the environment into which offspring is born. Developing 
fetuses and babies can then adaptively shape their energetic phenotype to be more or 
less conservative. Maternal cues of energetic stress are thought to result in offspring 
with more conservatively calibrated energetic strategies that would be adaptive in 
environments with unpredictable food availability. Since reproduction involves such
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high metabolic investment from women through pregnancy and lactation, early life 
cues of energy scarcity or unpredictability may lead to a more conservative or thrifty 
energetic phenotype. This may include an HPO axis that is more sensitive to signals 
of low energy availability and adaptively responds by suppressing sex hormones 
to decrease the likelihood of conception when it is unclear whether the energetic 
demands of pregnancy and/or lactation can be met (Ellison 2001; Jasienska 2003; 
Vitzthum 2009). 

A cross-sectional study by Jasienska and colleagues demonstrated that energetic 
stress during fetal development may affect the sensitivity of women’s reproductive 
systems to higher levels of physical activity (Jasienska et al. 2006a, b). Among a 
sample of rural Polish women (N = 145), size at birth (measured by ponderal index, 
PI: kg/m3 from medical records) moderated the relationship between self-reported 
exercise and ovarian suppression assessed by mid-follicular salivary estrogen (E2). 
Those in relatively worse energetic condition at birth (lower PI) had lower E2 if they 
were moderately or very active, as compared to women with high PI at birth who 
only had lower E2 levels if they were very physically active. These results support 
the predictive adaptive response theory (Ellison 1990; Ellison and Jasienska 2007; 
Gluckman et al. 2005; Kuzawa et al. 2007; Kuzawa 2005; Lipson  2001), which 
hypothesizes that when a fetus develops in an environment with cues of constrained 
energetic resources, adaptive shifts in metabolism or energy allocation occur that 
favor energy conservation throughout life. Individuals’ developmental environments 
may thus affect the extent to which their sex hormones and reproductive systems 
preemptively downregulate hormone production and fecundity in response to higher 
physical activity or workload. In other words, developmental environments can 
moderate the relationships between sex hormones and exercise, leading to individual 
differences that vary in predictable ways. It would be worthwhile to add measures of 
birth weight and developmental environments in studies examining the relationships 
between sex hormones and exercise, to test measures of low energy availability in 
developmental environments that moderates these relationships. 

Evolutionary research has established that energy balance influences female repro-
duction through a variety of pathways. Women who are energetically stressed tend 
to have shorter gestation periods and infants with lower birth weight (Alberman 
1991; Ellison 2003). Energetics also modulate the length of time that breastfeeding 
women do not ovulate, termed lactational amenorrhea. As noted earlier, lactation is 
extremely energetically costly for women and typically leads to ovarian suppression 
(via endocrine mechanisms). The duration of lactational amenorrhea varies between 
and within populations and is thought to be affected by energetic demands and 
fat stores available for producing breast milk and weaning practices (Kaplan et al. 
2015). Women who have heavy daily workloads often breastfeed less frequently and 
begin to supplement children’s diet with alternative food sources earlier, decreasing 
maternal levels of prolactin and reducing the drive for milk production (Panter-Brick 
and Pollard 2010). Decreased frequency of breastfeeding and/or food supplemen-
tation likely mediates the effect of energy expenditure on ovulatory suppression. 
Women’s reproductive system appears to be particularly sensitive among those who
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had constrained fetal environments and in response to transient shifts in energy avail-
ability. Consistent exercise, particularly if performed throughout life and paired with 
a healthy, sufficient diet is unlikely to have a detrimental effect on women’s fecun-
dity. In addition, some have suggested that one reason higher physical activity is 
associated with a lower risk of breast cancer is the reduction of ovarian steroids that 
is associated with physical activity and exercise (Jasienska et al. 2006a, b; Kaaks 
and Lukanova 2002; Key and Pike 1988; Lovett et al. 2017). In environments where 
women have access to contraception (and therefore fewer pregnancies and periods of 
lactational amenorrhea), women experience many more menstrual cycles, and typi-
cally have low levels of physical activity and exercise, and an abundance of calor-
ically dense and highly palatable foods, the cumulative higher levels of exposure 
to estradiol may high enough to be detrimental to women’s health (Jasienska et al. 
2017). 

The Increasingly Important Focus on Obesity in Sex 
Hormones and Exercise 

Among reproductive-age women (20–39 years), the prevalence of obesity more 
than tripled and rates of severe obesity increased tenfold between 1960 and 2014 
(Flegal et al. 1998, 2016). This is relevant for this book because the cornerstone 
of obesity treatment is to increase physical activity or exercise and reduce dietary 
intake. However, obesity is associated with dysregulation of pituitary gonadotropins 
and ovarian hormones. Recent studies suggest that even eumennorheic women with 
obesity (who do not have polycystic ovarian syndrome) exhibit a functional impair-
ment of the hypothalamic–pituitary–ovarian (HPO) axis (Jain et al. 2007; Pasquali 
2006; Santoro et al. 2004; Stang and Huffman 2016; Talmor and Dunphy 2015; 
Van Der Steeg et al. 2008), evidenced by significantly lower basal and stimu-
lated gonadotropins (luteinizing hormone [LH] and follicle-stimulating hormone 
[FSH]) and basal progesterone metabolites (pregnanediol-3-glucuronide [Pdg]) (Al-
Safi et al. 2015; Jain et al.  2007; Santoro et al. 2004). This reproductive pheno-
type was observed in a subset of perimenopausal women (n = 848) participating 
in the Study of Women’s Health Across the Nation (SWAN) (Santoro et al. 2004). 
In this study, higher body mass index (BMI) was associated with lower levels of 
urinary LH, FSH, and Pdg. However, the SWAN study was designed to examine 
women through the menopausal transition; thus, the effects of perimenopause on 
gonadotropins and ovarian hormones cannot be ruled out. Three subsequent studies 
compared gonadotropins and ovarian hormones in small samples (n < 20) of younger, 
premenopausal women with obesity to normal weight controls. In addition to daily 
urine samples, frequent blood samples were taken to measure gonadotropin (LH 
and FSH) pulse amplitude. One study observed significantly lower basal LH, LH 
pulse amplitude, and urinary Pdg in women with severe obesity (mean BMI = 
48.6) compared to normal weight controls (Jain et al. 2007). Two subsequent studies
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included women with less severe obesity (mean BMI = 36.7) and measured FSH and 
LH in response to a physiologic (75 ng/kg) bolus of gonadotropin-releasing hormone 
(GnRH) during the early-follicular phase. Both studies observed lower serum LH, 
LH pulse amplitude, and Pdg among women with obesity compared to normal weight 
controls (Al-Safi et al. 2015; Bauer et al. 2019). 

This HPO-axis suppression in response to obesity is important to consider 
when understanding the relationships between sex hormones and exercise. First, 
if conducting research in women with a higher BMI, it cannot be assumed that 
hormone profiles are similar to those in the normal BMI range, as hormones may 
be suppressed in clinically meaningful ways, even if women are regularly cycling. 
Careful measurement of sex hormones, rather than simply comparing across different 
points in the cycle, will help clarify some of the conflicting findings that conclude sex 
hormones do not influence exercise or related parameters because differences were 
not seen between the luteal and follicular phases. In addition, extant data suggest that 
HPO-axis suppression affects energy balance in ways that would theoretically inhibit 
exercise participation and healthy weight management. In rodents, estradiol is protec-
tive against visceral fat accumulation, insulin resistance, and dyslipidemia (Leeners 
et al. 2017; Van Pelt et al. 2015). Suppressing estradiol through ovariectomy reduces 
total daily energy expenditure and spontaneous physical activity (Rogers et al. 2009; 
Witte et al. 2010). In humans, experimentally suppressing the HPO axis leads to 
lower resting and total energy expenditure (Day et al. 2005; Melanson et al. 2015). 
However, to our knowledge, no studies to date have shown a relationship between 
sex hormone suppression and spontaneous physical activity, exercise performance, 
or related parameters. These studies will be important for understanding if obesity-
related HPO-axis suppression influences women’s resting energy expenditure and 
physiological response to physical activity in ways that make exercise more difficult. 

Conclusions 

An evolutionary perspective offers subtle but meaningful shifts in the interpreta-
tion of the existing literature on sex hormones and exercise. Moreover, it leads 
to theory-driven hypotheses regarding factors—such as individual conditions and 
cues of resource scarcity—that can predictably influence individual differences in 
the relationships between sex hormones and exercise. Variation across individuals 
and contexts may contribute to the apparent inconsistency of past findings. Future 
research that aims to understand sex differences in sedentary behavior and exer-
cise, and the psychology that underlies each, can draw on what is known about sex 
hormones, reproductive function, and activity in the evolutionary life sciences. 

There are six key messages that arise from applying an evolutionary framework 
to understand the relationship between sex hormones and exercise. These are:

• Natural selection favors physiological and behavioral adaptions that increase the 
probability of survival and reproductive success.
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• Energy and time are finite resources, and the system that regulates energy 
allocation operates primarily through hormones, including sex hormones.

• Energy expended in exercise or physical activity trades off against energy allocated 
to other activities, such as growth, reproduction, and maintenance.

• Reproduction is energetically costly for women, and the female reproductive 
system has evolved to reduce fecundity in response to cues of transient increases 
in energy expenditure and reductions in energy intake. This responsiveness can 
lead to decreases in fecundity that lower the probability of reproduction. This 
responsiveness may also have led to adaptations that reduce the likelihood of 
expending energy when reproductive hormones are suppressed in order to resume 
reproduction under conditions of prolonged resource scarcity.

• Research that only examines the mean responsiveness of sex hormones to reduc-
tions in energy availability may mask large and meaningful interindividual vari-
ability. Life history theory can inform predictions about who is more likely to 
have a more responsive reproductive axis to reductions in energy availability (e.g., 
those who experienced stressful early life environments). A better understanding 
of factors that lead to interindividual variability can lead to more personalized 
approaches for optimizing health and well-being through physical activity and 
exercise.

• Obesity is associated with the suppression of sex hormones, even in eumenor-
rheic women. Given the increasing prevalence of obesity, measuring hormones 
during exercise research in women with healthy weight and overweight/obesity 
will be important for new discoveries and resolving equivocal findings of previous 
research. 

By drawing on tools and insights from evolutionary biology, anthropology, and 
psychology, an evolutionary approach allows an integrated approach to under-
standing the mechanisms, function, history, and ecology of sex hormones and exercise 
in women within a single framework. 
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Chapter 21 
The Effects of Acute Exercise 
on Physiological Sexual Arousal 
in Women 

Cindy M. Meston, Amelia M. Stanton, Bridget K. Freihart, 
and Mackenzie A. Sears-Greer 

Introduction 

Over the past two decades, research has demonstrated a strong link between acute 
exercise and physiological (i.e., genital) sexual arousal in women. In this chapter, 
we provide a summary of the laboratory studies that have examined the effects of 
acute exercise on sexual arousal in women and provide a potential explanation for the 
mechanisms of action underlying this relationship. In the latter part of this chapter, 
we provide a discussion of the clinical and treatment implications for the facilitatory 
effect of exercise on women’s sexual response. 

Physiological Sexual Arousal in Women 

Physiological sexual arousal results from genital vasocongestion, which occurs with 
increased blood flow to the genitals. When blood begins to pool in the vaginal walls, 
the increase in blood volume leads to increased pressure inside the capillaries, which 
subsequently triggers lubricated plasma to transcend the vaginal epithelium onto the 
surface of the vagina (Levin 1980). These platelets form droplets, creating the lubrica-
tive film that typically covers the vaginal walls during sexual activity. Increased blood 
flow also leads the clitoris and the vestibular bulbs to protrude and become engorged 
(Berman 2005), and well-oxygenated blood is also supplied to the skin and the breasts 
(Levin 2002). In addition to increased blood flow, sexual arousal causes relaxation
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of the smooth muscles in the vaginal wall, which allows the vagina to lengthen and 
dilate. 

A certain level of arousal is required for orgasm, and that level differs by individual. 
Stimulation by friction and pressure activates specialized nerve endings in the genitals 
(Krantz 1958), which generates impulses to the spinal cord and possibly to the vagus 
nerve (Komisaruk et al. 1997). According to Levin (2002), the afferent impulses of 
these nerve endings not only create the spinal reflexes that influence genital blood 
flow, but they also ascend the spinal cord, via the spinothalamic and spinoreticular 
tracts, to the brain for processing. This stimulates neurons in the paraventricular 
nucleus of the hypothalamus to release oxytocin into the bloodstream which, in turn, 
may cause uterine smooth muscles to contract (Komisurak et al. 2006). 

Physiological sexual arousal in women can be measured in a variety of 
ways, including photoplethysmography, ultrasonography, temperature measurement, 
magnetic resonance imaging, and laser doppler imaging (for a review see Kukkonen 
2014). Arousal is most commonly measured in laboratory studies using a vaginal 
photoplethysmography (Sintchak and Geer 1975), a clear acrylic, tampon-shaped 
device that contains either an incandescent light source, or an infrared light-emitting 
diode as a light source, and a photosensitive light detector. The light source illumi-
nates the capillary bed of the vaginal wall, and the phototransistor detects the light 
that is reflected back from the vaginal wall and the blood circulating within it. The 
amount of back-scattered light is in direct relation to the transparency of engorged 
and unengorged tissue and thus serves as an indirect measure of vasoengorgement. 
Simply stated, the greater the back-scattering signal the more blood is assumed to 
be in the vessels (Levin 1992). The vaginal probe was designed to be easily inserted 
by the participant. A positioning shield can be placed on the probe’s cable in order 
to standardize the depth of insertion between uses. 

There are two components of the signal that can be derived from the photoplethys-
mography. When the signal is coupled to a Direct Current (DC) amplifier, a measure 
of vaginal blood volume (VBV) is obtained. VBV is believed to reflect slow changes 
in the pooling of blood in the vaginal tissue (Hatch 1979). The DC signal is used at 
low sensitivity, and the standard dependent variable is change from levels of VBV 
at baseline. Because there is no discernible zero point with VBV, absolute measures 
of blood volume cannot be detected, hence the need to measure in units of blood 
volume change. When the signal is AC-coupled (alternating current), a measure of 
vaginal pulse amplitude (VPA) is obtained. VPA is believed to reflect phasic changes 
in vaginal engorgement with each heartbeat; higher amplitudes indicate higher levels 
of blood flow (e.g., Geer et al. 1974). The dependent variable typically used is the 
amplitude of the pulse signal, which is measured from the bottom to the top of the 
pulse wave. As there is no absolute zero point with VPA, analyses are conducted by 
either averaging across specific stimulus presentations, across the highest 20–30 s 
of arousal, or across selected time periods. The change in mean genital arousal is 
typically calculated by subtracting the mean VPA to the neutral film from the mean 
VPA to the erotic film for each set of films in a given study. These values are then 
standardized within subjects and compared between stimulus categories.
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Effect of Acute Exercise on Physiological Sexual Response 

In a series of laboratory studies, Meston and colleagues examined the direct effects of 
acute exercise on female sexual function. The first of these studies required sexually 
functional participants to engage in 20 min of intense exercise (stationary cycling) 
prior to viewing a non-sexual and erotic film sequence (Meston and Gorzalka 1995). 
The procedure consisted of an orientation screening and questionnaire session, a 
20-min bicycle ergometer fitness test, and then two counterbalanced experimental 
sessions (Exercise, No-exercise) that took place on different days. During the fitness 
test, the experimenters determined each participant’s maximum volume of oxygen 
uptake so that they could have the participants cycle at a constant 70% of their esti-
mated maximum volume during the exercise session. By ensuring that all participants 
worked at equivalent levels of their maximum volume of oxygen uptake, differences 
in physiological responses resulting from variations in fitness levels were minimized. 
In the exercise experimental session, participants cycled for 20 min on the stationary 
bicycle then after the cessation of exercise they inserted the vaginal photoplethys-
mography and watched a non-sexual film followed by an erotic film while their 
vaginal pulse amplitude was measured. From the cessation of exercise to the onset 
of the erotic film, approximately 15 min had passed. In the no-exercise condition, 
participants sat for 20 min, inserted the vaginal photoplethysmography, and viewed 
a second non-sexual and erotic film sequence. The results revealed that VPA was 
significantly higher during the presentation of the erotic film after exercise than it 
was during the erotic film in the no-exercise condition. There were no significant 
differences between conditions in VPA responses during the non-sexual film indi-
cating that exercise did not simply increase blood flow to the genitals but, rather, it 
prepared the woman’s body for sexual arousal so that when she was in a sexual context 
(e.g., viewing the erotic film) her body responded more intensely. This was the first 
finding to provide support for a facilitatory effect of acute exercise on physiological 
sexual arousal in women. 

In a follow-up study, Meston and Gorzalka (1996) examined the effect of timing 
on the relationship between exercise and increased sexual arousal in women by 
measuring physiological arousal in response to erotic films at either 5, 15, or 30 min 
post-exercise. Each condition consisted of an experimental exercise session and a 
no-exercise control session. The results revealed that at both 15 and 30 min post-
exercise there was a significant increase in genital arousal (VPA) to the erotic films 
compared to the no-exercise control condition. The finding of a significant facili-
tatory effect at 15 min post-exercise replicated Meston and Goralka’s earlier study 
(1995). However, in contrast to the facilitation noted at 15 and 30 min post-exercise, 
acute exercise inhibited physiological sexual arousal when measured immediately 
following exercise. The authors noted that, during and immediately following exer-
cise, a decrease in vascular resistance of the working muscles causes a significant 
increase in blood flow to those muscles (Christensen and Galbo 1983). Therefore, 
blood flow may have shifted away from the genital region to temporarily help restore 
the working muscles. The finding that exercise inhibited genital arousal immediately
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following exercise but facilitated at 15 and 30 min post-exercise led the authors to 
speculate an optimal time for sexual activity following exercise. 

To further explore whether an optimal level of sympathetic nervous system (SNS) 
activation from exercise may exist for facilitating sexual arousal in women, Lorenz 
et al. (2012) performed a secondary analysis of participants from the control condi-
tions of three previously published studies (Hamilton et al. 2008; Harte and Meston 
2007, 2008). Sympathetic nervous system activity was assessed using heart rate vari-
ability, which refers to the degree of variability in the lengths of time between succes-
sive heartbeats and is a useful non-invasive index of autonomic activity. The degree 
of variability in the lengths of time between successive heartbeats (HRV) provides 
important information about the relative balance of sympathetic and parasympathetic 
forces acting on the heart (Thayer et al. 2010). Participants in all three studies were 
sexually healthy women. The methodology of each study involved having the partic-
ipants watch a non-sexual and erotic film sequence while their VPA responses were 
recorded. As predicted, the results revealed a curvilinear relationship between SNS 
activity and women’s physiological sexual arousal. That is, moderate increases in 
SNS activity were associated with greater physiological sexual arousal responses, 
while low and high SNS activation were associated with lower physiological sexual 
arousal. These results provide support for the notion that there is an optimal level 
of SNS activity from acute exercise for the facilitation of genital sexual arousal in 
women. 

Several more recent studies have examined cross-sectional correlations between 
physical fitness levels overall and sexual function levels, finding evidence that regular 
exercise—even when disconnected temporally from sexual activity—seems to confer 
protective benefits against sexual dysfunction (Fergus et al. 2019; Jiannine 2018). 
As regular exercise improves HRV (i.e., Pearson and Smart 2018), there is some 
speculation that the association between general fitness and sexual function may 
be attributable to positive shifts in autonomic nervous system balance. To that end, 
there is some evidence that exercise intensity is a better predictor of sexual outcomes 
than other facets of aerobic exercise (i.e., exercise frequency, exercise type, length 
of exercise). One study found that the intensity of exercise predicted frequency of 
sexual arousal, frequency of sexual intercourse, and number of orgasms observed in 
a single sexual episode. Exercise frequency, on the other hand, is only predicted for 
frequency of sexual desire (Morris et al. 2018). 

Mechanism of Action for the Facilitation of Physiological 
Sexual Arousal with Exercise 

Acute exercise influences a number of bodily systems that could feasibly impact 
women’s sexual function. Exercise has been shown to affect a variety of hormones 
such as cortisol (e.g., Hill et al. 2008; Anderson and Wideman 2017), estrogen (e.g., 
Smith et al. 2013; Yoon et al. 2018), prolactin (e.g., Rojas Vega et al. 2012; Hackney



21 The Effects of Acute Exercise on Physiological Sexual Arousal in Women 483

and Saeidi 2019), oxytocin (e.g., Hew-Butler et al. 2008; Alizadeh et al. 2018), 
and testosterone (for reviews, see Hackney 1996; Vingren et al. 2012), all of which 
have been linked to sexual arousal in women. In one study, high levels of cortisol and 
chronic stress were related to low levels of genital sexual arousal in women (Hamilton 
and Meston 2013). Reductions in estradiol during menopause and lactation have been 
associated with reduced blood flow, vasocongestion, and subsequently lubrication 
(e.g., Simon 2011). With respect to testosterone, some studies have concluded that 
moderate levels of exercise increase free or total testosterone, particularly for women 
in the luteal phase of their menstrual cycle for whom estrogen and progesterone levels 
are elevated (e.g., Vingren et al. 2009; Lane et al. 2015; Baydil 2020), while others 
have found no change in testosterone from pre- to post-exercise (e.g., Linnamo et al. 
2005). In women, testosterone is most often linked to increased sexual desire, but 
it may also affect the genital tissues. One study demonstrated that women treated 
with exogenous androgens exhibited increases in genital arousal (Heard-Davison 
et al. 2007). Clinically, high levels of prolactin have been associated with sexual 
arousal dysfunction in women, specifically decreased vaginal lubrication, as well 
as with other sexual problems, including decreased desire, atrophic vaginitis, and 
anorgasmia (Smith 2003; Kirino 2017). Finally, plasma oxytocin levels have been 
associated with genital sexual arousal; specifically, plasma oxytocin was significantly 
correlated with vaginal lubrication during the luteal phase of the menstrual cycle, and 
there was a trend toward statistical significance during the follicular phase (Salonia 
et al. 2005). Similarly, anorgasmic women demonstrated significantly reduced levels 
of plasma oxytocin following sexual activity as compared to women without orgasmic 
concerns (Caruso et al. 2018). 

To examine whether changes in testosterone may, in part, account for the increases 
in genital arousal with exercise, Hamilton et al. (2008) assessed salivary measures of 
testosterone at multiple time points during a no-exercise and exercise experimental 
session. The study methodology was similar to the exercise studies described earlier, 
with the exception that testing was done between 2:00 pm and 6:00 pm on days 5–10 
of the woman’s menstrual cycle in order to control for diurnal and menstrual cycle 
fluctuations in testosterone. Saliva samples were taken at the start of each session to 
provide a baseline sample, again 10 min after the 20-min period of vigorous exercise 
(during the exercise session) and 10 min after the pre-testing rest period of the no-
exercise session. The findings indicated that testosterone did not increase in response 
to either exercise or the erotic film. In fact, testosterone remained stable during both 
the exercise session and the no-exercise session, and there were no differences in 
testosterone between the two sessions. This suggests that testosterone is not likely 
the mechanism of action associated with increased genital arousal post-exercise. 

It is feasible that SNS activation may be driving the association between acute 
exercise and increased physiological sexual arousal in women. Biochemical and 
physiologic research indicates diffuse SNS discharge occurs during the later stages 
of sexual arousal in women (Jovanovic 1971) with marked increases in heart rate and 
blood pressure occurring during orgasm (Fox and Fox 1969). Increases in plasma 
norepinephrine, a sensitive index of SNS activity, have also been shown to accompany 
increases in sexual arousal during intercourse (Wiedeking et al. 1979).
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Laboratory research that specifically manipulated SNS activity supports the mech-
anistic role that it may play in female sexual arousal. In one such study, 20 sexually 
functional women participated in two counterbalanced conditions in which they 
received either placebo or ephedrine sulfate (50 mg), a sympathomimetic amine 
that stimulates the adrenergic receptor system by increasing the activity of nore-
pinephrine, before viewing a non-sexual and erotic film sequence (Meston and 
Heiman 1998). Norepinephrine is considered to be the dominant neurotransmitter 
through which the SNS exerts its effects. As in the prior studies described, physio-
logical sexual responses to the films were measured using vaginal photoplethysmog-
raphy (VPA). The results revealed ephedrine significantly increased VPA responses 
to the erotic film compared to placebo, but there were no differences in VPA responses 
to the non-sexual film with ephedrine. As was the case with exercise, these results 
suggest that ephedrine did not simply facilitate physiological responses through a 
general increase in peripheral resistance, but, rather, it selectively prepared the body 
for genital response. 

If SNS activation increases sexual arousal, as suggested by the previous study, it 
is likely that drugs that decrease SNS activity would also decrease sexual arousal. 
Moreover, if exercise increases genital arousal via SNS activation, then blocking 
SNS arousal during exercise would be expected to diminish the enhancing influ-
ence of exercise on VPA responses. To test this hypothesis, Meston et al. (1997) 
administered either 0.2 mg of clonidine or placebo to 30 sexually functional women 
in two counterbalanced sessions where they viewed a non-sexual and erotic film 
sequence. The researchers chose the antihypertensive medication clonidine because 
it acts centrally as a norepinephrine antagonist and peripherally as an inhibitor of 
sympathetic outflow. Before viewing the experimental films, half of the participants 
engaged in 20 min of exercise in order to elicit significant SNS activation, and the 
other half did not exercise. Following heightened SNS activation (via acute exercise), 
there was a significant decrease in VPA responses to the erotic film in the clonidine 
compared to placebo condition. Among the participants who did not engage in exer-
cise prior to viewing the film sequence, clonidine showed a non-significant trend 
toward decreasing VPA responses compared with placebo. Because clonidine has 
both central and peripheral properties, it is unclear at which level clonidine acted 
to influence sexual responding (Meston et al. 1997). Centrally, clonidine may have 
suppressed sexual responses indirectly via changes in neurohypophyseal hormone 
release, or directly by activating central sites that are responsible for the inhibition 
of sexual reflexes (Riley 1995). Peripherally, clonidine may have suppressed sexual 
arousal by direct inhibition of sympathetic outflow. Support for the latter explana-
tion is provided by the finding that clonidine significantly inhibited sexual responding 
only when participants were in a state of heightened SNS activity. The fact that cloni-
dine has been reported to significantly inhibit SNS, but not hormonal, responses to 
exercise (Engelman et al. 1989) is consistent with the suggestion that clonidine acted 
to inhibit sexual responding via suppressed SNS activity. 

Research on sexual function in women following spinal cord injury provides addi-
tional support for the relationship between SNS activation and physiological sexual 
arousal in women. In one study, Sipski et al. (2001) assessed the impact of spinal cord
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injury on genital sexual arousal in women by comparing premenopausal women with 
spinal cord injuries to able-bodied, age-matched controls. They found that preser-
vation of sensory function in the T11-L2 level of the spinal cord was associated 
with genital sexual arousal. As sympathetic pathways controlling genital function 
originate at this level of the spinal cord (Hancock and Peveto 1979; Neuhber 1982; 
Nadelhaft and McKenna 1987), the authors noted that their findings were consistent 
with those of Meston and colleagues, who showed that activation of the SNS via exer-
cise (Meston and Gorzalka 1995, 1996) and ephedrine (Meston and Heiman 1998) 
led to increases in genital sexual arousal. Building upon their findings, Sipski et al. 
(2004) assessed the effects of sympathetic stimulation on sexual arousal in women 
with spinal cord injuries. Because of the physical limitations of the population, the 
authors used anxiety-eliciting videos, which have been shown to increase genital 
arousal in sexually dysfunctional women (Palace and Gorzalka 1990), instead of 
exercise in order to elicit sympathetic arousal. In women with greater sensory func-
tion in the T11-L2 level of the spinal cord, where the sympathetic nerve fibers to the 
genitals arise, there was a significant effect of the anxiety-inducing film on genital 
responsiveness; this was not the case for women with low sensory function at the 
T11-L2 level. The authors interpreted their findings as further evidence for the role 
of the sympathetic nervous system in the regulation of genital vasocongestion. 

Clinical Implication 

Exercise and Sexual Arousal in Women with a History 
of Childhood Sexual Abuse 

Several clinical populations of women may be directly affected by the observed 
relationship between acute exercise and increased physiological sexual arousal. One 
such population is women with histories of childhood sexual abuse (CSA), specif-
ically those who meet diagnostic criteria for posttraumatic stress disorder (PTSD). 
Individuals with both CSA histories and PTSD diagnoses have increased levels of 
baseline SNS activity (e.g., Yehuda 2003). Given the evidence that there may be 
an optimal level of SNS activity for the facilitation of sexual arousal in women, 
Rellini and Meston (2006) investigated the possibility that activating the SNS before 
sexual arousal in women with a history of CSA and PTSD, who already have high 
baseline SNS activity, may have a negative impact on their physiological sexual 
arousal response. The same methodology used in the earlier exercise studies was 
applied to three groups of women: women with both a CSA history and a PTSD 
diagnosis, women with a CSA history and no PTSD diagnosis, and a control group 
of women with no history of CSA or PTSD. As in previous studies (e.g., Meston and 
Gorzalka 1995, 1996), exercise had a significant facilitatory effect on physiological 
sexual arousal in the control group of women with no history of CSA. However, this 
effect did not hold for the women who had histories of CSA either with or without
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coexistent PTSD. In these women, there was no additional increase in physiological 
sexual arousal to the erotic videos during the exercise visit; to the contrary, there was 
a non-significant inhibition of sexual arousal responding. The authors speculated 
that, given these women had elevated baseline SNS activity, increasing SNS activity 
further, as was the case with exercise, may have put them beyond the optimal level 
of SNS activation for the facilitation of sexual arousal. The authors suggested that 
women with a history of CSA and/or PTSD who are experiencing problems with 
physiological sexual arousal may benefit from treatment that focuses on decreasing, 
rather than increasing, SNS activity during sexual activity. This might entail engaging 
in relaxation exercises prior to engaging in sexual activity. 

Exercise and Sexual Arousal in Women Who Have Undergone 
Hysterectomy 

Hysterectomy is the most frequently performed gynecological surgery in many 
Western nations. In USA, 80% of hysterectomies are intended to treat benign 
conditions (Merrill 2008). Reports of positive outcomes of hysterectomies include 
the cessation of abnormal uterine bleeding, relief from menstrual symptoms and 
pelvic pain, and decreases in depression and anxiety (for review, see Farquhar 
and Steiner 2002). However, some women experience negative symptoms post-
hysterectomy, including depression, fatigue, urinary incontinence, constipation, early 
ovarian failure, and sexual dysfunction (e.g., Thakar et al. 2002). Up to 40% of 
women report a decrease in their sex life following the surgery (e.g., Dennerstein 
et al. 1977), including lack of vaginal lubrication, loss of libido, and sexual pain. 
The uterine supporting ligaments contain sympathetic, parasympathetic, sensory, 
and sensory-motor nerve types and are considered a major pathway for autonomic 
nerves to the pelvic organs. It is feasible that the negative sexual outcomes following 
a hysterectomy are a result of the pelvic autonomic nerves being affected through 
excision of the cervix and separation of the uterus from the cardinal and uterosacral 
ligaments (Thakar et al. 1997). 

If sexual arousal processes are negatively impacted by hysterectomy, and this is 
associated with autonomic innervation, differences between women who have and 
have not undergone hysterectomy may emerge under conditions of heightened auto-
nomic arousal. To test this hypothesis, Meston (2002) examined subjective and phys-
iological sexual arousal processes in women with a history of benign uterine fibroids 
who had or had not undergone hysterectomy using the same study methodology as in 
the prior exercise studies. Based on research that the uterine supporting ligaments are 
transected in hysterectomy (Butler-Manuel et al. 2002) and on research indicating 
that autonomic innervation is important for physiological sexual arousal (Giuliano 
et al. 2001), Meston (2004) expected that women who have undergone hysterectomy 
would have an impaired vasocongestive response to erotic stimuli and that this would 
be most apparent during the exercise condition. The results revealed that, contrary
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to Meston’s (2002) hypothesis, exercise significantly increased VPA responses in 
women who had undergone hysterectomy. Meston (2002) suggested that epinephrine 
and/or norepinephrine may have been responsible for the findings. Epinephrine and 
norepinephrine are released from the adrenal medulla during exercise, and they could 
have feasibly facilitated physiological arousal. Exercise could also have induced 
changes in endocrine factors, neuromediators, or substances released by endothe-
lial cells (Guiliano et al. 2002). Regardless of the mechanisms that may have been 
involved, it is clinically relevant that exercise facilitated physiological sexual arousal 
in women who had undergone hysterectomy. As such, exercise may serve as a non-
invasive way to enhance sexual responding in women who experience sexual arousal 
difficulties post-hysterectomy. 

Exercise and Sexual Arousal in Women Who Are Cancer 
Survivors 

Researchers have also tried to implement exercise interventions for sexual dysfunc-
tion among cancer survivors. Armbruster et al. (2016) implemented an exercise-based 
intervention for survivors of endometrial cancer. The results of the study included 
data from 63 endometrial cancer survivors in remission (Armbruster et al. 2016). 
Participants were observed during a baseline session, and then again two, four, and 
six months into the intervention. Quality of life and sexual functioning, conceptual-
ized as satisfaction with sex life and distress over sexual dysfunction, were assessed 
at baseline and the six-month follow-up. Each participant received a personalized 
exercise plan that gradually built to 30 min of moderate exercise five out of seven 
days a week. After six months, 43% of participants experienced an increase in sexual 
functioning (p = 0.002). Post-intervention, mean sexual function score improved (p 
= 0.002), and 51% of participants had improved sexual interest. Indeed, a one-
hour increase in weekly activity corresponded with a 7% increase in sexual interest. 
These findings support exercise as a therapeutic intervention for increasing sexual 
well-being and functioning among endometrial cancer survivors. Future research is 
needed to determine whether the benefits of exercise-based interventions generalize 
to all cancer survivors who experience sexual difficulties. 

Exercise and Sexual Arousal in Women Experiencing 
Antidepressant-Induced Sexual Dysfunction 

Women compared to men are at twice the risk for mood and anxiety disorders and 
are twice as likely to be prescribed antidepressants for their complaints (Thiels et al. 
2005). In USA, an estimated one in six women has been prescribed an antidepressant 
(Paulose-Ram et al. 2007), the most commonly prescribed antidepressants being
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selective serotonin reuptake inhibitors (SSRIs) and selective norepinephrine reuptake 
inhibitors (SNRIs). The vast majority of women taking antidepressants (96%) report 
at least one sexual side effect (Clayton et al. 2006), most commonly decreased desire, 
decreased arousal, and impaired orgasm. Both SSRIs and SNRIs are associated with 
these sexual problems, though SNRIs have been shown to have lower rates of arousal 
and orgasm side effects compared to SSRIs (Serretti and Chiesa 2009). 

The sexual side effects of SSRIs are most likely linked to peripheral nervous 
system adrenergic pathways (Montejo and Rico-Villademoros 2008), particularly to 
changes in SNS activity (Serretti and Chiesa 2009). Antidepressants, specifically 
SSRIs, inhibit serotonin (5HT) reuptake via antagonism of the serotonin transporter, 
which increases synaptic serotonin (Stahl 1998). It is generally accepted that sero-
tonin diminishes sexual function (e.g., Stahl 2001), likely due to its inhibitory effect 
on norepinephrine (Millan et al. 2000), which is associated with sympathetically 
controlled blood vessels (Gothert et al. 1995) and other peripheral nervous system 
outputs (e.g., Hull et al. 2004). In other words, SSRIs likely suppress SNS activity 
through norepinephrine release (Shores et al. 2001) and through sympathetic muscle 
and vascular nerve firing (Barton et al. 2007). Unlike SSRIs, SNRIs may counter 
the inhibition of norepinephrine, which occurs due to increased serotonin, by facili-
tating an increase in the availability of norepinephrine (Licht et al. 2009). Given that 
moderate SNS activity, compared to very high or very low SNS activity, is associated 
with increased genital arousal, it follows that SNRIs, which suppress SNS activity less 
than SSRIs, are associated with lower rates of genital arousal problems than SSRIs. 
Though there may be other mechanisms that contribute to the association between 
SSRIs and negative sexual side effects, SNS activity seems to play a strong role and 
may therefore be an important intervention target for this population. In addition, 
interventions that facilitate increased SNS activation affect the peripheral nervous 
system, so they are less likely to interfere with the central nervous system mecha-
nisms that are presumably responsible for the antidepressants’ beneficial therapeutic 
effects. 

There are few treatment options for women who experience antidepressant-
induced sexual dysfunction. Options, including adding a drug to try to counteract 
the side effect, have the patient switch antidepressants in the hopes that a different 
antidepressant will not have the same side effect, or encourage the patient to take a 
“drug holiday,” a structured interruption in treatment for a period of time, typically a 
few days. However, with respect to depression, drug holidays make little pharmaco-
logical sense, as they risk withdrawal symptoms, and they may lead to illness relapse 
(Baldwin and Foong 2013). 

Given the lack of strong treatment options for women with antidepressant-induced 
sexual problems, acute exercise is a viable intervention. As described earlier, acute 
exercise activates the SNS, which has been shown to play a mechanistic role in the 
relationship between antidepressants and adverse sexual side effects (Serretti and 
Chiesa 2009). Recently, Lorenz and Meston (2012) examined the effect of acute 
exercise on genital arousal in women taking either SSRIs or SNRIs. The women 
participated in three counterbalanced experimental sessions, where they watched 
an erotic film while their genital sexual arousal (VPA) and their SNS activity was
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measured. During two of the three sessions, participants exercised for 20 min and 
viewed the non-sexual and erotic film sequence at either 5 min post-exercise or 
15 min post-exercise. One session acted as a control, as women were simply asked 
to watch the film sequence without exercising. The authors hypothesized that the 
women who were on SSRIs were more likely to have increased SNS tone compared 
to their counterparts on SNRIs; therefore, their genital arousal would be greater 
5 min post-exercise compared to 15 min post-exercise. Similarly, they expected 
that the women who were taking SNRIs would experience some of the benefits of 
the exercise intervention with respect to genital arousal, but to a lesser extent than 
those taking SSRIs. They also suggested that women who reported higher levels of 
impairment in genital arousal would experience the largest gains from the exercise 
intervention. The results showed that, as the authors hypothesized, SSRIs decrease 
SNS activity and genital arousal more so than SNRIs. That is, during the no-exercise 
control session, women taking SSRIs had lower genital arousal and SNS response 
to sexual stimuli than those taking SNRIs. More importantly, the authors found that, 
as anticipated, exercise-induced increases in genital arousal were greatest for those 
women reporting the lowest sexual arousal functioning. 

Building upon these findings, a follow-up study compared the effects of acute 
exercise immediately before sexual activity to exercise separate from sexual 
activity (Lorenz and Meston 2014). Given that laboratory-based psychophysiolog-
ical measures of female sexual arousal may not directly map on to reports of sexual 
function outside of the laboratory, Lorenz and Meston (2014) sought to examine 
potential differences between the effects of SNS activation on sexual responding 
(e.g., increased genital blood flow following acute exercise) and the general bene-
fits of exercise on sexuality. Women who were experiencing antidepressant-induced 
sexual problems (N = 52) were entered into a 9-week trial. Thirty-eight women out 
of the total sample met criteria for clinically relevant sexual dysfunction based on the 
Female Sexual Function Index (FSFI; Rosen et al. 2000), which has been shown to 
reliably differentiate between women with and without sexual dysfunction (Meston 
2003; Rosen et al. 2000). For the first 3 weeks, baseline levels of sexual activity were 
recorded. Participants were then randomized to either 3 weeks of exercise, 3 times 
a week, immediately prior to sexual activity or 3 weeks of exercise, also 3 times a 
week, at a time unrelated to sexual activity (at least 6 h between exercise and sexual 
activity). The women in this study were provided with a 30-min strength and cardio 
exercise video as well as a set of resistance bands in order to standardize the type of 
exercise across all participants. At the end of 3 weeks, participants crossed over to 
the other exercise condition. 

Results revealed that, overall, exercise improved sexual desire, and for women 
who were experiencing clinically relevant sexual dysfunction at baseline, exercise 
improved overall sexual function. There was some evidence to suggest that exercise 
immediately before sexual activity was more beneficial than exercise in general. 
Overall, the results of this study indicate that exercise improves sexual function in 
women who report sexual problems due to antidepressant medication use, and there 
may be an additional benefit to exercising immediately prior to sexual activity.
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Exercise and Sexual Arousal in Women with Multiple Sclerosis 

In light of Lorenz and Meston’s findings (2014), Sadeghi Bahmani and colleagues 
explored the effects of exercise on sexual functioning in women with Multiple Scle-
rosis (MS) (2020). MS is a neurodegenerative disease of the central nervous system 
that is highly comorbid sexual dysfunction and depression. In their study, Sadeghi 
Bahmani and colleagues implemented an 8-week aquatic exercise routine through 
which participants engaged in either two or three sixty-minute exercise sessions per 
week based on their random group assignment. A control group met two to three 
times per week during the 8-week study to discuss daily activities and challenges. 
Results indicated that regular aquatic exercise had significant, positive effects on 
sexual functioning. There were significant increases in functioning for the women 
with MS in both the exercise conditions as compared to the control group (p < 
0.001). Furthermore, these differences were observed for each domain of sexual 
functioning (i.e., desire, orgasm, arousal, lubrication, pain, and satisfaction). These 
findings further suggest that SNS activation plays a faciliatory role in physiological 
sexual arousal in women and that, as a result, regular exercise can improve female 
sexual functioning. 

Summary and Conclusions 

The studies presented in this chapter strongly suggest that acute exercise increases 
physiological sexual arousal in women with normal or low levels of resting SNS 
activity. The most likely mechanism of action associated with the facilitatory effect 
of exercise on sexual arousal is SNS activation, although the roles of hormonal and 
other potential changes that occur with exercise cannot be ruled out. There appears 
to be an optimal level of SNS activation for the enhancement of genital arousal in 
women. Specifically, moderate increases in SNS activity have been associated with 
high physiological sexual arousal responses, while both very low and very high SNS 
activation are associated with lower physiological sexual arousal. 

These findings have important clinical implications. For women who have normal 
baseline SNS levels and who are having problems becoming sexually aroused, as 
little as 20 min of acute exercise at a constant 70% of one’s estimated maximum 
volume of oxygen uptake before sexual activity could help improve genital arousal. 
Acute exercise may also facilitate increased genital arousal in women who may 
have suppressed sympathetic activation due to hysterectomy, or antidepressant medi-
cation use, particularly SSRIs. As most of the treatment options for women with 
antidepressant-induced sexual dysfunction are pharmacologic in nature, acute exer-
cise may be a valuable alternative for women seeking to increase their physiological 
sexual arousal without taking medication. 

Drawing on the finding that high levels of SNS activation inhibited blood flow to 
the genitals, acute exercise prior to sexual activity may not be beneficial for women
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with high baseline SNS arousal. High SNS arousal is typical of women with high 
sexual anxiety, posttraumatic stress disorder, and childhood sexual abuse. For these 
women, treatments that decrease baseline SNS activity and SNS activity during 
sexual activity may prove more beneficial. In fact, chronic exercise training has 
been associated with lower SNS responses to acute exercise (Hackney 2006). Level 
of chronic exposure to exercise is one of the most potent factors influencing the 
neuroendocrine stress response to a session of acute exercise. Women with elevated 
SNS arousal may benefit from regular exercise to reduce their basal SNS activity, 
which may, in turn, improve their sexual function. 

Sexual arousal in women consists of both a genital (i.e., physiological) and psycho-
logical (i.e., the experience of being mentally “turned on”) component, and both are 
important to a woman’s overall sexual experience. This review focused exclusively 
on genital sexual arousal because the studies presented were almost all conducted 
within a laboratory setting and the accurate measurement of psychological arousal is 
difficult to obtain in a contrived laboratory setting. Although laboratory studies often 
show a low concordance between physiological and psychological sexual arousal 
in women (for a review, see Meston and Stanton 2019, or Chivers et al. 2010), it is 
possible that in a real-life sexual scenario feedback from increased genital arousal 
post-exercise would serve to also enhance the psychological experience of arousal 
for women who have high concordance of psychological and physiological sexual 
arousal. 

It should also be noted that this review focused exclusively on the effects of 
acute exercise on women’s sexual arousal response. The long-term, chronic effects 
of exercise on a woman’s sexuality are also noteworthy. It is widely accepted that 
constructs such as self-esteem, body image, and body satisfaction are related to 
women’s sexuality and overall sexual well-being. Exercise has been associated with 
improvements in self-esteem in both adolescents (e.g., Ekeland et al. 2005) and 
adults (e.g., McAuley et al. 1997). Among healthy individuals, increased exercise 
has beneficial effects on body image (e.g., Adame and Johnson 1989), and in women, 
researchers have noted a significant negative relationship between amount of exercise 
and body satisfaction (Tiggemann and Williamson 2000). Exercise has also been 
linked to increased energy and decreased fatigue (for a review, see Berger and Motl 
2001), which collectively also play an important role in women’s sexuality. 
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Chapter 22 
Sex Hormones, Cancer, and Exercise 
Training in Women 

Kristin L. Campbell and Eleanor L. Watts 

Introduction 

Higher levels of circulating sex hormones are linked to the risk of several sex 
hormone-related cancers in women, specifically breast and endometrial cancers 
(Brown and Hankinson 2015). It is proposed that sex hormones can have a mitotic 
effect on target tissues, by promoting greater cellular proliferation, inhibiting apop-
tosis, and increasing DNA damage (Caldon 2014; Henderson and Feigelson 2000; 
Yue et al. 2013). Therefore, it is suggested that cancer risk could be altered by reducing 
cumulative lifetime exposure to sex hormones, particularly estrogens. Early age of 
menarche (before age 12), later age of menopause, and a higher number of full-term 
pregnancies are all reproductive factors that are linked to increased risks of breast and 
endometrial cancers (Dossus et al. 2010; Henderson and Feigelson 2000; Hoffman-
Goetz et al. 1998). Postmenopausal hormone therapy uses and higher postmenopausal 
body mass index (BMI) are proposed to increase cumulative sex hormone exposure 
and, in turn, increase breast and endometrial cancer risk (Allen et al. 2010; Henderson 
and Feigelson 2000; Morimoto et al. 2002; Reeves et al.  2007). 

A pooled individual-level analysis of prospective studies and a recent meta-
analysis have observed that postmenopausal women with elevated levels of endoge-
nous estrogens (including estradiol, free estradiol, estrone, estrone sulfate) and 
androgens (including androstenedione, dehydroepiandrosterone (DHEA), dehy-
droepiandrosterone sulfate (DHEAS), and testosterone) have an increased risk of 
developing postmenopausal breast cancer (Drummond et al. 2022; Endogenous
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Hormones and Breast Cancer Collaborative Group 2002), whereas women with 
elevated levels of sex hormone binding globulin (SHBG) may have a lower risk of 
postmenopausal breast cancer (Endogenous Hormones and Breast Cancer Collabo-
rative Group 2002). Higher androgen (androstenedione, DHEAS, and testosterone) 
levels may also increase the risks of premenopausal breast cancer, whereas the asso-
ciations between circulating estrogen levels and premenopausal breast cancer are 
less consistent, with a pooled analysis reporting positive associations between estro-
gens (estradiol, free estradiol, and estrone), while a recent meta-analysis did not find 
evidence of an association (Drummond et al. 2022; Endogenous et al. 2013). SHBG 
levels do not appear to associate with premenopausal breast cancer risk (Drummond 
et al. 2022; Endogenous et al. 2013). 

For endometrial cancer, there is consistent evidence that women with elevated 
estrogen levels (estradiol, free estradiol, and estrone) are at an increased risk for post-
menopausal endometrial cancer (Allen et al. 2008; Larsson et al. 2021; Lukanova 
et al. 2004; Zeleniuch-Jacquotte et al. 2001). Positive associations with androgens 
levels have also been observed, specifically elevated androstenedione (Lukanova et al. 
2004) and total and free testosterone (Allen et al. 2008; Ruth et al.  2020; Watts et al. 
2021a, b). To date, the relationship between estradiol levels and endometrial cancer 
risk in premenopausal women has not been studied with sufficient numbers to develop 
definitive conclusions (Brown and Hankinson 2015). The purpose of this chapter is to 
provide an overview of the impact of physical activity or structured exercise training 
on the risk of sex hormone-related cancers, namely breast and endometrial cancers. 
The chapter will first outline the epidemiological evidence and potential mecha-
nisms. This will be followed by a summary of the impact of exercise training on sex 
hormones at key reproductive timepoints, namely pre-puberty, between puberty and 
menopause, and postmenopause. The impact of exercise training on sex hormones 
for women at higher risk of sex hormone-related cancers will also be outlined. 

Epidemiology of Physical Activity and Sex Hormone-Related 
Cancer Risk 

There is now a wealth of available epidemiologic evidence for the association 
between higher physical activity levels and reduced risk of many cancers, including 
breast and endometrial cancers (Friedenreich and Orenstein 2002; Guo et al. 2020; 
Lee 2003; Moore et al. 2016). The current public health recommendations for cancer 
prevention are for adults to engage in at least 150–300 min of moderate activity or 
at least 75–150 min of vigorous activity per week (Piercy et al. 2018; World Cancer 
Research Fund-American Institute for Cancer Research 2018), and it has been esti-
mated that if everyone in the USA achieved ≥5 h/week of moderate-intensity activity, 
then >46,000 cancer cases could be prevented annually (Minihan et al. 2021). 

For breast cancer, a pooled analysis of epidemiological studies suggests that 
women who self-reported the highest 90%tile levels of physical activity had a 10%
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lower risk than the least active 10%tile (Moore et al. 2016). Analysis of physical 
activity measured using wrist-worn devices (to measure physical activity) also found 
that more active women had lower risks of breast cancer (Guo et al. 2020). The associ-
ation of physical activity with breast cancer may be strongest for physical activity that 
is recreational or household activities and for physical activity either sustained over 
the lifetime or engaged in after menopause (Friedenreich et al. 2010a, b). Breast 
cancer is a heterogeneous disease, most commonly defined by hormone receptor 
status. Tumors can be estrogen receptor (ER) and progesterone receptor (PR) posi-
tive or negative. The observational evidence for whether the association between 
physical activity and breast cancer risk varies by hormone receptor status is mixed 
and remains unclear (Lynch et al. 2011; Ma et al.  2016; Moore et al. 2016; Steindorf 
et al. 2013). However, the largest pooled study to date found that physical activity is 
associated with both ER+ and ER− tumors (Moore et al. 2016). 

For endometrial cancer, a risk reduction of 20–30% is reported among the most 
physically active women compared to the least physically activity women (Cust et al. 
2007; Du et al.  2014; Moore et al. 2016; Schmid et al. 2015; Voskuil et al. 2007). 
However, there are emerging data that this effect may be limited to women who are 
overweight or obese, and the association of physical activity with endometrial cancer 
is reported to attenuate after accounting for BMI, suggesting that the relationship 
between physical activity and endometrial cancer may be due to physical activity 
decreasing body fat (Du et al. 2014; Moore et al. 2016; Schmid et al. 2015). While 
there are less available data regarding the benefits of physical activity carried out 
at different age periods across the lifespan, a stronger effect for recent or lifetime 
physical activity has been observed (Friedenreich et al. 2010a, b; Saint-Maurice et al. 
2021). 

Studying the association between an important exposure, such as physical activity, 
and a cancer diagnosis is a challenge. Observational studies are generally reliant on 
self-reported physical activity, where reporting errors can be introduced, and the long 
latency of cancer development means that prospective cohorts must be followed for 
many years. To date, a randomized controlled trial of physical activity with risk of 
pre- or postmenopausal breast cancer as the outcome has not been undertaken, as 
there are several logistical considerations that make such a trial difficult to undertake 
(Ballard-Barbash et al. 2009). Therefore, to gain a better understanding of how exer-
cise influences cancer risk, researchers have focused on examining the effect of exer-
cise on biomarkers, such as sex hormones, as surrogate outcomes rather than on the 
development of cancer as the outcome (Ballard-Barbash et al. 2009). Biomarkers are 
biological factors thought to be involved on the causal pathway between exposure and 
cancer development (Rundle 2005). Therefore, researchers have undertaken random-
ized controlled trials to prospectively test the effect of supervised exercise interven-
tions on proposed biomarkers of sex hormone-related cancer risk. The development 
of wearable devices (to objectively measure physical activity levels) and assays (to 
measure multiple biomarker levels at a lower cost) has also enhanced researchers’ 
capacity to assess the relationship between physical activity and biomarkers both in 
trials and population-based studies (Tin Tin et al. 2020; Watts et al. 2021a, b), as 
well as investigate how they relate to later cancer risk.
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Proposed Mechanisms for Sex Hormone-Related Cancer 
Risk Reduction Due to Exercise 

The effect of exercise on age at menarche, menstrual cycle function, and level of 
circulating endogenous sex steroid hormone levels in girls and women are often 
cited as potential mechanisms for reduced breast and endometrial cancer risk (Bern-
stein et al. 1994). In premenopausal women, the hypothalamic–pituitary–gonadal 
axis, which is responsible for key reproductive hormones, may be disrupted with 
stress or energy availability, namely by disrupting gonadotropin-releasing hormone 
(GnRH) pulsatility. This can result in primary amenorrhea (a delay in onset of 
menarche), oligomenorrhea (irregular menstrual cycles), or secondary amenorrhea 
(loss of menstrual cycle) (Borer 2003). These alterations would, in turn, reduce 
cumulative lifestyle exposure to sex hormones and are proposed to in turn reduce the 
risk of sex hormone-related cancers. A 2022 systematic review and meta-analysis on 
the effect of physical activity on sex hormones provide an overall summary. From 
data from 28 randomized controlled trials, 81 non-randomized interventions, and 6 
observational studies, overall estrogens, progesterone, and androgens levels mostly 
decreased due to engaging in physical activity, and the quality of the evidence was 
rated as moderate or high for the particular hormone type (Swain et al. 2022). 

In postmenopausal women, the beneficial effect of physical activity is closely 
linked to body composition. After menopause, the production of estrogen is no longer 
under feedback regulation as it is in premenopausal women. A higher risk of post-
menopausal breast and endometrial cancer is observed for postmenopausal women 
who are overweight or obese (Reeves et al. 2007). This is attributed primarily to 
greater amounts of adipose tissue, where estrogens are produced via aromatization 
of other sex hormone precursors (Morimoto et al. 2002). Postmenopausal women 
who are obese have up to twofold higher serum concentrations of estradiol than lean 
postmenopausal women (Key et al. 2001). Increasing BMI is also associated with a 
drop in SHBG, resulting in a notable increase in levels of free estradiol in women 
(Key et al. 2001). Therefore, one-way exercise is proposed to lower postmenopausal 
breast and endometrial cancer risk by assisting with the reduction of body fat or with 
the maintenance of lower body fat. Furthermore, engaging in higher levels of physical 
activity may be able to counteract some of the increased risk associated with obesity 
through other mechanisms, such as improving metabolic function (i.e., hyperinsu-
linemia, insulin resistance), reducing systemic inflammation (i.e., prostaglandin, C-
reactive protein), reducing oxidative stress (i.e., reactive oxygen species), reducing 
genomic instability, and improving immune surveillance (i.e., natural killer cells, 
leukocytes, T helper cells) (Patel et al. 2019; Wang and Zhou 2021). Exercise has 
the potential to affect all of these biological pathways, and their contribution may 
overlap or be synergistic (Campbell and McTiernan 2007). The discussion of these 
potential interactions is beyond the scope of this chapter. 

In addition, exercise is proposed to alter how estrogens are metabolized in the 
body, namely to favorably alter metabolism toward 2-hydroxyestrone (2-OHE1),
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which has little or no estrogenic effect rather than toward 16α-hydroxyestrone (16α-
OHE1), which has an estrogenic effect (Campbell et al. 2007). However, a 2022 
systematic review and meta-analysis of 11 prospective studies reported increased 
breast cancer risk with increasing concentrations of 2-OHE1 in postmenopausal 
women, but the strength of evidence was low. There were insufficient studies to 
complete a meta-analysis for premenopausal women (Drummond et al. 2022). 
Emerging data on measures of estrogen metabolism using a more comprehensive 
panel of estrogen metabolites through liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) may shed new light on the association between estrogen 
metabolism and cancer risk (Ziegler et al. 2015). 

Exercise Effect: Pre-puberty 

Observational research points to an association between regular strenuous exercise 
such as ballet dancing, gymnastics, and running and a delay in the onset of menses 
(Bernstein et al. 1987; Frisch et al.  1981; Warren  1980). In one observational study, 
Frisch et al. (1981) reported that each year of training before menarche delayed 
menarche by 5 months. Exercise around the time of menarche may also delay the 
establishment of truly ovulatory menstrual cycles, thus reducing subsequent exposure 
to sex hormones (Bernstein et al. 1987). However, there is a potential issue of bias 
in the available observational studies, which used cross-sectional or retrospective 
study designs. Later maturation may favor athletic ability, and therefore, girls who 
are later in maturing may be more likely to engage in sports, rather than vice versa 
(Loucks 1990). Body weight, height, and BMI are also strongly correlated with the 
age of menarche (Karapanou and Papadimitriou 2010). So energy availability may 
play an important role in age of menarche, rather than specifically exercise levels per 
se (Loucks 1990). 

Exercise Effect: Puberty to Menopause 

Exercise may cause minor shifts in the hormonal milieu of premenopausal women, 
which is proposed to play a role in reducing the cumulative exposure to sex hormones 
and subsequent sex hormone-related cancer risk (Bullen et al. 1984; Keizer et al. 
1987). Originally, it was proposed that exercise of significant frequency and inten-
sity was needed to induce menstrual dysfunction sufficient to result in significantly 
decreased exposure to sex steroid hormones (Bullen et al. 1985). In premenopausal 
women, observational research points to a continuum of menstrual dysfunction 
(amenorrhea, anovular cycles, luteal phase deficiency), longer menstrual cycles, and 
lower progesterone and estradiol levels in athletes compared with control subjects 
(Baker and Demers 1988; Broocks et al. 1990; De Souza et al. 1998; Ellison and 
Lager 1986; Pirke et al. 1990; Ronkainen 1985; Schweiger et al. 1988). However,
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this has been harder to document with prospective intervention studies, and the few 
available prospective intervention studies are hampered by small sample sizes and 
mixed results. Two studies found that a moderate-intensity running intervention did 
not disrupt reproductive function (Bonen 1992; Rogol et al. 1992), while two other 
studies reported minor changes in measures of reproductive function (Bullen et al. 
1984; Keizer et al. 1987), and one study documented menstrual dysfunction with 
significant exercise frequency and intensity, namely daily 10-mile run in addition to 
3.5 h of sports at a moderate exercise intensity (Bullen et al. 1985). 

The more modern prospective intervention studies that followed this early work 
have demonstrated that exercise and other stressors have little or no disruptive effect 
on a reproductive function beyond that of their energy cost on energy availability 
(Loucks 2003; Loucks and Redman 2004; Williams et al. 2001). Williams et al. 
demonstrated experimentally that there is a dose–response relationship between 
the magnitude of energy deficiency and the frequency of menstrual disturbances 
(Williams et al. 2015). Participants were randomly assigned to one of 4 groups: (1) 
Exercise Control (15% energy deficit with exercise but calories added back to diet to 
remain in energy balance); (2) Energy Deficit 1 (15% energy deficit with exercise; 
mean −162 kcal/day); (3) Energy Deficit 2 (30% energy deficit with a combination 
of exercise and reduced dietary intake; mean −470 kcal/day); and (4) Energy Deficit 
3 (60% energy deficit with a combination of exercise (30% deficit) and reduced 
dietary intake (30% deficit); mean −813 kcal/day). Luteal phase defects, anovula-
tion, and oligomenorrhea were observed to a greater degree in the two highest energy 
deficit groups, and the main predictor of these disturbances was percent energy deficit 
(Williams et al. 2015). In a recent study of 35 sedentary, ovulatory women aged 18– 
24 years, who were randomized to different levels of varying magnitude of negative 
energy balance through a combination of exercise and dietary intake restrictions, 
there was no specific energy availability threshold that induced menstrual distur-
bances. However, there was a linear relationship between an increase in menstrual 
disturbances as energy availability decreased (Lieberman et al. 2018). 

The issue of menstrual dysfunction in athletes has been explored extensively under 
the umbrella of the female athlete triad, defined as a combination of: (1) low energy 
availability, with or without disordered eating; (2) menstrual dysfunction; and (3) 
low bone mineral density (Nattiv et al. 2007). The concept of the female athlete triad 
is now more commonly discussed as a syndrome called relative energy deficiency 
in sport (RED-S) (Mountjoy et al. 2014, 2018). The syndrome takes a more holistic 
approach focusing on impaired physiological functioning caused by relative energy 
deficit. 

One of the key effects of menstrual dysfunction is a subsequently lower level of 
circulating estrogens, which in turn has a negative impact on bone health and increases 
the risk of stress fractures. Relative to the prevention of sex hormone-related cancers, 
the proposed goal is a balance between lowering estrogen exposure by encouraging 
mild shifts in menstrual cycle function (i.e., subtle luteal phase defects that could in 
turn lengthen the menstrual cycle and reduce the total number of cycles per year or 
across a lifetime), while at the same time maintaining sufficient estrogen levels to 
maintain bone health. How best to strike this balance has not been established.
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To add to the complexity, for premenopausal women, being overweight or obese 
lowers the risk of breast cancer, possibly because overweight and obesity are linked 
to a higher frequency of anovulatory menstrual cycles (Carmichael and Bates 2004; 
Friedenreich 2001). This may result in less exposure to estrogens, which may subse-
quently reduce the risk of premenopausal breast cancer risk. However, overweight 
or obesity also results in lower progesterone levels, which may play a key role in the 
increased endometrial cancer risk for overweight or obese premenopausal women 
because of exposure to unopposed estrogens (Key et al. 2001). 

A large prospective intervention study to examine the impact of exercise training 
on sex hormone levels in premenopausal women is the Women In Steady Exercise 
Research (WISER) study. In this study, 391 previously sedentary, premenopausal 
women aged 18–30 years with regular menstrual cycles (24–35 days) were random-
ized to either 150 min per week of supervised moderate-intensity aerobic exercise 
(30 min/day, 5 days per week) for 16 weeks or usual lifestyle control. Despite high 
adherence to the exercise intervention, no differences in sex hormones or SHBG 
levels were noted between groups (Smith et al. 2011). The intervention group 
improved fitness, and while there was no change in body weight in either group, 
the intervention group had significant reductions in body fat (mean reduction of 
1%) and increases in lean mass (mean increase of 0.5 kg). The authors concluded 
that favorable effects of moderate-intensity exercise on breast cancer risk may be 
operating through other biological pathways than sex hormones in the absence of a 
significant deficit in energy availability or weight loss. 

Specific to estrogen metabolites, observational studies in premenopausal women 
have reported higher ratios of 2-OHE1 to 16α-OHE1 in athletes compared with 
control subjects (Russell et al. 1984a); with high-intensity training that also resulted in 
the development of menstrual dysfunction (Russell et al. 1984a, b; Snow et al. 1989); 
with higher self-reported daily physical activity (Bentz et al. 2005; Matthews et al. 
2004); and with higher aerobic fitness (VO2max) (Campbell et al. 2005). However, 
these associations may be related to body composition, with less favorable patterns 
seen with higher BMI (Bentz et al. 2005; Campbell et al. 2005; Matthews et al. 
2004). In two prospective interventions studies in premenopausal women, in the 16-
week aerobic exercise intervention in the WISER study, the exercise group had a 
statistically significant favorable increase in 24-h urinary 2-OHE1/16α-OHE1 ratio, 
consistent with a reduction in estrogen exposure (Smith et al. 2013), while Campbell 
et al. (2007) reported no change in first morning urinary estrogen metabolism pattern 
with a12-week aerobic exercise training intervention versus delayed exercise control 
in a similar population of 32 previously sedentary, premenopausal women, with 
regular menstrual cycles. Interestingly, an increase in lean body mass was associated 
with a favorable change in 2-OHE1/16alpha-OHE1 ratio (r = 0.43; p = 0.015).
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Effect of Exercise: After Menopause 

In postmenopausal women, increased physical activity is associated with decreased 
serum concentrations of estradiol, estrone, and androgens after adjustment for BMI in 
some (Cauley et al. 1989; McTiernan et al. 2008) but not in other studies (Verkasalo 
et al. 2001). In a random subsample of women in the Women’s Health Initiative 
Dietary Modification Trial (Howard et al. 2006), women with a high BMI and low 
self-reported physical activity had higher levels of estrone, estradiol, and free estra-
diol and lower levels of SHBG than women with a similar BMI who were active 
or with low BMI in either activity category (McTiernan et al. 2008) (Fig. 22.1). 
A series of six published randomized controlled trials has examined the effect of 
aerobic physical activity on sex hormones in previously sedentary, overweight, post-
menopausal women, with a goal of informing a better understanding of the dose of 
exercise needed to reduce breast cancer risk (Table 22.1). 

The Physical Activity and Total Health Trial is a 2-arm trial in 173 women that 
examined the effect of a 12-month moderate-intensity aerobic exercise (45 min/d, 
5 d/wk) versus usual lifestyle control. The exercise group had a reduction in body 
weight, total body fat, intraabdominal fat, and subcutaneous fat compared with the 
control group, and a significant dose–response for greater body fat loss was observed 
with increasing duration of exercise (Irwin et al. 2003). A significant decrease in estra-
diol, estrone, and free estradiol was seen from baseline to 3 months with an attenuation 
of the effect at 12 months (McTiernan et al. 2004a, b). However, in women who lost 
body fat, the exercise intervention resulted in a statistically significant decrease in 
these estrogens (McTiernan et al. 2004a, b) (Fig. 22.2) and a statistically significant 
decrease in testosterone and free testosterone at 3 and 12 months (McTiernan et al. 
2004a, b).

The Alberta Physical Activity and Breast Cancer Prevention Trial (ALPHA Trial) 
is a 2-arm trial in 320 women that examined the effect of a 12-month aerobic exercise 
intervention (45 min/d, 5 d/wk) compared with usual lifestyle control (Friedenreich

Fig. 22.1 Associations of BMI and physical activity with serum estrogens in postmenopausal 
women: Women’s Health Initiative (n = 267) (McTiernan et al. 2006). Low BMI < 29.0; high 
BMI ≥ 29.0; low physical activity ≤ 6.5 MET-hours per week; high physical activity > 6.5 MET-
hours per week
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Table 22.1 Change in estradiol, estrone, and sex hormone binding globulin in randomized 
controlled trials of lifestyle interventions focused on biomarkers of postmenopausal breast cancer 
risk in inactive, overweight, postmenopausal women 

Study Location N Duration Intervention Outcome 

Physical Activity 
and Total Health 
(PI: McTiernan) 
(McTiernan et al. 
2004a, b) 

USA 173 12 month 2-arm 
1. Aerobic 
(225 min/wk) 
2. Control 

Estradiol: 
1. −4.4% (NS) 
2. −0.6% 
Estrone: 
1. −1.8% (NS) 
2. +3.9% 
SHBG: 
1. +8.8% (NS) 
2. +2.5% 

ALPHA 
(PI: Friedenreich) 
(Friedenreich et al. 
2010b) 

Canada 320 12 month 2-arm 
1. Aerobic 
(225 min/wk) 
2. Control 

Estradiol: 
1. −14%a 

2. −2.9% 
Estrone: 
1. −6.4% (NS) 
2. −2.2% 
SHBG: 
1. +4.0%a 

2. +0.8% 

SHAPE 
(PI: Monninkhof) 
(Monninkhof et al. 
2009) 

Netherlands 189 12 month 2-arm 
1. Combined aerobic 
and resistance 
(150 min/wk) 
2. Control 

Estradiol: 
1. −8.0 (NS) 
2. −10.1 
Estrone: 
1. −13.9 (NS) 
2. −7.4 
SHBG: 
1. −0.7 (NS) 
2. −3.3 

NEW 
(PI: McTiernan) 
(Campbell et al. 
2012) 

USA 439 12 month 4-arm: 
1. Reduced calorie 
diet (−10% BW) 
2. Aerobic exercise 
(225 min/wk) 
3. Combined reduced 
calorie diet and 
aerobic exercise 
(−10% BW and 
225 min/wk) 
4. Control 

Estrone: 
1. −9.6a 

2. −5.5 (NS) 
3. −11.1a 

4. +8.1 
Estradiol: 
1. −16.2a 

2. −4.9 (NS) 
3. −20.3a 

4. +4.9 
SHBG: 
1. +22.4a 

2. −0.7 (NS) 
3. +25.8a 

4. −2.7

(continued)
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Table 22.1 (continued)

Study Location N Duration Intervention Outcome

BETA 
(PI: Friedenreich) 
(Friedenreich et al. 
2015) 

Canada 400 12 months 2-arm 
1. 
Aerobic—moderate 
volume 
(150 min/week) 
2. Aerobic—high 
volume 
(300 min/week) 

Estradiol: 
1. −4.5 
2. −3.6 (NS) 
Estrone: 
1. −3.2 
2. 0.1 (NS) 
SHBG: 
1. 9.6 
2. 6.4 (NS) 

SHAPE-2 
(PI: Monninkhof) 
(van Gemert et al. 
2015) 

Netherlands 243 16 weeks 3-arm 
1. Reduced calorie 
diet (−5 to 6 kg)  
2. Combined aerobic 
and RT intervention 
(240 min/week) with 
slight reduction in 
calorie intake (with 
goal to reduce 5 to 
6 kg) 
3. Control 

Estradiol: 
1. −13.8a 

2. −12.7a 

3. +3.1 
Estrone: 
1. −1.3 (NS) 
2. −6.7 (NS) 
3. +1.5 
SHBG: 
1. +12.6a 

2. +19.0a 

3. −8.3 

Legend a Denotes statistical significance compared to control group; BW = body weight; NS = 
not statistically significant compared to control group or comparison group (moderate intensity) in 
BETA Trial; SHBG = sex hormone binding globulin.

Fig. 22.2 Percent change in estradiol by percent change in body fat in a randomized controlled 
trial of 1-year moderate-intensity exercise in postmenopausal women (McTiernan et al. 2004a, b). 
Statistically significant difference in estradiol level in exercisers who lost 0.5–2% body fat (p = 
0.02) and for those who lost >2% body fat (p = 0.008)

et al. 2010a, b). A significant reduction in estradiol and free estradiol and an increase 
in SHBG were observed in the intervention group compared to the control group 
at 12 months, suggesting that women that engaged in at least 150 min per week of
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moderate-intensity aerobic exercise could lower exposure to estradiol levels (Frieden-
reich et al. 2010a, b). Change in sex hormone levels by the amount of weight loss 
was not reported. 

The Sex Hormones And Physical Exercise (SHAPE-1) Trial is a 2-arm trial in 
189 women that examined the effect of a 12-month combined aerobic (20–30 min 
per session) and resistance intervention (25 min per session) compared to usual 
lifestyle control (Monninkhof et al. 2009). The intervention was two supervised 
sessions per week of the combined intervention and one home-based session of 
30 min of brisk walking. There were no differences in sex hormones between groups 
at 12 months. In women who lost >2% of baseline body weight, regardless of group 
assignment, there was a significant reduction in testosterone, free testosterone, and 
androstenedione in the exercise group compared to controls (Monninkhof et al. 2009). 
The authors suggest that these findings confirm that weight loss may be key in altering 
sex hormone levels in postmenopausal women, but that exercise may also play a role 
in favorably altering sex hormone levels. 

The Nutrition and Exercise for Women (NEW) Trial is a 4-arm trial examining 
439 women that examined the effects of a 12-month intervention of dietary weight 
loss alone, exercise alone, dietary weight loss plus exercise, or usual lifestyle control 
(Campbell et al. 2012; Foster-Schubert et al. 2012). The dietary weight loss interven-
tion was a reduced calorie diet with a goal of a 10% reduction from baseline body 
weight. The exercise intervention was 45 min of moderate-intensity aerobic exer-
cise 5 days per week (with three of the sessions supervised). The combined group 
undertook both interventions. A reduction in estrone compared to controls was seen 
in all three intervention groups. However, a reduction in estradiol, free estradiol, and 
free testosterone was only noted in the dietary weight loss alone or dietary weight 
loss plus exercise groups, and not in the exercise alone group. A similar pattern of 
increase in SHBG is only in the dietary weight loss alone and dietary weight loss 
group plus exercise groups (Campbell et al. 2012). The control group lost −0.6 kg, 
while the exercise group lost −3.3 kg, the dietary weight loss group alone group 
lost −10.8 kg, and the dietary weight loss group plus exercise lost 11.9 kg (Foster-
Schubert et al. 2012). The authors concluded that greater weight loss produced greater 
changes in estrogens and SHBG, and therefore, the findings supported weight loss 
as a risk reduction strategy for postmenopausal breast cancer by lower exposure to 
biomarkers of risk (Campbell et al. 2012). 

The Breast Cancer and Exercise Trial in Alberta (BETA) is a 2-arm trial in 
400 women that examined the effects of a 12-month intervention of moderate 
volume of aerobic exercise (150 min/wk) and high volume of aerobic exercise 
(300 min/wk) (Friedenreich et al. 2015). Adherence to the intervention resulted in 
a median of 137 min/week performed by the moderate volume group and a median 
of 253 min/week performed by the high volume group. At 12 months, there were 
similar reductions in estrone, estradiol, and free estradiol and similar increases in 
SHBG in both groups, with no difference between groups. While greater decreases 
in estradiol and free estradiol were borderline significant in the high volume group, 
the authors suggested that the lack of observed difference may be due to the fact that 
the volume of exercise achieved between the groups may not have been sufficiently
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different. A dose effect was observed more so for obese women and the amount of 
time spent in vigorous-intensity aerobic exercise, as compared with more moderate 
intensity (Friedenreich et al. 2015). 

The Sex Hormones and Physical Exercise-2 (SHAPE-2) Trial is a 3-arm trial in 
243 women that examined the effects of a 12-month reduced calorie diet with a weight 
loss goal of 5–6 kg from baseline body weight, an exercise intervention that was a 
combined aerobic and resistance program with a small calorie deficit with the same 
weight loss goal of 5–6 kg, and a usual lifestyle control group. There was no change in 
body weight in the control group (van Gemert et al. 2015). Both intervention groups 
reached the body weight loss target at 12 months, with a statistically significantly 
greater reduction in the exercise group compared to the reduced calorie diet group 
(−5.5 vs. −4.9 kg, p < 0.001). At 12 months, the only difference between groups 
was a reduction in free testosterone in the main exercise group compared to the 
control and an increase in SHBG in both intervention groups compared to the control. 
After adjustment for changes in body fat, intervention effects were attenuated or 
disappeared (van Gemert et al. 2015). The authors suggest that the beneficial effect 
of exercise on sex hormones may be through promoting greater weight loss and 
greater reductions in body fat when combined with reduced calorie diets versus 
dietary weight loss alone. 

The results of these trials have been synthesized in a meta-analysis (de Roon et al. 
2018). Overall caloric restriction, in combination with exercise, appears to be the 
most beneficial intervention for lowering levels of estrone, total estradiol, free estra-
diol, free testosterone, and SHBG. In fact, the addition of exercise to caloric restric-
tion resulted in greater improvements when compared to caloric restriction alone, 
even when weight loss between groups was comparable. However, exercise alone 
only resulted in borderline significant effects on androstenedione, total estrogen, 
and free testosterone. Of note, this meta-analysis did not include the BETA Trial, 
as it compared two different volumes of exercise and did not have a control group 
for comparison. The meta-analysis also included a randomized controlled trial by 
Orsatti et al. that reported no effect of a 16-week resistance training intervention 
compared to control on total testosterone and total estradiol in 50 postmenopausal 
women (Orsatti et al. 2008). The authors of the meta-analysis make a point that, 
while a strength of the meta-analysis is the high quality and large sample sizes of 
the trials included, a limitation of this work is that the results may not be gener-
alizable to all postmenopausal women (i.e., only physically inactive women with 
a BMI  > 22 kg m2 were included). Specific to estrogen metabolism, two random-
ized trials, namely the Physical Activity and Total Health Trial and ALPHA Trial, 
measured estrogen metabolites. No significant effect of the aerobic exercise inter-
vention was observed using the standard assays (Atkinson et al. 2004), or liquid 
chromatography-tandem mass spectrometry (LC-MS/ MS) was observed (Matthews 
et al. 2018). Overall, these findings suggest that physical activity alone can result in 
some favorable changes in sex hormones. However, weight loss appears to have a 
larger impact on sex hormones, and the role of exercise in efforts to lower the risk of 
postmenopausal breast cancer may complement weight loss efforts undertaken with 
a reduced calorie diet.
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Exercise Effect: High-Risk Groups 

Only 5–10% of sex hormone-related cancers are linked to genetic factors (Easton 
et al. 1995; Wooster et al. 1995). Mutations in two breast cancer susceptibility genes 
(BReast CAncer or BRCA1 and BCRA2), which are tumor suppressor genes, are 
strongly linked to the risk of hereditary breast and ovarian cancer, with carriers 
having a 40–85% chance of developing breast cancer in their lifetime, along with a 
higher risk of developing ovarian cancer (25–65% in BCRA1 carriers and 15–10% 
in BRCA2 carriers) (Antoniou et al. 2006; King et al. 2003). Currently, treatment 
involved several medical options to reduce hormone exposure, including prophylactic 
oophorectomy, which can lower breast cancer risk by 50–70%, or the use of Selective 
Estrogen Receptor Modulators (SERMS, e.g., tamoxifen and raloxifene) which can 
lower breast cancer risk by 50%. Prophylactic mastectomy is another option, which 
can reduce risk by 90–95% (Pruthi et al. 2010). 

In a large case–control observational study including 443 matched pairs of women 
who were carriers of a BRCA mutation, there was no overall association between total 
physical activity and subsequent breast cancer risk. Physical activity was collected 
using a self-reported questionnaire asking about moderate and vigorous physical 
activity at ages 12–13, 14–17, 18–22, 23–29, and 30–34. One key finding was that 
higher amounts of moderate-intensity physical activity early in life, namely ages 
12–17, were associated with a 38% decrease in risk of breast cancer diagnosed 
during the premenopausal life stage. There was no association with breast cancer 
diagnosed after menopause. The WISER Sister study is a randomized controlled 
trial conducted in women at high risk of breast cancer (i.e., BRCA 1 or 2 mutation, 
first degree relative with a breast cancer diagnosis, and/or Claus or Gail model risk of 
18%). This 3-arm trial of 150 min/week or aerobic exercise, 300 min/week of aerobic 
exercise, or usual lifestyle control for 5 menstrual cycles measured urinary hormones 
in daily first morning urines in menstrual cycles 1 and 2 for baseline and menstrual 
cycles 6 and 7 for post-intervention. The control group had an 11.6% increase in 
area under the curve for follicular phase estrogen, compared to a −2.1 and a 0.2% 
change in the low- and high-dose groups, respectively. There was no difference in the 
luteal phase. In looking at the dose-response relationship, every 100 min of exercise 
was associated with 3.6% lower follicular phase estrogen (Schmitz et al. 2015). A 
particularly unique aspect of this study was the impact of the intervention directly 
on breast tissue. The amount of glandular breast tissue, the constituent of breast 
tissue that is hormone responsive, was measured using parenchymal enhancement 
magnetic resonance imaging. Every 100 min of the exercise was associated with a 
9.7% decrease in background parenchymal enhancement (Brown et al. 2016; Schmitz 
et al. 2015). The authors conclude that these results offer support for physical activity 
as an additional option for women at high risk of breast cancer to blunt exposure 
levels of estrogen (Brown et al. 2016). More research on the potential role of physical 
activity or exercise to alter exposure to sex hormones and how this may impact breast 
cancer risk in higher-risk individuals is needed.
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Future Directions 

Future exercise interventions should expand on current knowledge by testing different 
types of exercises (i.e., resistance and aerobic) and different volumes of exercises (i.e., 
other intensities and durations of exercise) in different populations and in persons 
at different risks of developing cancer. Lower costs of techniques such as wear-
able devices (to objectively measure physical activity), high-throughput assays (to 
measure many biomarkers at once), and imaging (for detailed body composition 
information) in large studies will enable more robust research to confirm whether 
proposed biomarkers do indeed lie on the causal pathway between physical activity 
and sex hormone-related cancer development independently of adiposity. One poten-
tial example of this is the Molecular Transducers of Physical Activity Consortium 
(MoTrPAC) (Sanford et al. 2020). This project aims to examine the molecular changes 
(including sex hormones) in the body secondary to exercise, with a goal to increase the 
understanding of the unique contributions of exercise to improving and maintaining 
the health of the body’s tissues and organs. 

Summary 

Moderate-intensity physical activity has biological effects that may reduce the risk of 
breast and endometrial cancers, including through favorable changes in sex hormone 
levels. However, energy balance and body fat may play a significant role in the 
relationship between physical activity and sex hormone levels. This suggests the 
need for future trials to examine the independent and combined effects of physical 
activity and diet in support of weight management and weight loss to reduce the risk 
of sex hormone-related cancers. 
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Chapter 23 
The Future of Sport and Exercise Science 
Research in the Female Athlete 

Rose K. Kelly and Kathryn E. Ackerman 

Introduction 

The landscape of sports and exercise science (SES) in the female athlete consists 
of intertwined complex and dynamic physiological pathways. Consequently, this 
field demands thoughtful investigation from the cellular level to the scale of the full 
sports ecosystem. The growing community of researchers and body of literature are 
bending toward a needed paradigm shift that views the interactive study of various 
female hormonal profiles, social constructs, and sports as important opportunities to 
enhance female athlete well-being and sports performance. This is a positive change 
from the previously dominant opinion that such knowledge pursuit was too complex, 
too time-consuming, and too expensive to bother, and that it was adequate to simply 
study boys and men and apply findings to girls and women. 

This chapter explores the future of SES in females by critically appraising the 
state of the literature, exploring new methodological standards and their application, 
and identifying key knowledge gaps, all situated in a sociopolitical and economic 
context. As a disclaimer, we use “female” throughout the chapter to refer to humans 
with XX chromosomes. We use this term to focus on the current topics in natal girl 
and women athletes that have been addressed and those that still need exploring. For 
a discussion on transgender and disorders of sexual development (DSD) athletes, the 
authors refer you to other chapters in this volume.
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State of the Science 

Interest in women’s SES heightened following the trailblazing work of the late Dr. 
Barbara Drinkwater on amenorrhea and low bone mineral density (BMD), published 
in 1986, (Drinkwater et al. 1986) and later coined the female athlete triad (Triad) 
linking disordered eating, amenorrhea, and osteoporosis in female athletes (Yeager 
et al. 1993). Since then, a growing community of scientists has further pursued novel 
lines of inquiry in the female athlete research agenda. Such pursuits have been slow 
but are building momentum. 

Cowley et al. (2021) reported a thorough assessment of female representation 
in SES research and found that only 6% of articles published in the top six SES 
journals from 2014 through 2020 exclusively studied women (Cowley et al. 2021), 
which was little change from Costello et al.s’ assessment (2014) from seven years 
earlier finding 4–13% of studies in three leading SES journals from 2011 through 
mid-2013 exclusively investigated females (Costello et al. 2014). Considering repre-
sentation in authorship, between 2000 and 2020, less than a quarter of publications 
from 14 leading SES journals had female first authors, and female authors served 
as senior authors on less than 17% of publications (Martinez-Rosales et al. 2021). 
Additionally, less than 20% of these journals’ editorial board positions were held 
by women, and no editors-in-chief were women (Martinez-Rosales et al. 2021). 
Finally, there is no published evidence that the female athlete research agenda has 
been co-constructed with female athletes themselves, but instead determined solely 
by academics and funding sources. As such, it is unsurprising that a historical lack 
of representation and more robust expertise in female SES underscores a paucity in 
this field of study (Elliott-Sale et al. 2021). Though the community of those dedi-
cated to female athletes, including researchers, has grown tremendously in the past 
fifty years since Title IX was passed in the USA in 1972 (“Title IX of the Educa-
tion Amendments of 1972, 1972) and in the forty years since Drinkwater’s ground-
breaking work (Drinkwater et al. 1986), an improvement in size and sex parity of the 
body of researchers and inclusion of the participants themselves in research develop-
ment would benefit the quality of findings and resulting evidence-based applications 
(Campbell et al. 2013; Nielsen et al. 2018). An increase in representation across 
lines of race, ability, socioeconomic status, gender, and nation, among others, would 
further enhance the research questions prioritized and ultimately answered (Antonio 
et al. 2004). 

The state of SES in females stands at a crossroads. There is a growing community 
of established and aspiring experts in the various domains of female athlete SES, 
but their area of study is often afforded only nominal financial and other support by 
research institutions, grant sources, and colleagues. As a result, low barrier, low-cost 
methodologies and tools, such as unvalidated or insufficiently validated question-
naires (Fogelholm and Lahti-Koski 1991; Rogers et al. 2021), and 24-h dietary recall 
and food diaries (Fogelholm and Lahti-Koski 1991; Freedman et al. 2014; Larson-
Meyer et al. 2018; Lee  2013; Poslusna et al. 2009; Thompson and Subar 2008; 
Trabulsi and Schoeller 2001), to name a few, are commonly seen in the literature.
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Such methods of inquiry and assessment can bring attention to certain female athlete 
topics and are a starting point, but they bring inherent error and biases, and we must 
demand more scientifically sound approaches to answering female athlete-relevant 
questions. Some have attempted to study the hormonal profiles of females, which 
vary both within and between females over various periods (e.g., circadian, ultra-
dian rhythms). The questions the research community seeks to ask, and the resulting 
findings athletes and their support teams need for optimal performance and health, 
demand more sophisticated study design, methodology, and support (Elliott-Sale 
et al. 2021). 

The dearth of high-quality SES research on female athletes presents robust oppor-
tunities to significantly propel the science forward and positively influence the lives 
of athletes. An analysis of resources and processes, as well as identification of key 
areas in need of urgent investigation, is required to illuminate the path forward 
to address inadequacies of the existing body of literature and mediate obstacles 
impeding high-yield inquiry in the future work. 

Methodology Considerations 

Advances in Best Practices 

In the last three years, there has been a significant effort to improve the rigor and 
validity of methods in the field of SES in females. Recently, an international cohort of 
researchers published a series of articles to define best practices for conducting SES 
research in females. All note the lack of consensus on methodological approaches and 
terminology in studying female physiology and energy availability in women, along 
with a lack of necessary funding and a widely held understanding of basic female 
physiology. These issues have all contributed to the suboptimal study designs and 
application of methods found in much of female SES literature to date (Elliott-Sale 
et al. 2021; Heikura et al. 2021; McKay et al. 2022; Smith et al. 2022). Establishing 
definitions and optimal methods will support a more consistent, better approach to 
advancing SES research in female athletes—first critically assessing the literature, 
identifying existing reliable findings, and explicitly noting knowledge gaps; then 
developing more accurate, precise, and valid tools to design, execute, and iterate 
high-yield prospective work. 

Though academics and the general public have been interested in athletes for 
millennia, dating back to Ancient Greece’s Hippocrates and Galen (Berryman and 
Park 1992), a singular definition of “athlete”, or one characterizing athletes across 
a spectrum of competitiveness, determined by consensus and practical use, had not 
existed. Thus, it has been difficult to compare findings across studies of “athletes” 
with a degree of confidence. For this reason, McKay et al. (2022) developed a tiering 
system to describe athletes included in a study population (McKay et al. 2022). The 
tiering system defines athletic caliber ranging from sedentary (tier 0) to world-class
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(tier 5), with the level of competition (e.g., NCAA Division I, international-level, 
world recorder holders), training goals and capabilities (e.g., structured periodized 
training, maximal training) differentiating the tiers (Fig. 23.1). Furthermore, the 
authors note the challenges that may arise in the application of the tool, such as 
tiering athletes across the lifespan (e.g., juniors, masters) and those competing in 
sports and in regions with different opportunities for and access to competition (e.g., 
running vs. ski jump; Paralympic and adapted sport versus Olympic and unadapted 
sport; sport in a high-population country vs. a low-population country) (McKay 
et al. 2022). The McKay et al. tiering system is a valuable resource as the research 
community proceeds with athlete literature audits and designing prospective work 
in various athletic populations.

Elliott-Sale et al. (2021) published a seminal paper outlining considerations 
required when investigating females specifically in SES (Elliott-Sale et al. 2021). 
The authors propose definitions and reliable methods of determining menstrual status 
within and between natal females across the lifespan (pre-menarchal through post-
menopausal). They also call for the consideration of exogenous hormone sources 
(hormonal contraceptives [HC], hormonal replacement therapy [HRT]) in describing 
menstrual/hormonal status and emphasize the importance of clarifying hormonal 
status when designing and drawing conclusions from studies in women (Elliott-Sale 
et al. 2021). Like McKay’s athlete tiering system, Elliott-Sale’s guidelines encourage 
female athlete SES researchers to “speak the same language” and be consistent in defi-
nitions and methods. Adopting this approach will greatly improve the reproducibility 
of findings. 

More recently, Smith and colleagues published an auditing protocol for female-
specific SES review (Smith et al. 2022). The auditing tool is a guide for assessing 
studies by female study subject representation, sample size, rigor of methods used, 
focus of the findings (performance, health, or indirect associations), and study impact 
(journal impact factor and article Altmetric score) (Smith et al. 2022). The Smith et al. 
article includes a flowchart for authors to use when reporting results, which includes 
athletic caliber per the McKay classification framework (McKay et al. 2022) and 
incorporates Elliott-Sale’s work on hormonal profile assessment (Elliott-Sale et al. 
2021) (Fig. 23.2).

While there are some prospective studies, the current literature consists mostly 
of retrospective and observational work, as those study designs require less time, 
personnel, participant burden, and funding. Many such studies capture snapshots 
of free-living athletes during brief assessments. When reviewing the literature, 
researchers can draw purposed conclusions based on patterns, but more prospective, 
longitudinal studies are needed to best understand both the acute and long-term inter-
actions of female hormonal milieu, training regimens, nutrition, and other socioeco-
nomic factors affecting women. Research needs to move beyond observational and 
correlational studies, and distinct hypotheses need to be tested.
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Fig. 23.1 Adapted from the Participant Classification Framework, as originally published by 
McKay et al. (2022). NCAA: National Collegiate Athletic Association
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Fig. 23.2 Literature auditing methodology flowchart adapted from Smith et al. (2022)

Obstacles: Funding, Time, Recruitment, Validity 

Designing studies to account for hormonal profile changes within and between 
females demands determining menstrual status and phase, and the presence or 
absence of exogenous hormonal influence for each participant, then grouping simi-
larly cycling females, and assessing an intervention during the same phase of the 
menstrual cycle. As a result, studies employing gold standard methodology require 
significantly more time and financial investment. 

New tool and best practice development require internal and external validations. 
Researchers must be careful to consider the participants and situations in which they 
seek to validate new methodologies. Historically, much of SES validation attempts 
have occurred predominantly in young adult males (Breda et al. 2021; Chen et al. 
2009; Kirkeberg et al. 2011; Mougios 2007; Robles-Gonzalez et al. 2021), which 
results in tools that do not account for the hormonal complexities of women. For 
example, when testing an athlete’s resting metabolic rate (RMR), assuming condi-
tions are held constant between two testing opportunities within a short time period 
(day to year[s] depending on age), it is assumed that the two RMR tests should result 
in similar measurements. This design works for young, middle-aged men with gener-
ally stable hormonal profiles. However, in a female participant, the conditions likely
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Fig. 23.3 Adapting the current RED-S CAT (2015) to the changing hormonal profiles of female 
athletes across the lifespan would increase the screening tool sensitivity and clinical relevance 

differ between the two assessment bouts due to hormonal profile changes within and 
between the menstrual cycle or oral contraceptive phases. 

Moreover, most validation studies have occurred within wealthy populations in 
Australia, Europe, and North America (Kirkeberg et al. 2011; Luszczki et al. 2021; 
Melin et al. 2014; Robles-Gonzalez et al. 2021; Rogers et al. 2021; van den Tillaar 
et al. 2020). Just as it is crucial to stratify females by menstrual status and cycle, it is 
crucial to ensure that validity is established across the entire target population, and 
not just the population with whom it is easiest to engage and enroll (i.e., samples 
of convenience). Some study designs and surveys used across the lifespan and in 
different socioeconomic contexts may need multiple versions to account for various 
influences of sex hormones and lived experience on exercise and sports performance, 
training, and health (Fig. 23.3). 

Development and Validation of New and Existing Research 
Methodologies and Tools 

Among methods and tools already in use, a number need standard operating proce-
dures to produce precise and comparable results across the literature. These include 
a collection of anthropometric data, RMR assessment, body composition testing 
(skinfolds, dual-energy X-ray absorptiometry, or both), hormonal testing (timing, 
assay, fasting status), and more (Kasper et al. 2021; Larson-Meyer et al. 2018; Ster-
ringer and Larson-Meyer 2022). Additionally, previous literature has illustrated that 
athletes’ energy needs, physiological capabilities, and bodily processes differ from 
those of non-athletes. As such, the research community must establish normative 
data in athletes, stratified by sport type (endurance, power, tactical) and sex, for
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measurements such as bone mineral density and serological laboratory tests (e.g., 
ferritin, prolactin). Only with such attention to detail can we trust the conclusions we 
draw from studies in athletic girls and women and build upon such research findings. 

Energy Availability as a Topic Example 

Assessing energy availability (EA) is central to many research questions in SES, espe-
cially when studying females, as they are at a higher risk for developing low EA, 
disordered eating (DE), and eating disorders (ED) than their non-athletic counterparts 
(Bratland-Sanda and Sundgot-Borgen 2013; Kuikman et al. 2021; Martinsen and 
Sundgot-Borgen 2013; Sundgot-Borgen and Torstveit 2004). Heikura et al. (2021) 
reviewed the relevance and translational capabilities of methods used to assess low 
EA in female athletes in the laboratory and how findings may produce meaningful 
applications for female athletes (Heikura et al. 2021). One consideration the authors 
noted was that some biomarkers collected in laboratory testing only reflect acutely 
low EA but are unable to characterize the duration, severity, and frequency of chroni-
cally low EA in the free-living athlete (Heikura et al. 2021). We need to focus attention 
on developing practical, useful tools that are easily deployed in translational research 
and medical point of care. 

Thus far, a reliable, validated EA assessment method has yet to be published 
(Heikura et al. 2021; Larson-Meyer et al. 2018; Sterringer and Larson-Meyer 2022). 
One of the most commonly used tools, due to its minimally invasive and burdensome 
nature, is the low energy availability in female questionnaire (LEAF-Q). It was 
deemed validated following administration to 84 female athletes between the ages 
18 and 39 years (Melin et al. 2014). However, a recent study seeking to detect low 
EA in 75 female athletes between the ages of 18 and 32 across sports found that the 
LEAF-Q was unable to accurately stratify high-risk athletes (Rogers et al. 2021). 

The Relative Energy Deficiency in Sport Clinical Assessment Tool (RED-S CAT) 
(Mountjoy et al. 2015b), developed by the International Olympic Committee (IOC) in 
2015 (Mountjoy et al. 2015a), is another tool that screens for chronically low EA and 
its health and performance consequences, but it has yet to be validated. Furthermore, 
there are temporal confounders that make this tool less sensitive to someone who 
may have experienced RED-S, low EA, DE/ED, and any resulting sequelae in the 
past but have since restored a healthy energy balance. Additionally, the RED-S CAT 
needs to be modified to consider applications in females across various sports, the 
lifespan, and hormonal profiles (e.g., taking HC, undergoing hormone replacement 
therapy (HRT); diagnosed with polycystic ovary syndrome or other related hyperan-
drogenic syndromes). Updating the RED-S CAT with a scoring system that places 
different emphasis on signs, symptoms, and sequelae (e.g., a bone stress injury [BSI] 
that occurred within the past year warrants more concern than a BSI that occurred a 
decade prior) will help improve its utility. Identifying biomarkers and athlete-normed 
values would complement LEA and RED-S screening and enhance diagnostic proce-
dures by helping to mediate confounders and self-report bias inherent to surveys and 
questionnaires (Heikura et al. 2021).
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Future Work 

Designing the Research Agenda 

Because of the lack of female participants in existing SES literature (Costello et al. 
2014; Cowley et al.  2021; Martinez-Rosales et al. 2021), there are myriad of scientific 
questions to explore in this population. However, a strategized approach to developing 
and pursuing a research agenda best utilizes research talent, athlete talent, and other 
resources to find important answers for female athletes and their support staff. 

Female athletes often experience a higher rate of injury and poorer health 
outcomes as compared to their male counterparts. Examples include a higher rate 
of bone stress injuries (Ohta-Fukushima et al. 2002; Wentz et al. 2011) and anterior 
cruciate ligament (ACL) tears (Agel et al. 2005; Arendt and Dick 1995; Arendt et al. 
1999; Gwinn et al. 2000; Hootman et al. 2007); worse ACL reconstruction outcomes 
(Ageberg et al. 2010; Ardern et al. 2011; Lindanger et al. 2019; Paterno et al. 2014; 
Sims and Mulcahey 2018); greater concussion rates and symptoms, as well as time 
out of the sport due to concussion (Covassin et al. 2016; Lincoln et al. 2011); and 
higher rates of DE and ED (Sundgot-Borgen and Torstveit 2004). Thus, centering the 
research agenda around the experiences and perspectives of females who participate 
in sports and exercise can result in research targeting the priorities of participants. 
Involving female athletes as important stakeholders in developing the agenda will 
ideally direct funding to projects likely to produce important, applicable outcomes 
for this population. This has the benefit of enhancing the health and sports experience 
of girls and women athletes and improving athlete buy-in for future research work. 

Areas for Future Work 

We believe there are four areas that demand urgent investigation: the menstrual 
cycle’s influence on exercise outcomes (e.g., strength, endurance, agility); effects of 
exogenous hormone use on performance; expanding the lifespan of the active female 
and female athlete; and RED-S. 

Menstrual Cycle 

Researchers have considered the menstrual cycle and changes in hormonal profiles 
across phases in past female athlete SES, but few have adequately confirmed partici-
pants’ hormonal milieu at the time of intervention or outcome measurement. McNulty 
and colleagues conducted a review of the literature and concluded that there were 
not sufficient high-quality data upon which to make any claims regarding the influ-
ence of the menstrual cycle phase on exercise performance (McNulty et al. 2020). 
A systematic review assessing published literature on the menstrual cycle phase
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in relation to training, recovery, and injury has yet to be published. Nédélec and 
colleagues, however, have developed a protocol for such a review and meta-analysis 
of the effects of menstrual cycle phase, menstrual irregularities, and contraceptive 
use on ACL injury risk (Nédélec et al. 2021). Further work is needed to determine 
the effects of the menstrual cycle on training, performance, and injury susceptibility. 
Examples of questions to be addressed include:

• Is there a best phase to emphasize weight training?
• Is a marathon personal record more likely to occur in one phase of the menstrual 

cycle versus another?
• Are women with a particular hormonal profile more susceptible to concussion? 

Discovering these answers will improve female athletes’ ability to train, to manip-
ulate their periods to occur at optimal times for them, and to better understand their 
personal hormonal effects. 

Exogenous Hormone Use 

A complimentary systematic review and meta-analysis examined HC use and sports 
performance (Elliott-Sale et al. 2020). As with the menstrual cycle systematic review, 
the authors concluded there were insufficient high-quality data upon which to develop 
guidelines or clinical care best practices. Based on evidence indicating that HC users 
experience alterations in skin blood flow and subcutaneous vasodilation, delayed 
sweating onset, and higher core temperature, the authors recommended future inves-
tigations of performance, training, recovery, and injury when exercising in hot, 
humid temperatures in those using exogenous hormones compared to eumenorrheic 
women, not on HC (Elliott-Sale et al. 2020; Lebrun et al. 2020; Minahan et al. 
2017; Rogers and Baker 1997; Stachenfeld et al. 2000; Tenaglia et al. 1999). Further 
research findings on this topic could inform best practices for females exercising 
in high temperatures or preparing for a sporting event in a warm climate. Similar 
to the menstrual cycle knowledge gap, prospective studies assessing the interplay 
of exogenous hormone use and training, recovery, injury susceptibility, and sports 
performance are needed. 

Enhancing Performance—Wellness Across the Lifespan: Pregnancy, 
Postpartum, Menopause 

Women are pursuing sports and exercise later in life, including during and after preg-
nancy, through menopause, and beyond. Inspiring Olympians, such as Allyson Felix 
and Elana Meyers Taylor, who became mothers and continued to excel in their sports, 
have illustrated the possibilities, as well as the urgency to establish modern guidelines 
for athlete-mothers and athlete-mothers-to-be, with performance and safety in mind. 
The IOC published a series of papers on pregnancy in athletes and concluded that it 
is an understudied area; currently, the dearth of evidence cannot support definitive
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guidelines for reproductive-aged women, who are often at a pivotal time in their 
athletic career (Bo et al. 2016a, b, 2017a, 2018a, b). More recent publications are in 
agreement with this sentiment (Jackson et al. 2022; Kimber et al. 2021). Yet many 
women not only strive to safely participate in sports and exercise during pregnancy 
and the postpartum period, but some also want to perform at a high level. The research 
literature includes descriptions of physiological changes during pregnancy, such as 
increased blood and plasma volume (Pivarnik et al. 1990, 1994) and increased energy 
needs during exercise (Butte and King 2005; Denize et al. 2020), but we are unaware 
of work focused on sports performance pre- versus postpartum. Recreational athletes, 
pros, coaches, and sponsors want to know what to expect, how pregnant and post-
partum athletes should exercise and train, and how to support and continue to invest 
in women during a critical time in their lives. 

SES research in active females during peri- and postmenopause is even scarcer. 
The precipitous decline in estrogens and progesterone during the menopausal tran-
sition affects all body systems. One especially notable change is sarcopenia and 
changes in body composition (Agostini et al. 2018; Hakkinen and Pakarinen 1993; 
Lemoine et al. 2003; Sitnick et al. 2006; Wiik et al. 2009). There is a strong body 
of literature illustrating the decline in strength in postmenopausal women compared 
to premenopausal women (Bondarev et al. 2018; Calmels et al. 1995; Cheng et al. 
2009; da Camara et al. 2015; Sowers et al.  2007). However, many of the published 
studies have utilized sedentary or poorly defined populations and seldom trained 
individuals. Additionally, some of the outcome measurements may not be indicative 
of the athlete’s sports performance activity (e.g., handgrip strength, walking speed, 
chair sit-to-stand). As a result, the effect of menopause on the trained female athlete’s 
performance, training, recovery, and injury rate has yet to be determined. Further-
more, many studies investigating masters athletes group women and men together, 
thus not accounting for the roughly fifty years of different sex hormone exposure in 
women and its lasting influence (Churchill and Baggish 2020; Huebner et al. 2020; 
McKean et al. 2006; Powell  2005). Such studies are also insensitive to the changing 
hormonal profiles of female athletes who are peri- and postmenopausal (Elliott-Sale 
et al. 2021). There is a critical need to investigate relevant questions that benefit the 
broader community of women across their lifespan. 

RED-S 

As mentioned earlier, identifying distinct biomarkers for RED-S and refining and 
validating the RED-S CAT and LEAF-Q tools are imperative to improve the screening 
and treatment of this condition. Determining other RED-S sequelae and the cascade 
of adaptations when one experiences chronically low EA is important. Shirley and 
colleagues published a review looking at low EA through a life history perspective, 
proposing that how the body conserves energy and responds to periods of starva-
tion (or extended periods of low EA) is an evolved trait that previously served as
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an evolutionary advantage (Shirley et al. 2022). Designing studies to further inves-
tigate this hypothesis may also elucidate pathways underpinning RED-S sequelae 
development. 

Additionally, it is unknown how the severity and duration of low EA affect a 
woman’s health and performance. Heikura et al. (2021) created a figure illustrating 
this point, presenting different scenarios of low EA states (Fig. 23.4). An athlete may 
have a short-term, severe episode of low EA or low carbohydrate (CHO) availability; 
repeated bouts of moderately low EA or low CHO availability; prolonged, small 
drops in EA or CHO availability; or other combinations. Most prospective low EA 
and RED-S research has only investigated large and acute drops in EA, and it cannot 
be assumed that all low EA and RED-S sequelae present in alignment with such 
extreme EA change models (Heikura et al. 2021). More prospective studies involving 
different dietary nutritional compositions, in addition to severity, frequency, and 
duration parameters, are necessary. It is also important to learn how low EA affects 
females across the lifespan and if the sequelae and physiological adaptations differ 
according to the protocol used to decrease EA (e.g., change in caloric intake, exercise, 
or both). 

Finally, there are very few studies looking at performance metrics and low EA 
and RED-S, which is a critical issue. A seminal example is a study from Vanheest 
et al. (2014), who associated low EA-induced ovarian suppression and perfor-
mance decline in junior elite female swimmers over the course of a 12-week season

Fig. 23.4 It has yet to be determined how the severity, duration, and frequency of low energy 
availability (LEA) or low carbohydrate availability (LCA) over a period of time mediate RED-S 
sequelae deficits. Adapted from Heikura et al. (2021) 
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(low EA/ovarian-suppressed athletes got slower, while adequate EA/eumenorrheic 
athletes got faster) (Vanheest et al. 2014). More studies evaluating the effect of RED-S 
and performance in female athletes of all ages could powerfully influence the health, 
well-being, and approach to training and fueling in this motivated and competitive 
population. 

Conclusion 

SES in females as a field has long outgrown the small, dark corner first allotted in 
its early days. As girls and women are breaking more barriers and setting more 
athletic records, this field can and must develop to meet the growing needs of 
the female population involved in sport and exercise. This requires resources and 
support from research community stakeholders such as colleagues, institutions, and 
both governmental and non-governmental funding sources. Investing time, energy, 
thought, and funding into SES research in females will extend beyond improve-
ment in the research literature; it will enhance females’ health, well-being, sports 
participation, and performance. Fifty years after Title IX, the time is now. 
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Chapter 24 
Epilogue: “How We Arrived at This 
Point in Time” 

Constance Lebrun 

Introduction 

It is my great privilege and pleasure to be asked to write an epilogue for the second 
edition of this outstanding book “Sex Hormones, Exercise, and Women”. The editor, 
Dr. Anthony Hackney, has again gathered an impressive array of exercise scientists 
and clinicians to elucidate and educate on the areas of their expertise. From the first 
edition, published in 2017, there have been updates of previous chapters, some quite 
substantive, as well as the addition of new ones on issues such as pregnancy (see 
Chap. 14), menopause (see Chaps. 15 and 16), transgender athletes (see Chap. 17), 
effects of reproductive hormones on performance (see Chaps. 9 and 11), and tracking 
health and fitness in women, with special considerations for the menstrual cycle (see 
Chap. 13). The list of authors reads like a “who’s who” of exercise physiology 
and sports medicine as related to women, exercise, and reproductive hormones. This 
eclectic group shares their diverse opinions and thoughts as well as provides evidence-
based conclusions about the state of the science on female physiology. Moreover, 
many of the chapters are co-authored by aspiring graduate students or early career 
scientists who most surely represent the next generation of interested and cutting-
edge researchers of the topic! Collectively, all the authors have worked diligently to 
make this a must-read for anyone interested in this area.
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Historical Perspective and Comments 

The late Dr. Barbara Drinkwater (1926–2019) was a pioneering female physiology 
researcher who initially raised the alarm about the association between amenorrhea 
and low bone mineral density in athletes (Drinkwater 1984). In 1992, she was instru-
mental in leading a group of scientists and physicians to link together the separate 
clinical entities of disordered eating, amenorrhea, and osteoporosis as the “female 
athlete triad” and in defining a research agenda for the next 30 years (Yeager et al. 
1993). Notably, she was the first research scientist to recommend accounting for body 
size in comparing physiological performances of men and women, and to connect 
increased calcium demands of pregnancy and breastfeeding to transient bone density 
changes (Drinkwater and Chesnut 1991). A mentor to many of us, male and female, 
whether clinicians or scientists or both; she would be delighted at the expanded 
knowledge about the specific exercise physiology of female athletes that this tome 
represents. 

Over the past 50 years, Title IX in the USA (1972) has led to increased partici-
pation by women and girls in sports and exercise. Similarly, great strides have been 
made toward gender equity and parity in the Olympics, but regrettably not in profes-
sional sports, certainly not in terms of salary. However, just recently, the US Soccer 
Federation agreed to pay its men’s and women’s national teams equally. It remains 
to be seen if other sports and other countries will follow suit. Let us hope this is the 
start of actions worldwide in that direction. 

Unfortunately, there have also been decades of under-representation of females 
in sport and exercise science research—in professional and university appointments, 
in academia hierarchy, in grant funding, as journal editors-in-chief, as lead authors, 
and as research subjects in studies. Even today, most research studies are still carried 
out on males, or if females are involved—lumping both sexes together as a single 
group, with the rationale that it is less expensive and bothersome than considering 
them separately. 

But women are not just “Small Men” (Sims  2019). In other words, the findings in 
exercise physiology studies largely conducted on males cannot simply be extrapo-
lated to them. Female athletes experience a kaleidoscope of reproductive hormones 
(endogenous and exogenous) from adolescence and puberty through their reproduc-
tive years and on into perimenopause, menopause itself and the post-menopausal 
years. These hormonal changes (and associated physiological changes) can modify 
both health and athletic performance through multiple physiological processes. 

Early work on the topic of these hormonal change influences was fraught with 
problems: small sample sizes (leading to underpowered findings), inadequate docu-
mentation and/or monitoring of hormonal status, assumptions about menstrual 
cycle status, and varying measurements of performance/capacity (aerobic, anaer-
obic capacity, strength, and endurance—which can each be affected differentially by 
reproductive hormones). Furthermore, it has always been difficult to generalize from 
the “tightly controlled” research environment (e.g., standardized diets, fixed ambient
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temperatures, pre-test exercise, training controls, etc.) to the “real world” of training 
and competition for an athlete (female or male). 

Specific significant barriers to the rate of research progress have been the recruit-
ment of suitable female subjects and accurate determination of menstrual cycle 
phases or other hormonal states under study. Relative to the latter, serum hormonal 
measurements are expensive (i.e., making them prohibitive for some researchers) 
and time-consuming, but costs have been coming down and analytical procedures are 
becoming less technically demanding (Hackney 2016). Regrettably, though, many 
previous studies have, for the most part, only examined performance in the mid-point 
of the follicular and luteal phases of the menstrual cycle, not in the early follicular, 
late follicular, ovulation, or late luteal phases which all have varying sex hormone 
profiles. 

Notably, many female athletes in their reproductive years have been and are using 
hormonal contraceptives, either for birth control or to regulate those “pesky” and 
“disruptive” menstrual cycles (Martin et al. 2017). Accepted health benefits of oral 
contraceptives include decreasing dysmenorrhea and menstrual blood loss, which 
can impact the incidence of iron deficiency and anemia in women, certainly critical 
for endurance athletes. Even IUDs nowadays can contain hormones, not to mention 
implants, the patch, etc. During the postmenopausal years, various combinations of 
hormone replacement therapy (HRT) can be used and potentially influence perfor-
mance in the mature athlete or complicate research investigations on older women. 
Obviously, this means that an improved interest and knowledge of athletes and their 
coaches and entourage about the vagaries of hormonal shifts throughout the entire 
life cycle changes of a woman should be encouraged (Clarke et al. 2021). 

The temporal association of hormonal levels with effects on physiological vari-
ables (and by extension—athletic performance) is unclear—is it synchronous, 
delayed, or perhaps the result of hormonal interactions, such as the estrogen: proges-
terone ratio (Hackney et al. 2022)? How do other hormones such as cortisol factor 
in? What about diurnal variability? The blood concentrations of most hormones 
increase with exercise and may substantially decrease in the recovery from exercise. 
Yet, blood samples for hormonal analysis in many exercise research studies have 
been drawn in a resting state (pre-exercise). How generalizable are such findings to 
female athletes in their training or if they are competing on a regular basis? To that 
end, most training (or monitoring) studies have been generally less than 6 months in 
duration (far less than many athlete’s training cycles), but the longer a study—the 
greater the probability that other variables (e.g., changes in training routines, life 
stress, etc.) all becoming potential confounding considerations. 

There are reports that some female athletes sometimes manipulate their competi-
tive schedules around their menstrual cycles to minimize any perceived or real impact 
on performance. For example, the slight increase in basal body temperature during 
the luteal phase (progesterone effect) is postulated to increase thermal strain, which 
could negatively impact the athlete. That is, this temperature change may be impor-
tant in thermoregulation during long-distance events, especially if occurring in hot 
and/or humid conditions.
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In addition, it is known that elite female athletes (up to 20–30%) have a higher inci-
dence of menstrual irregularity, such as shortened luteal phase, anovulation, and/or 
amenorrhea (De Souza et al. 2010). In fact—these occurrences used to be a goal of 
some athletes—that is, it was validating that they were training hard enough because 
they lost their periods. 

We now know that such thinking is counterproductive to the health and perfor-
mance of a women athlete. Research by not only Barbara Drinkwater but also by Drs. 
Michelle Warren and Naama Constantini, as well as others, resulted in athletes and 
their trainers seeing the connections among exercise training, menstrual dysfunctions, 
and reproductive health. Subsequent landmark work by Dr. Anne Loucks showed 
that the underlying factor was not exercise itself, but rather energy availability to the 
female athlete (see Chaps. 12 and 23) (Loucks et al. 1998). Research has as well led 
us to recognize the menstrual cycle may also vary in a single individual eumenorrheic 
woman over time (see Chap. 1). For example, during the “off-season”, or if an athlete 
is injured, they will be training less and/or have typically a slight weight gain. This 
can nudge their energy availability up just enough that the hypothalamic–pituitary 
axis kicks into its normal endocrine functions relative to sex hormones. 

Notably, in the last few years, it has been documented that there are significant 
challenges in studying low energy availability (LEA) “in the field” (Heikura et al. 
2022). Researchers are continually striving to improve the ease and reliability of the 
measurement, as severe or persistent LEA is linked to numerous health problems 
for the athlete (Mountjoy et al. 2014). Training and diet questionnaires have become 
essential due to practicality in examining LEA, but queries about the reliability and 
specificity of such instruments remain, and these are in great need of standardization 
and validation (Sim and Burns 2021). 

Most certainly decades ago, there was a dearth of information on the effects of 
reproductive hormones and the menstrual cycle on athletic performance. The scales 
are not yet quite tipped toward a plethora of publications, but progress is being made 
(see Chap. 23). There is also the question of “nature” vs. “nurture” in examining 
athletes—does increased training and fitness to some extent, ameliorate, or at least 
blunt any significant impact of/on the menstrual cycle related-events? For example, 
exercise is known to diminish dysmenorrhea and depression in women. How crit-
ical are any subtle changes in performance to the recreationally active female? Is it 
only elite athletes who ascertain minute alterations, which might make the differ-
ence between silver and gold (McNamara et al. 2022)? Regardless, the technical 
difficulties of studying female athletes and the intricate interactions of reproductive 
hormones are not a justification to discourage the participation of women in research.
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Personal Journey: A Few Reflections and Comments 
as an Athlete and Physician to Athletes 

As a former female elite athlete in a team sport (volleyball), now a sport and exercise 
medicine physician/researcher, interested in exercise physiology, one could posit that 
I have been kind of a “living experiment”. I prefer to think that I have a “pathological 
interest” in these issues! While in medical school, I was convinced I had every 
disease in the book related to athletes until it came to the last symptoms—“anorexia 
and weight loss”, which never seemed to apply to me! 

I first became intrigued with the effects of the menstrual cycle and oral contra-
ceptives on athletic performance, when I was on the Canadian National Volleyball 
team, preparing for the 1976 Montreal Olympics. We trained 6 h a day (two practices 
a day), 6 days a week in the summertime; and in winter (when some of us were in 
school), 3 1/2 h a day, 6 days a week. With that level of repetition and intensity, 
even little things (such as a single alcoholic beverage on a Friday night) could affect 
our performance the following day (at least mine)! I would notice a decreased reac-
tion time and would feel sluggish and not quite “on”. Some team members, however, 
seemed unaffected! I must admit I was at the time unaware of menstrual phase-related 
differences or changes in respiratory or cardiovascular parameters or in temperature 
intolerance issues. 

We had a demanding travel schedule, attending tournaments in other countries, 
and competing in multisport games. Something I also observed which piqued my 
curiosity was that many of us with “natural” menstrual cycles (who knows if they were 
ovulatory?) began to have synchronous menstrual cycles. The concept of “menstrual 
synchrony” was initially proposed in 1971 (McClintock 1971) with the theory that 
pheromones in axillary sweat were a possible causative factor. The concept was later 
disputed and debunked (Ziomkiewicz 2006). 

During those competitive years, I was intermittently taking oral contraceptives 
and, curiously, felt physically stronger when I was on them, in terms of how hard I 
could hit the ball, how high I could jump, and so on. I was likely taking a higher dose 
formulation than the ones in use now (i.e., containing 50 mcg of ethinyl estradiol, 
instead of 30 or even 20 mcg). I believe the progestin in it was also on the androgenic 
side, so it may not have just been my imagination! 

I did not even remotely consider the possibility that any of my teammates could 
have an eating disorder, especially when we compared ourselves to the lean and tiny 
gymnasts, like Olympic champions Nadia Comaneci and Olga Korbut! Now, as a 
clinician, I know and have observed that every sports athlete is at risk for disordered 
eating patterns. Especially with the bulimic form, athletes may look (but not act) 
“normal”. 

Ever since I have been a physician—first in comprehensive family practice 
(including obstetrical care) and then in sports medicine—female patients, aware of 
my interests, have asked me about the effects of the menstrual cycle and oral contra-
ceptives on their performance. That question became the topic of my later graduate 
student research. After that educational experience and publication-related research
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work, I have continued to closely follow the literature on such topics, serving as a 
manuscript reviewer, a member of graduate student committees, and the like to keep 
up to date on female physiology and performance. 

Throughout the years, I have managed to experience all the different states of 
reproductive hormones (except for pregnancy and childbirth). Now, for some reason, 
I seem to be fascinated by research articles on the “mature” postmenopausal athlete 
and how to deal with the various vicissitudes of aging, including sarcopenia. 

Another current important issue for female athletes, outside of the scope of this 
book, is harassment and abuse in sport. This may include rigorous and sometimes 
excessive training regimes by coaches (to the point of causing injuries), which is 
volume-based, not evidence-based. Some would say our volleyball team suffered 
that, in terms of our heavy training. But we did not know any better. 

Gender verification has been another hot topic for many years and one I person-
ally experienced as an athlete. That is, we were tested during the 1976 Montreal 
Olympics. I can happily report that I am a “verified female”, at least in terms of 
having the requisite XX chromosome profile, and I have a “Certificate of Feminin-
ity”! Fortunately, we were not subjected to physical examination, as had been the 
case in many Olympics previously. In Atlanta in 1996, one of my first duties as 
Canadian Team Physician was to accompany our female athletes over to “Gender 
Verification”. 

Transgender athletes and hyperandrogenism (disorders of sexual differentiation 
or DSD) were not identified as issues when I was competing–now these are openly 
talked about, and their healthcare needs are discussed and rightly addressed (see 
Chap. 17). Recently, there was controversy about transgender athletes competing as 
females at the Tokyo 2020 Summer Olympics. New terminology and rules continue to 
evolve, as do the official Position Statements of the International Olympic Committee 
(IOC). But it can “go both ways”. Not long ago, in an advertisement for a Women’s 
Whitewater Kayaking Weekend, I saw the following statement: “All women, trans-
gendered, and non-binaries are welcome. Please don’t register or attend if you are a 
cis male”. 

Pregnancy can also be a difficult time for athletes. As their physician, in the past, 
the only information I usually could offer then was a thin, measly little pamphlet from 
the Canadian Government on Exercise in Pregnancy. In those days, recommendations 
from august professional associations included not exceeding a heart rate of 140 beats 
per minute! Fortunately, there is much more knowledge now, but still, even more is 
needed (see Chap. 14). 

There are other pregnancy-related issues, for example, at one Olympic Games I 
attended as a team physician—when an athlete in a certain combat sport could not 
provide evidence of a negative pregnancy test, the host medical team wanted her to 
have a physical examination done!! As if one could diagnose pregnancy that early on! 
Later, in time for the Rio 2016 Olympics, sports regulations changed to having the 
athlete just complete a “Declaration of non-pregnancy.” 

Another question, not yet conclusively addressed scientifically, is the potential 
“training effect” of pregnancy, with its increased capillary density and adaptation 
in the cardiovascular and respiratory systems. For example, during my competitive
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volleyball years, we certainly saw many players, particularly of Eastern European 
origin, who took time away for childbearing and came back, seemingly stronger 
than ever. There were also rumors (unsubstantiated) of women intentionally getting 
pregnant and then having an early abortion—to benefit from the training effect. 

The Future and Questions Remaining 

It is accepted that females (during the premenopausal years) are differentially affected 
by certain diseases such as migraine and cardiovascular disease, including heart 
attacks. Recently, evidence has surfaced about hormonal effects on brain health (such 
as decreased cognition in the postmenopausal years) and even with concussions. That 
is, female athletes who suffer a concussion report more symptoms than their male 
counterparts and take longer to get better (Covassin et al. 2016). There may also be 
different recovery times, depending on when in the menstrual cycle the injury occurs 
(Wunderle et al. 2014). Research on this latter topic is still in its infancy but certainly 
is needed. 

Systematic reviews of the effects of the menstrual cycle (McNulty et al. 2020) and 
oral contraceptives (Elliott-Sale et al. 2020) on athletic performance have critically 
appraised past literature, concluding that there is little solid scientific evidence of any 
impact. Going forward, there are now guidelines for the standardization of research, 
using the proper methodology, with accurate documentation of hormonal status in 
all phases of a woman’s reproductive life, instead of just repeating previous studies 
(and some of their mistakes) (Elliott-Sale et al. 2021). 

Technological advances, such as the urinary luteinizing hormone (LH) kit, allow 
the determination of ovulation with a high degree of certainty and can help researchers 
and subjects schedule testing sessions in the appropriate menstrual cycle phase. While 
the cost of blood hormonal samples remains prohibitively high, further development 
and utilization of salivary and urinary hormone measurements, which the athletes 
can easily collect at home, further facilitate verification of the cycle phase. 

A new system of objectively tiering and categorization of athletic status has 
been developed, which will allow more homogenous groups to be studied (McKay 
et al. 2022). Measurement of LEA outside of the laboratory setting is becoming 
more feasible, as the validity of screening questionnaires is increasing. In addi-
tion, evidence points toward an overlap in clinical manifestations between LEA and 
overtraining syndrome (Stellingwerff et al. 2021). 

In terms of hormonal contraceptives, the “Pill” initially thought to be a “boon for 
sportswomen” has been shown to not protect females with menstrual irregularities 
against decreased bone mineral density (BMD), and in fact to be detrimental to the 
achievement of optimal bone mineral density. Rather, topical estrogen patches with 
monthly courses of progesterone have been proven to improve BMD in amenorrheic 
athletes (Ackerman et al. 2019). Yet not all of this information is trickling down to 
the sports medicine practitioner or the athlete.
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Much work remains in terms of studying hormonal contraceptives with different 
formulations. Lower estrogen doses and third-generation progestins cause fewer 
clinical side effects, but are influences on physiology and performance concomi-
tantly reduced? Of the various progestins used, some are more androgenic, while 
others have more progestational effects. Extended dose formulations, such as 
Seasonale®, give an athlete the ability to prolong cycles and control both the length 
and timing of menstrual bleeding around important competitions. As physicians 
treating female athletes, we were experimenting with this method (by simply having 
the athlete continue taking several months of monophasic preparations in succes-
sion) long before commercial production. Additionally, there are progestin mini-
pills, hormone-eluting IUDs, implants, and hormonal patches which complicate the 
picture. 

Questions remain regarding the pre-partum, pregnancy, and postpartum periods 
and athletic performance. Pregnant athletes have historically not been supported 
well by sponsors, nor by sports governing bodies. Inroads are being made on various 
financial and logistical difficulties of athletes who choose to have children during 
their competitive years. Whereas previously they may have struggled, elite athletes 
are now taking their children on tour with them and even still managing to breastfeed. 
Accommodations are being made, even at the Olympic level, and better science has 
certainly played a role in these developments. 

Finally, let us fast forward another 50 years and look toward the future. It is 
certainly bright! By no means have we reached equality in sport and exercise science 
research, but an auditing protocol for review of female-specific sport and exercise 
science research (Smith et al. 2022) should facilitate keeping track. Furthermore, 
there have also been improved salaries and research funding for female scientists 
which help encourage more women to work in the field. 

Topics such as menstrual phase-based training and recovery and menstrual-linked 
asthma are on the research horizon. Algorithms and infograms on menstrual dysfunc-
tion and energy availability help convey information to patients, clinicians, and 
scientists managing amenorrhea, assisting them to understand energy availability 
and classify menstrual cycles. There are new apps for menstrual cycle tracking, such 
as that of the Harvard Women’s Health Study, which uses metrics from women’s 
Apple watches to monitor their menstrual symptoms. How difficult would it be to 
add in heart rate and performance measures? More recently, sophisticated apps and 
platforms such as Hormonix (Mint Diagnostics Corp.) allow the athlete to track 
symptoms and get reminders about sample collection (saliva), and the researcher to 
view data in real time. 

Nevertheless, in the end, it is important to remember that each female athlete is an 
individual, to whom quantitative statistics do not matter. The fundamental objective 
is to optimize female athletic performance AND health—both short term and long 
term. 

In the immortal words of Dr. Barbara Drinkwater, 

It is about the health of the athlete after all!
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We as the gatekeepers of the scientific knowledge on women athletes must 
remember these words of Dr. Drinkwater and be proactive rather than reac-
tive on this issue. The impressive volume of knowledge in this book will no 
doubt help in this goal! Most assuredly, it should be on the bookshelves of 
all researchers/scientists/practitioners studying female reproductive hormones and 
exercise and working with women athletes! 
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