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Abbreviations

BMD	 Bone Mineral Density
EA	 Energy availability
EAMD	� Exercise-associated menstrual distur-

bances
FHA	 Functional hypothalamic amenorrhea
FSH	 Follicle-stimulating hormone
GnRH	 Gonadotropin-releasing hormone
hCG	 Human chorionic gonadotropin
HPA	 Hypothalamic–pituitary–adrenal
HPO	 Hypothalamic–pituitary–ovarian
LBM	 Lean body mass
LH	 Luteinizing hormone
LPD	 Luteal phase defects
PCOS	 Polycystic ovarian syndrome
PdG	 Pregnanediol glucuronide
TT3	 Triiodothyronine

Introduction

Regular physical activity and exercise among 
girls and women is beneficial for overall health 
and well-being; however, increases in exercise 
energy expenditure that are not compensated 
for by energy intake can lead to perturbations 
in the reproductive axis, resulting in infertil-
ity and numerous skeletal and cardiovascular 
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health consequences [1–4]. Exercise-associated 
menstrual disturbances (EAMD) have been com-
monly reported in exercising women, with preva-
lence estimates of EAMD approaching 50 % [5]. 
Severe forms of EAMD such as the absence of 
menses (amenorrhea) or long intermenstrual in-
tervals (oligomenorrhea) are clinically recogniz-
able and typically identified based on menstrual 
history and self-report. However, other forms of 
EAMD such as luteal phase defects (LPD) and 
anovulation are not readily apparent and are often 
masked within cycles of regular length, yet are 
arguably the most prevalent [5, 6]. Therefore, 
these subtle menstrual disturbances in exercising 
women are not easily diagnosed, silently indicat-
ing an energy deficit and potentially contributing 
to infertility. Due to the frequency and, at times, 
silent nature of EAMD, awareness of the symp-
toms and consequences of an energy deficiency 
in exercising women is vital for the health and 
well-being of physically active girls and women.

The challenge that is imposed on physiologi-
cal systems during an energy deficiency causes 
energy to be repartitioned toward processes that 
are necessary for survival, such as thermoregu-
lation, locomotion, and cellular maintenance, 
and away from processes that are not critical for 
survival, that is, reproduction and growth [7]. 
As such, an energy deficiency often promotes a 
cascade of metabolic alterations in an effort to 
conserve energy, and these energy-conserving 
mechanisms in turn contribute to disruptions 
in the hypothalamic–pituitary–ovarian (HPO) 
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axis [7]. Beginning with the “generator” of 
reproductive function in the hypothalamus and 
ending with ovarian steroid secretion by the fol-
licles, alterations in the production and secretion 
of reproductive hormones occur at each level of 
the reproductive axis. As such, the purpose of this 
chapter is to explore the impact of physical activ-
ity and exercise on reproductive function and fer-
tility in adolescent girls and women by examin-
ing both subtle and severe menstrual disturbances 
and the changes that occur within the HPO axis to 
induce reproductive dysfunction. The effects of 
exercise and, more specifically, an energy defi-
ciency on reproductive function and fertility will 
be explored by assessing the presence and quality 
of key reproductive events such as ovulation, the 
normal cyclicity of reproductive hormone con-
centrations, and endometrial proliferation.

Normal Menstrual Cycle and HPO Axis 
Activity

To adequately understand the effects of exercise 
on reproductive function, it is imperative to begin 
with a description of a normal menstrual cycle 
and optimal reproductive function, which serve 
as the healthy reference point to which the chang-
es that are observed in both subtle and severe 
menstrual disturbances are compared. The men-
strual cycle, which is defined as the period from 
the onset of menses to the day before the next 
onset of menses, typically lasts about 28 days and 
is divided into two phases, the follicular phase 
and the luteal phase [8]. The follicular phase be-
gins at the onset of menses and the luteal phase 
begins the day after ovulation occurs (Fig. 11.1). 
Therefore, ovulation is a mid-cycle event that 
separates the follicular and luteal phases.

Fig. 11.1   Profile of daily urinary excretion of reproduc-
tive hormones for a representative eumenorrheic, ovula-
tory menstrual cycle. Classic characteristics include the 
E1G peak in the late follicular phase, the LH surge follow-

ing the E1G peak, and rising PdG concentrations during 
the luteal phase. E1G estrone-1-glucuronide, PdG preg-
nanediol glucuronide, LH luteinizing hormone
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The cascade of events surrounding the men-
strual cycle commences with secretion of go-
nadotropin-releasing hormone (GnRH) from the 
arcuate nucleus and preoptic area of the hypo-
thalamus which in turn stimulates the release of 
luteinizing hormone (LH) and follicle-stimulat-
ing hormone (FSH) from gonadotroph cells of 
the anterior pituitary gland, the two gonadotro-
pins that stimulate the production of estrogen and 
progesterone from the ovaries [9] (Fig. 11.2).

GnRH is known as the “master hormone” of 
reproduction due to its role as regulator of LH 

and FSH pulsatility [10]. Evidence from classic 
experiments conducted in rhesus monkeys [11, 
12] demonstrated the rhythmic and acute secre-
tory actions of GnRH. Typically, GnRH release 
occurs every 60–90 min, and, consequently, go-
nadotropin secretion occurs approximately once 
per hour from the anterior pituitary, paralleling 
the release of GnRH [8, 9, 13]. During the fol-
licular phase, GnRH pulsatility and, therefore, 
LH and FSH pulsatility maintain a relatively high 
frequency [13]. Near the end of the follicular 
phase, the frequency and amplitude of GnRH 

Fig. 11.2   HPO axis sequence of events related to the 
menstrual cycle. Neurons in the arcuate nucleus and 
preoptic area of the hypothalamus secrete GnRH which, 
in turn, stimulates the release of FSH and LH from the 
gonadotroph cells of the anterior pituitary gland. FSH 
and LH increase the production of estrogens progestins, 
and androgens by follicular granulosa and theca cells in 
the ovaries. During the luteal phase, the corpus luteum 
formed by the dominant follicle produces progesterone 
and estrogens. Typically, the ovarian hormones exert neg-

ative feedback on the anterior pituitary and hypothalamus, 
causing a decrease in the secretion of the gonadotropins. 
The negative feedback is depicted by the blue dashed 
lines. However, during the late follicular phase, rapidly 
rising estrogen concentrations exert positive feedback on 
the anterior pituitary and hypothalamus resulting in the 
LH surge. The positive feedback is depicted by the green 
solid lines. HPO hypothalamic–pituitary–ovarian, GnRH 
gonadotropin-releasing hormone, FSH follicle-stimulat-
ing hormone, LH luteinizing hormone
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pulses and, subsequently, LH and FSH pulses 
increase in response to the positive feedback of 
high estradiol concentrations [13]. However, at 
the end of the luteal phase, GnRH and LH pul-
satility declines in response to negative feedback 
from progesterone [9, 13]. In turn, LH and FSH 
bind to receptors on the granulosa and theca cells 
of the developing ovarian follicle during the fol-
licular phase and luteal cells during the luteal 
phase to produce estrogens, androgens, and pro-
gesterone [14].

During the late luteal and early follicular 
phase, FSH production increases, stimulating fol-
licular growth and recruitment of the dominant 
follicle within the ovaries [13]. Production of 
the estrogen, estradiol, by the synergistic efforts 
of the theca and granulosa cells of the ovarian 
follicles also increases [13]; thus, during the fol-
licular phase, estradiol concentrations gradually 
increase, upregulating the number of FSH re-
ceptors in the mature follicles and consequently 
increasing the action of FSH and the production 
of estradiol [13, 14]. During the mid-follicular 
phase, negative feedback by estradiol on the an-
terior pituitary prevents further increases in FSH 
and LH [9, 15]. Near the late mid-follicular phase 
to the end of the follicular phase, one follicle has 
achieved dominance and rapidly increases its 
production of estradiol while the other less-dom-
inant follicles undergo atresia [13]. The rapidly 
rising concentrations of estradiol exert positive 
feedback in the preoptic area of the hypothala-
mus and on the gonadotroph cells of the anterior 
pituitary, sensitizing the cells to GnRH and stim-
ulating the release of a bolus of LH after plasma 
estradiol concentrations exceed a threshold for at 
least 36 h [9, 11, 13, 15].

Therefore, the LH surge typically occurs 
24–36 h after attainment of peak estradiol secre-
tion and lasts for approximately 24–48 h [13]. In 
turn, the LH surge prompts proteolytic enzymes 
to digest the follicular wall, allowing the release 
of the oocyte from the dominant follicle and 
initiating ovulation, the event that separates the 
follicular and luteal phases [13]. Under the influ-
ence of LH, luteinization of the erupted follicle 
occurs, resulting in the formation of a corpus 
luteum, consisting of theca-lutein and granulosa-
lutein cells [13]. These luteinized cells produce 

progesterone and, to a lesser extent, estradiol, 
which inhibit both the release of gonadotropins 
from the anterior pituitary and subsequent fol-
liculogenesis [13]. In the absence of pregnancy-
induced concentrations of human chorionic go-
nadotropin (hCG), the corpus luteum degenerates 
forming the corpus albicans and progesterone 
production declines at the end of the luteal phase, 
thereby removing the negative feedback on the 
anterior pituitary and hypothalamus [13]. FSH 
concentrations begin to increase again, recruit-
ing another cohort of follicles for the subsequent 
cycle [13].

Therefore, in summary, a normal menstrual 
cycle demonstrates slowly increasing concentra-
tions of FSH during the luteal-follicular transi-
tion and early follicular phase. Rising estradiol 
concentrations during the follicular phase exert 
negative feedback on the anterior pituitary and 
hypothalamus, resulting in no further increases of 
FSH and LH during the mid-follicular phase [9, 
13, 15]. The peak in estradiol concentration mid-
cycle triggers the LH surge, leading to ovulation 
and commencement of the luteal phase. The luteal 
phase is characterized by rising progesterone con-
centrations that decline near the end of the cycle 
as the corpus luteum degenerates (Fig. 11.1).

Within the uterus, the proliferative and secre-
tory phases of the uterine cycle coincide with the 
follicular and luteal phases of the ovarian cycle. 
The proliferative phase involves a rebuilding of 
the functional layer of the endometrium after 
it has been shed during menses [16]. The cells 
of the zona basalis, that is, basal stromal cells, 
proliferate in response to rising concentrations 
of estradiol from the developing follicles [13]. 
During the late proliferative phase, hyperpla-
sia of endometrial cells results in thickening of 
the endometrial wall such that the endometrium 
may increase in thickness from 0.5 to 5 mm [13]. 
Stimulated by progesterone from the corpus lu-
teum, the secretory phase involves the glandular 
secretion of glycogen and increased vasculariza-
tion to support the implantation of an embryo in 
the event that fertilization occurred [13, 16].

Decidual cells formed from stromal cells pro-
duce secretions in concert with the endometrial 
glands and create the zona compacta, the dense 
layer of upper endometrial cells [13]. The zona 
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spongiosa, that is, the mid-layer of epithelial 
cells which consists of prominent endometrial 
glands, also becomes apparent during this phase 
[13]. In the absence of fertilization, progester-
one and estrogen concentrations decline and 
the endometrium is deprived of hormonal sup-
port, causing the spiral arteries to constrict and 
destruction of the functional layer of the endome-
trium, i.e., the zona compacta and the zona spon-
giosa [13]. Eventually, as the upper two thirds of 
the endometrium degenerates, the arteries relax 
and menses begins [16]. As such, the menstrual 
phase of the uterine cycle is characterized by the 
loss of the functional layer of the endometrium 
as a result of ischemia and necrosis of endo-
metrial tissues [13]. The innermost layer of the 
endometrium, the zona basalis, is all that remains 
at the end of the menstrual phase [13].

Thus, it is evident that both the ovarian and 
uterine cycles rely on proper functioning of the 
HPO axis and, subsequently, adequate hormonal 
concentrations, for normal menstrual function. 
Among exercising women with reproductive dis-
turbances, the metabolic environment alters the 
HPO axis, leading to disruptions in the menstrual 
cycle that affect both the ovarian and uterine cy-
cles and, in turn, influence reproductive potential.

Types of EAMD

EAMD occur along a spectrum ranging from mild 
to severe (Fig. 11.3). The least severe presenta-
tions of menstrual dysfunction include subtle 
menstrual disturbances, also known as subclini-
cal menstrual disturbances that occur without a 

change in cycle length and are, therefore, fre-
quently undetected; these subtle menstrual dis-
turbances include LPD and anovulation. Severe 
menstrual disturbances, also known as clinical 
menstrual disturbances, exist at the pathological 
endpoint of the continuum and are characterized 
by long intermenstrual intervals (oligomenor-
rhea) or the absence of menstruation for more 
than 90 days which is referred to clinically as 
functional hypothalamic amenorrhea (FHA).

Subtle Menstrual Disturbances: LPD

LPD are characterized by adequate ovulatory 
function despite poor implantation and poor 
endometrial quality [1, 17, 18]. More specifi-
cally, LPD cycles are characterized by ovulatory 
cycles with normal and repeatable intermenstrual 
intervals but luteal phase dysfunction; they are 
defined by a short luteal phase length of  10 days 
and/or inadequate progesterone production dur-
ing the luteal phase [17, 19] (Fig. 11.4a). It has 
been suggested that a critical 3- or 5-day sum of 
mid-luteal progesterone concentrations can be 
used to identify inadequate progesterone expo-
sure associated with LPD [19, 20].

As such, previous reports have used either a 
urinary pregnanediol glucuronide (PdG) peak of 
<  5 µg/ml or the sum of a 3-day mid-luteal PdG 
peak of  < 10 µg/ml as indicators of an inadequate 
luteal progesterone production [5, 20]. Typically, 
women with LPD demonstrate a prolonged fol-
licular phase in concert with the shortened luteal 
phase; thus, for example, an individual with a 
28-day cycle and a 7-day luteal phase will have 

Fig. 11.3   Spectrum of exercise-associated menstrual 
disturbances (EAMD). The subtle menstrual disturbance, 
luteal phase defects (LPD), is the least severe EAMD, 

whereas functional hypothalamic amenorrhea (FHA), 
which represents a clinical menstrual disturbance, is the 
most severe EAMD
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a 21-day follicular phase with an LH peak oc-
curring on day 21 compared to women with nor-
mal ovulatory cycles in whom the LH peak and 
presumably ovulation occurs mid-cycle (days 
12–14) for a 28-day cycle [1, 19].

The etiology of LPD has been proposed to be 
impaired folliculogenesis and oocyte maturation 
that results from disruptions of the reproductive 
axis [1, 17, 19]. Estrogen exposure during the 
follicular phase is suppressed among LPD cycles 
of exercising women compared to ovulatory cy-

cles with normal luteal function [6]. Likewise, 
there is a delayed rise in FSH concentrations dur-
ing the end of the preceding luteal phase, often 
referred to as the luteal-follicular transition, 
which is a critical time period for successful fol-
licle recruitment [6]. A reduction in the concen-
tration of the LH peak has also been reported in 
LPD cycles [5, 21]. Each of these hormonal al-
terations may contribute to abnormal function of 
the corpus luteum and, subsequently, suppressed 
progesterone concentrations [5, 6, 17, 21].

Fig. 11.4   Profile of daily urinary excretion of reproduc-
tive hormones for subtle menstrual disturbances. a Rep-
resentative menstrual cycle with a short and inadequate 
luteal phase defect. Classic characteristics include a luteal 
phase < 10 days in length and suppressed progesterone 
production during the luteal phase. b Representative an-

ovulatory menstrual cycle. Classic characteristics include 
the lack of both a mid-cycle E1G peak and LH surge and 
the failure of PdG to rise during the latter part of the cycle, 
indicating the absence of ovulation. E1G estrone-1-gluc-
uronide, PdG pregnanediol glucuronide, LH luteinizing 
hormone
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The determination of LPD in exercising 
women relies on the measurement of mid-cy-
cle LH and daily progesterone concentrations 
in the luteal phase via daily urine or a timed 
serum sample during a single cycle; however, 
the monitoring of multiple consecutive cycles is 
advised for detection of LPD due to the incon-
sistency with which LPD cycles are observed in 
exercising women [5, 6]. For example, women 
may present with a normal, ovulatory cycle one 
month followed by an LPD or anovulatory cycle 
the next month. Inconsistent presentations of 
LPD and anovulation during consecutive cycles 
may also occur in the same individual. In fact, 
it has been reported that almost half (46 %) of 
exercising women present with inconsistent men-
strual status; therefore, monitoring only one cycle 
may underestimate the incidence of menstrual 
disturbances among exercising women by 38 % 
[6]. Procedures for daily urine or serum sampling 
are costly and often not feasible; therefore, the 
detection of LPD in exercising women is dif-
ficult and the majority of women with LPD are 
often unaware of the presence of this subclinical 
menstrual perturbation. Notably, self-report and/
or assessment of menstrual history alone will not 
detect LPD, thereby further contributing to the 
underestimation of the prevalence of menstrual 
disturbances among exercising women.

Subtle Menstrual Disturbances: 
Anovulation

Anovulation represents a subtle menstrual dis-
turbance that is more severe than LPD. The hall-
mark characteristic of anovulation is the failure 
of follicular estrogen to rise concomitant with the 
lack of the mid-cycle LH surge and the subse-
quent failure to ovulate [5] (Fig. 11.4b). Similar 
to women with LPD, women with anovulatory 
cycles are, for the most part, experiencing regular 
intermenstrual intervals, making the identifica-
tion of anovulation difficult. Due to the absence 
of ovulation and, consequently, the failure to 
produce a corpus luteum, progesterone concen-
trations do not increase during the latter part of 
the cycle. Therefore, anovulation has also been 
defined as the lack of an increase in urinary PdG 

from a 5-day follicular phase baseline or a peak 
PdG value  < 2.49 µg/ml [5]. Both estrogen and 
progesterone concentrations have been reported 
to be lower in anovulatory cycles of exercising 
women compared to ovulatory cycles of exercis-
ing women, suggesting that disruptions in FSH 
and LH pulsatility contribute to anovulation [5, 
6]. Adequate estrogen concentrations, however, 
allow for degeneration of the functional layer of 
the endometrium upon withdrawal of hormonal 
support at the end of the luteal phase, thereby re-
sulting in normal menses [13].

Severe Menstrual Disturbances: 
Oligomenorrhea

Oligomenorrhea represents cycles with long and 
inconsistent intermenstrual intervals of 36–90 
days that are often accompanied by 3–6 menses 
events per year [1, 22, 23] (Fig. 11.5a). This se-
vere menstrual disturbance is perhaps the least 
understood and most difficult perturbation to 
interpret due to its inconsistent hormonal char-
acteristics. An oligomenorrheic cycle may be 
ovulatory or anovulatory, and estrogen concen-
trations often produce erratic profiles during the 
extended cycle as follicles seek dominance [1].

The etiology of oligomenorrhea in exercising 
women may or may not be hypothalamic in na-
ture [22]. Oligomenorrhea can be associated with 
prolactin-secreting tumors, thyroidtoxicosis and 
other endocrinopathies, but most often, oligomen-
orrhea is associated with hyperandrogenism [22, 
24–27]. Hyperandrogenism is often secondary to 
polycystic ovarian syndrome (PCOS) [28], which 
is causally linked to infertility in women [29].

In exercising women, oligomenorrhea has 
been often associated with hyperandrogenism, 
but may also occur secondary to an energy defi-
cit. Investigators have observed hyperandrogen-
ism concomitant with elevated LH/FSH ratio and 
free androgen index, two additional markers of 
PCOS, among athletes with menstrual dysfunc-
tion [24–26, 30]. Rickenlund et al. [24] identified 
that a distinct group of athletes with menstrual 
dysfunction presented with hyperandrogenism, 
and upon comparison of the oligo-amenorrheic 
athletes with hyperandrogenemia (H-OAM) to 
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oligo-amenorrheic athletes with normal androgen 
profiles (N-OAM), the H-OAM group demon-
strated a higher LH/FSH ratio than the N-OAM 
group, indicating that the profile of reproductive 
hormones differed between the two groups.

Of interest, however, is that circulating con-
centrations of triiodothyronine (TT3), a marker 
of energy deficiency, were significantly lower in 
both the H-OAM and N-OAM groups compared 
to a control group of sedentary women, suggest-
ing that both groups may have been in an energy-
deficient state [24].

On the other hand, when assessing athletes 
based on type of menstrual disturbance, Rick-
enlund et  al. [25] observed that 24-h diurnal 
secretion of testosterone was significantly el-
evated among oligomenorrheic athletes com-
pared to amenorrheic and regularly menstruat-
ing athletes. In addition, amenorrheic athletes 
demonstrated reduced LH pulsatility, a surrogate 
marker of GnRH inhibition at the hypothalamus, 
compared to regularly-menstruating controls, 
whereas oligomenorrheic athletes demonstrated 

Fig. 11.5   Profile of daily urinary excretion of reproduc-
tive hormones for severe menstrual disturbances. a Repre-
sentative oligomenorrheic, anovulatory menstrual cycle. 
Classic characteristics include a cycle 36–90 days in 
length and an erratic hormonal profile. b Representative 

amenorrheic 28-day monitoring period. Classic character-
istics include chronic suppression of E1G and PdG. E1G 
estrone-1-glucuronide, PdG pregnanediol glucuronide, 
LH luteinizing hormone
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an LH pulse pattern similar to that observed in 
regularly-menstruating controls [25].

Therefore, oligomenorrheic athletes did not 
display the normal hormonal pattern typical of 
hypothalamic inhibition due to an energy deficiency 
as was observed in amenorrheic athletes, suggest-
ing that other factors such as hyperandrogenism 
could be a mechanism underlying oligomenorrhea 
in athletes. As such, the etiology of oligomenor-
rhea among exercising women with hyperandro-
genemia is ambiguous, thereby complicating the 
treatment of menstrual dysfunction among this 
subgroup of exercising women. Careful screening 
of oligomenorrheic exercising women is necessary 
to determine if the long, inconsistent cycles are 
due to an energy deficit or PCOS [22].

Severe Menstrual Disturbances: FHA

At the extreme end of the menstrual disturbance 
continuum is FHA, the most severe menstrual dis-
turbance that is associated with severe estrogen 
deficiency and typically defined as the absence 
of menses for at least 90 days [1, 23], although 
definitions have varied [23, 31]. FHA is typically 
classified as either primary or secondary in na-
ture [27]. Primary amenorrhea is defined as the 
failure to menstruate by 15 years of age in girls 
with secondary sex characteristics [27]; whereas, 
secondary amenorrhea is the abnormal cessation 
of the menstrual cycle after menarche [27].

FHA among exercising women refers to men-
strual dysfunction that is caused by disruptions in 
the hypothalamus due to energy conservation and 
is unrelated to other causes of FHA associated 
with the four-compartment model [27, 32]. Exer-
cising women with FHA present with chronically 
suppressed estrogen and progesterone concentra-
tions [5, 33, 34] (Fig. 11.5b). This suppression is 
most likely the result of impaired GnRH, LH, and 
FSH pulsatility that are, therefore, inadequate to 
stimulate ovulation from the ovary as well as ap-
propriate proliferation and removal of the func-
tional layer of the endometrium.

As such, the ovaries and uterus of amenor-
rheic women are largely quiescent with minimal 
production of reproductive hormones. FHA is as-
sociated with the most severe clinical sequelae 

such as low bone mineral density (BMD) [35, 
36], poor bone quality [37], and cardiovascular 
consequences, including a poor lipid profile and 
endothelial dysfunction [38–40].

Prevalence of EAMD

The prevalence of menstrual disturbances among 
exercising women has been reported to range 
from 0 to 60 %, a large range that encompasses 
the prevalence of both subtle and severe men-
strual disturbances [41]. The range in prevalence 
rates in exercising women is large because of the 
variations in definitions used and methods of as-
sessment in exercising women [5, 6, 42–53]. The 
prevalence estimates, however, frequently exceed 
that observed in the general population of nonath-
letic women that is as low as 3–5 % [5, 54–56].

Prevalence of Subtle Menstrual 
Disturbances

Due to the burdensome nature of investigating the 
presence of subtle menstrual disturbances, only a 
few investigators have reported their prevalence 
among exercising women [5, 6, 42–44] despite 
LPD and anovulation together representing the 
most common menstrual disturbances linked to 
exercise training [5, 6]. The prevalence of subtle 
menstrual disturbances is alarmingly high given 
that these disturbances are masked by regular in-
termenstrual intervals. Prevalence estimates range 
from 5.9 to 43.0 % [5, 6, 42, 44] and 12.0 to 30.0 % 
[5, 6, 44] for LPD and anovulation, respectively. 
Indeed, the ideal method of identifying subtle 
menstrual disturbances requires the measurement 
of daily urinary excretion of reproductive hor-
mones over multiple consecutive cycles.

Based on reports from our lab which has under-
taken the task of assessing multiple cycles among 
exercising women, we observed that 27 and 25 % 
of exercising women with self-reported eumenor-
rheic cycles (i.e., 26–35 days in length) presented 
with an LPD or anovulatory cycle, respectively 
[5]. Therefore, over half of exercising women pre-
sented with a subtle menstrual disturbance, com-
pared to only 5 % of sedentary women (Fig. 11.6).
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Similarly, upon evaluation of individual 
menstrual cycles among exercising women 
monitored for 1–3 menstrual cycles, 21 and 29 % 
of the cycles demonstrated evidence of an LPD 
and anovulation, respectively, representing 50 % 
of the 120 cycles assessed in exercising women 
[5]. Only 4 % of the cycles of sedentary women 
had a subtle menstrual disturbance, all of which 
were characterized by an LPD [5] (Fig. 11.7).

Therefore, these results clearly demonstrate 
the high prevalence with which these largely un-
derdiagnosed menstrual disturbances occur, most 
often indicative of an energy-deficient state and 

other underlying health concerns. The strength 
of our study lies in the daily urinary assess-
ment of reproductive hormones, which provides 
a complete picture of the hormonal fluctuation 
throughout the cycle. Therefore, this methodol-
ogy allows for a more accurate estimate of the 
prevalence of EAMD than can be obtained from 
relying solely on self-report measures that often 
underestimate EAMD prevalence. The frequency 
at which these “hidden” menstrual disturbances 
present in exercising women is cause for concern 
due to the negative impact of an energy deficit 
and menstrual disturbances on health outcomes 
and lack of symptomatic indicators that such dis-
turbances are present.

Prevalence of Severe Menstrual 
Disturbances

Several investigators have evaluated the preva-
lence of the severe menstrual disturbances 
(FHA and oligomenorrhea) in female athletes, 
including both high school [48, 57–59] and adult 
women [5, 6, 45–47, 60–65]. The earliest preva-
lence estimates of clinical menstrual disturbances 
were evaluated in long-distance runners [49–53, 
66], dancers [67, 68], and gymnasts [69], and in 
general, severe menstrual disturbances are docu-
mented at much higher rates in premenopausal 
exercising women than in sedentary women 
[54–56].

Based on these reports in female athletes and 
exercising women, the prevalence of primary and 
secondary amenorrhea ranged from 0 to 56.0 % 
(determined in 13 studies) [41] and 1 to 60.0 % 
(determined in 35 studies) [41], respectively; 
whereas, the range in prevalence of oligomenor-
rhea was 0.9–52.5 % (determined in 23 studies) 
[41]. In a recent report that assessed menstrual 
status in recreationally active women based on 
daily urinary steroid excretion, investigators ob-
served that 7 % of exercising women presented 
with oligomenorrhea; whereas, 37 % were amen-
orrheic [5]. No sedentary women in the sample, 
however, presented with either oligomenorrhea 
or amenorrhea [5]. Therefore, menstrual distur-
bances among exercising women are relatively 

Fig. 11.6   Prevalence of subtle menstrual disturbances 
among sedentary and exercising women. a Proportion 
of sedentary women categorized as having ovulatory or 
abnormal (LPD or anovulatory) cycles. b Proportion of 
exercising women categorized as having ovulatory or ab-
normal (LPD or anovulatory) cycles. Exercising women 
compared with sedentary women: † indicates p = 0.050; § 
indicates p < 0.001. Reprinted with permission of Oxford 
University Press from De Souza et al. [5]
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frequent, highlighting the need for awareness of 
the problem and its associated consequences in 
an effort to promote healthy exercise habits.

Changes in HPO Activity Associated 
with EAMD

Chronic energy deficiency targets the pulsatile se-
cretion of GnRH from the arcuate nucleus of the 
hypothalamus. Disruptions in GnRH pulsatility 
often lead to changes in the frequency and ampli-
tude of LH and FSH pulses, longer cycle length 
(particularly a longer follicular phase), reductions 
in average and peak luteal phase progesterone 
concentrations, and suppressed estradiol and pro-
gesterone [70]. It is believed that GnRH pulsatil-
ity, as governed by the pulse generator located in 
the hypothalamus [8], is sensitive to changes in 
the metabolic environment that are characteristic 
of an energy deficiency [7, 71]. (For a detailed 
description of metabolic adaptations that affect 

reproductive function, refer to Chap. 12). Thus, 
an energy deficit disrupts GnRH pulsatility, be-
ginning the cascade of alterations in FSH and LH 
secretion, estrogen and progesterone production, 
and ultimately reproductive dysfunction.

Effects of Energy Deficiency on LH 
Secretion

One of the characteristics of the HPO axis in 
response to an energy deficit that is created by 
either energy intake restriction or increased en-
ergy expenditure or both is the disruption of LH 
pulsatility. In an environment of chronic energy 
deficiency, a reduction in LH frequency has been 
observed [72, 73].

Loucks et al. [72] compared LH secretory dy-
namics among regularly menstruating athletes 
(CA), amenorrheic athletes (AA), and regularly 
menstruating sedentary women (CS). The fre-
quency of LH pulses was significantly lower in 

Fig. 11.7   Prevalence of subtle menstrual disturbances 
among individual cycles of sedentary and exercising 
women. a Proportion of cycles displaying subtle men-
strual disturbances among sedentary women. b Propor-
tion of cycles displaying subtle menstrual disturbances 

among exercising women. Cycles of exercising women 
compared with cycles of sedentary women: ‡ indicates 
p < 0.050; § indicates p < 0.001. Reprinted with permis-
sion of Oxford University Press from De Souza et al. [5]
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the AA group compared to both CA and CS groups 
[72]. In addition, relative quiescence of 24-h LH 
pulsatility was observed in AA, as evidenced by 
no significant changes in the wake and sleep val-
ues of LH in AA compared to the slowing of LH 
pulse frequency and increase of pulse amplitude 
that were observed during the sleep hours versus 
awake hours in both CA and CS women [72].

Likewise, in a similarly designed study, Veld-
huis et al. [73] also observed decreased LH pulse 
frequency among amenorrheic/oligomenorrheic 
athletes when compared with sedentary, regu-
larly menstruating control women. In response to 
GnRH administration, however, the amenorrhe-
ic/oligomenorrheic athletes demonstrated greater 
LH secretion than the control women [73], a 
result that was replicated by Loucks et al. [72]. 
These results suggest that the reduced LH pulsa-
tility among amenorrheic athletes is likely due to 
metabolically induced alterations in GnRH pul-
satility rather than diminished pituitary respon-
siveness to GnRH [72, 73].

Causal evidence of the effect of a chronic en-
ergy deficiency derived from either dietary en-
ergy restriction or increased energy expenditure 
or both on LH pulsatility was demonstrated by 
Scheid et al. [74] in a longitudinal model and by 
Loucks et al. [75] and Williams et al. [76] in an 
acute model.

Scheid et  al. [74] exposed previously seden-
tary women to a 3-month longitudinal model of 
energy deficiency that consisted of dietary re-
striction (−30 to−60 % of baseline energy needs) 
combined with regular aerobic exercise (70–80 % 
of maximum heart rate) performed 5 days per 
week. Before and after the 3-month intervention, 
women underwent 24-h repeated blood sampling 
to determine the impact of a long-term energy 
deficiency on LH pulsatility [74]. After comple-
tion of the intervention, a significant decline in 
24-h LH pulse frequency was observed among 
the women exposed to the energy deficit; where-
as, women in a control group who neither exer-
cised nor restricted dietary intake demonstrated 
no change in LH pulse characteristics [74]. This 
decrease in LH pulse frequency is evident in 
Fig. 11.8 which depicts individual 24-h profiles 
of LH pulsatility pre- and post-intervention.

An acute energy deficiency has also been 
demonstrated to impact LH pulsatility [75, 76]. 
In a classic study, the induction of low energy 
availability (EA) (≤ 20 kcal/kg LBM/day) for 5 
days in sedentary, regularly menstruating women 
resulted in suppressed LH pulse frequency and 
increased LH pulse amplitude compared to a re-
plete EA (45 kcal/kg LBM/day) [75]. Similarly, 
restriction of energy intake by 60 % for 7 days 
concomitant with a short-term increase in exer-
cise training volume for 3 days in premenopausal 
women resulted in a significant decrease in LH 
pulse frequency compared with an experimental 
condition characterized by a 3-day increase in 
exercise volume with 7 days of eucaloric intake 
[76]. In fact, LH pulsatility appears to rapidly 
respond, even within minutes, to shifts in EA in 
the animal model [7]. Taken together, these ob-
servations provide evidence that both chronic 
and acute energy deficits driven either by dietary 
energy restriction or increased energy expendi-
ture or both lead to disruption of LH secretory 
patterns, likely due to energetically-driven altera-
tions in GnRH pulsatility.

Energy Deficiency and FSH Secretion

Although it is well established that energy defi-
ciency alters LH pulsatility, likely via disruptions 
in GnRH pulsatility, the role of FSH in menstru-
al disturbances has not been well characterized 
[75]. It appears, however, that FSH secretion is 
indeed impacted by an energy deficiency and 
contributes to menstrual disturbances.

Among exercising women with LPD and 
a low EA, De Souza et  al. [6] observed sig-
nificantly lower FSH concentrations during the 
luteal-follicular transition (last 5 days of the 
cycle) compared with cycles of sedentary ovu-
latory women, suggesting that a decline in FSH 
concentrations may contribute to the suppressed 
ovarian function that is observed among women 
with EAMD. This decrease in FSH secretion 
during the luteal-follicular transition is believed 
to impact follicular recruitment and maturation, 
thereby contributing to the low estrogen concen-
trations that were also observed in this group of 
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exercising women during days 6–12 of the cycle 
[6]. However, the imposition of low EA for 5 
days among regularly menstruating women did 
not result in changes in FSH concentrations de-
spite changes in LH pulsatility and estrogen con-
centrations compared with an adequate EA [75]. 
These findings suggest that FSH may respond 
differently to acute and chronic energy deficits.

Energy Deficiency and Ovarian 
Hormone Production

Disruptions in LH and FSH secretion, in turn, 
lead to suppression of estrogen and progester-
one production from the ovaries, a hallmark 

characteristic of EAMD. Reductions in FSH dur-
ing the luteal-follicular transition may cause de-
layed follicular maturation and, thus, a decrease 
in estrogen production from the developing fol-
licles during the follicular phase.

Anovulatory cycles of exercising women 
demonstrated significantly lower estrogen excre-
tion and area under the curve during the follicular 
phase compared to ovulatory cycles of both sed-
entary and exercising women [5]. Likewise, mean 
estrogen concentration and estrogen exposure 
during a 28-day monitoring period among amen-
orrheic exercising women has been observed to 
be significantly lower than that observed dur-
ing a monitored cycle of exercising ovulatory 
women [34]. Disruption of LH pulsatility and the 

Fig. 11.8   Examples of individual 24-h profiles of LH 
pulsatility before (pre) and after (post) a 3-month in-
tervention consisting of dietary restriction and aerobic 
exercise. a Subject #1 was in the Control group, lost 
0.1  kg body weight, and increased LH pulse frequency 
by 0.02 pulses/h. b Subject #2 was in the Energy Defi-
cit group, lost 3.3  kg body weight, and decreased LH 

pulse frequency by 0.75 pulses/h. c Subject #3 was in the 
Energy Deficit group, lost 6.3  kg body weight, and de-
creased LH pulse frequency by 0.89 pulses/h. * represents 
LH pulse determined using cluster analysis software. LH 
luteinizing hormone. Reprinted with permission of The 
American Physiological Society from Scheid et al. [74]
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LH surge may contribute to lower progesterone 
production as has been demonstrated in LPD, an-
ovulatory, and amenorrheic cycles of exercising 
women compared with ovulatory cycles of sed-
entary and exercising women [5, 34]. As such, 
urinary and serum measurements of ovarian hor-
mone concentrations in exercising women with 
menstrual disturbances indicating a chronic ener-
gy deficit or regularly menstruating women with 
an acute energy deficit have revealed declines in 
estrogen and progesterone concentrations [5, 33, 
34, 75, 77].

The suppression in ovarian hormone concen-
trations varies with the severity of the menstrual 
disturbance, with the degree of suppression in-
creasing from the least severe menstrual dis-
turbance of LPD to the most severe menstrual 
disturbance of amenorrhea [5]. In fact, a char-
acteristic hormonal profile of amenorrhea is a 
chronic suppression of estrogen and progester-
one, with the normal peaks of these ovarian hor-
mones notably absent (Fig.  11.5b). Therefore, 
taken together, menstrual dysfunction associated 
with exercise, of which the underlying etiology 
is an energy deficit, is the result of a sequence 
of reproductive hormone changes, beginning in 
the hypothalamus and affecting each level of the 
HPO axis.

Stress Hypothesis Versus EA 
Hypothesis

Although exercising women frequently pres-
ent with menstrual dysfunction, it is imperative 
to highlight that it is not the exercise per se that 
leads to menstrual dysfunction and the cascade of 
subsequent health consequences; rather, it is the 
energy deficiency caused by inadequate caloric 
intake to compensate for energy expenditure that 
leads to the altered metabolic and hormonal en-
vironment typical of women with FHA. The “ex-
ercise stress hypothesis” postulates that the stress 
of exercise, defined as everything related to ex-
ercise except the energy cost, upregulates the 
hypothalamic–pituitary–adrenal (HPA) axis, dis-
rupting reproductive function at the level of the 
hypothalamus by altering GnRH secretion [78].

On the other hand, the “energy availability 
hypothesis” suggests that markers of energy sta-
tus alter reproductive function by influencing 
the GnRH pulse generator and subsequently LH 
pulsatility [78] (refer to Chap. 12 for a detailed 
description of the metabolic markers that alter re-
productive function).

These hypotheses were tested by Loucks et al. 
[78] using a carefully designed experimental pro-
tocol that included both exercising and nonexer-
cising treatment groups among sedentary women. 
For 4 days on two separate occasions, the exercis-
ing treatment group engaged in 30 kcal/kg LBM/
day of exercise and were provided with either (1) 
a 75 kcal/kg LBM/day diet to set EA at 45 kcal/
kg LBM/day (balanced) or (2) a diet of 40 kcal/
kg LBM/day to set EA at 10 kcal/kg LBM/day 
(deprived). The nonexercising treatment group 
did not expend energy via exercise but were pro-
vided with either (1) a diet of 45 kcal/kg LBM/
day (balanced) or (2) a diet of 10 kcal/kg LBM/
day (deprived). It was previously demonstrated 
that an EA of 30 kcal/kg LBM/day was adequate 
to maintain optimal TT3 concentrations and LH 
pulsatility [75, 79]; whereas, at an EA below 
25–30  kcal/kg LBM/day, a cascade of negative 
metabolic and hormonal adaptations occurred, 
indicating an energy-deficient state [75, 79, 80].

In the exercise treatment group, the deprived 
condition demonstrated a significant reduction 
in TT3 concentrations, a hormone that is a key 
marker of energy status and is typically sup-
pressed among amenorrheic exercising women 
[79], as well as a reduction in LH pulse frequency 
compared to the balanced condition [78]. Within 
the nonexercise treatment group, these results 
were mimicked with the exception of LH pulse 
frequency which showed a much larger reduction 
in the deprived condition. However, upon com-
parison of the exercise treatment group with the 
nonexercise treatment group, the stress of exer-
cise did not suppress TT3 concentrations or LH 
pulse frequency [78, 79]. Taken together, these 
results indicate that exercise itself, apart from 
its energy cost, does not disrupt the reproductive 
axis. On the contrary, alterations in LH pulsatility 
that translate to EAMD are due to the energetic 
cost of exercise, in particular, when energy intake 
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is inadequate for energy expenditure, creating an 
energy deficit.

These findings have been supported by stud-
ies in monkeys that demonstrated that the in-
duction of amenorrhea was associated with an 
increase in exercise energy expenditure that was 
not combined with compensatory increases in 
energy intake, thus creating an energy deficit 
[81]. Among eight monkeys that began exercise 
training (progressive increase to 12.3 ± 0.9 km/d 
of running) without changes in energy intake, 
each monkey developed amenorrhea (defined as 
absence of menses for at least 100 days) 7–24 
months into the intervention, coinciding with 
suppressed estrogen, progesterone, LH, and 
FSH concentrations [81]. Four of the monkeys 
were then fed supplemental calories (138–181 % 
of energy intake during amenorrhea) without 
changes in exercise training [70]. These monkeys 
resumed normal menstrual cycles in response to 
the adequate energy intake, corresponding with 
increases in LH, FSH, and estrogen during the 
follicular phase and increases in progesterone 
during the luteal phase [70]. Accordingly, the re-
covery of menses correlated with energy intake 
during refeeding and an increase in TT3 [70]. As 
such, these results provide further support for the 
hypothesis that EA rather than the stress of ex-
ercise is primarily responsible for regulating the 
HPO axis in exercising women.

Reproductive Potential and Clinical 
Relevance

In terms of reproductive and clinical significance, 
the impact of menstrual dysfunction at any point 
along the continuum in exercising women has a 
profound impact on fertility. The acute effects of 
FHA on reproductive potential are clear in that 
the complete absence of the menstrual cycle 
precludes pregnancy. Likewise, the inconsistent 
presentation of oligomenorrhea with varied cycle 
lengths and the occurrence of both ovulatory 
and anovulatory cycles may create an unstable 
environment for both unwanted and wanted con-
ception due to the uncertain status of the cycle 
at any given time. LPD are a unique menstrual 

disturbance in that, unlike other disturbances, 
the irregular cycles are masked in the presence 
of regular length and ovulation. However, LPD 
are associated with infertility and spontaneous 
abortion due to the inadequate progesterone en-
vironment [17]; the low progesterone production 
inhibits proper maturation of the endometrium, 
leading to poor endometrial quality that cannot 
support blastocyst implantation and causes em-
bryonic loss [18–20, 82]. Therefore, in summary, 
women with LPD associated with inadequate 
progesterone production often experience dis-
ruptions in follicular growth, suppressed oocyte 
maturation, and endometrial dysfunction, which 
may lead to compromised fecundity, spontaneous 
abortion, and infertility [17, 19, 20].

An important consideration for reproductive 
potential among exercising women, particularly 
those presenting with apparently regular men-
strual cycles, is the consistency at which ovulato-
ry and abnormal cycles occur. De Souza et al. [5] 
reported that A greater proportion of sedentary 
women (Sed) presented with consistently ovula-
tory cycles compared to exercising women (Ex) 
(Sed: 95 % vs. Ex: 32 %); whereas, exercising 
women presented with more consistently ab-
normal cycles (Ex: 32 % vs. Sed: 0 %) and more 
inconsistent cycles than sedentary women (Ex: 
36 % vs. Sed: 6 %) [5]. These findings indicate 
that exercising women are more likely to experi-
ence abnormal cycles over the course of several 
consecutive cycles [5]. The inconsistent presen-
tations of normal and abnormal cycles in exercis-
ing women introduce challenges for exercising 
women with respect to fertility.

Although the impact of EAMD on reproductive 
potential is unfavorable, consequences of EAMD 
on reproductive function appear to be acute and 
do not cause permanent damage [83, 84]. Upon 
recovery of an optimal energy status, exercising 
women with menstrual dysfunction can recover 
normal menstrual function [83–86], allowing 
proper follicular, ovarian, and endometrial func-
tion. It is believed that as the improvement in 
energy status progresses, menstrual disturbances 
may also move along the spectrum from the most 
severe (i.e., amenorrhea) to the least severe (i.e., 
LPD) before attaining eumenorrheic, ovulatory 
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cycles [83, 88] thus, complete restoration of en-
ergy status is essential for optimal reproductive 
function. For example, an amenorrheic woman 
who resumes normal menses may still present 
with anovulatory or LPD cycles, identifying that 
a small degree of energy deficiency may still be 
present. Continued improvement in energy sta-
tus would be necessary to prevent infertility and 
spontaneous abortion.

Effective nonpharmacological treatment 
strategies for EAMD include an increase in ca-
loric intake and weight gain. Dueck et  al. [85] 
and Kopp-Woodroffe et  al. [86] described case 
studies of five amenorrheic recreationally active 
women and female athletes who participated in 
a diet and training intervention to reverse amen-
orrhea. Caloric intake was increased by approxi-
mately 360 kcal/day and training was reduced by 
1 day/week for 12–20 weeks, contributing to a 
weight gain of 1–3 kg [85, 86]. During the inter-
vention, three of the five women resumed menses 
[85, 86]. Of the two that did not resume menstru-
ation during the intervention, one woman main-
tained the increased caloric intake and resumed 
menses 3 months after completion of the inter-
vention [85]. The other woman withdrew from 
the study to begin oral contraceptives; therefore, 
it cannot be determined if resumption of menses 
would have eventually occurred [86].

Other case reports in recreationally active 
women with amenorrhea have revealed that 
an increase in caloric intake of approximately 
300  kcal and a weight gain of 3–4  kg contrib-
utes to resumption of menses [88]. Although the 
actual time to resumption of menses may vary 
for women depending on the severity of the en-
ergy deficiency and menstrual disturbance, the 
amount of weight that is typically gained lead-
ing to resumption of menses is not exorbitant, 
thereby alleviating some concerns that exercising 
women may have about weight gain.

In addition, weight gain that leads to resump-
tion of menses is also associated with improve-
ment of other clinical sequelae characteristic of 
exercise-associated amenorrhea [87]. Miller et al. 
[87] reported that resumption of menses occurred 
in anorexic women who gained 4  kg of body 
mass, on average, and the combined effects of 

weight gain and resumption of menses contrib-
uted to significant improvements in lumbar spine 
and hip BMD. As such, relatively small increases 
in body mass can lead to a cascade of beneficial 
health outcomes among women with menstrual 
dysfunction associated with an energy deficiency.

Conclusion

Adolescent girls and premenopausal women en-
gaging in regular exercise, including both rec-
reational and competitive physical activity, are 
at risk of developing a menstrual disturbance if 
energy intake is inadequate to compensate for en-
ergy expenditure, resulting in an energy deficit. 
EAMD include both clinical presentations (i.e., 
FHA and oligomenorrhea) and subclinical pre-
sentations (i.e., LPD and anovulation); therefore, 
awareness of the importance of adequate energy 
intake among exercising girls and women is es-
sential. Each menstrual disturbance is linked to 
spontaneous abortion or infertility, thereby hav-
ing a profound effect on fecundity. However, with 
the maintenance of a replete energy state, EAMD 
that is commonly observed among exercising 
women can be avoided. Nonpharmacological 
strategies to prevent and reverse EAMD include 
consuming adequate kilocalories on a daily basis 
to support healthy body weight and menstrual 
function. Although energy intake requirements 
vary among individuals, regular estimations of 
daily energy expenditure and energy intake and 
subsequent calculations of energy balance (en-
ergy intake–energy expenditure) will promote 
maintenance of a positive energy balance that 
should ultimately result in favorable outcomes 
for both reproductive and overall health.
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