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Abstract: An energy deficiency is the result of inadequate 
energy intake relative to high energy expenditure. Often 
observed with the development of an energy deficiency 
is a high drive for thinness, dietary restraint, and weight 
and shape concerns in association with eating behaviors. 
At a basic physiologic level, a chronic energy deficiency 
promotes compensatory mechanisms to conserve fuel for 
vital physiologic function. Alterations have been docu-
mented in resting energy expenditure (REE) and meta-
bolic hormones. Observed metabolic alterations include 
nutritionally acquired growth hormone resistance and 
reduced insulin-like growth factor-1 (IGF-1) concentra-
tions; hypercortisolemia; increased ghrelin, peptide YY, 
and adiponectin; and decreased leptin, triiodothyronine, 
and kisspeptin. The cumulative effect of the energetic and 
metabolic alterations is a suppression of the hypotha-
lamic-pituitary-ovarian axis. Gonadotropin releasing hor-
mone secretion is decreased with consequent suppression 
of luteinizing hormone and follicle stimulating hormone 
release. Alterations in hypothalamic-pituitary secretion 
alters the production of estrogen and progesterone result-
ing in subclinical or clinical menstrual dysfunction.

Keywords: anorexia nervosa; disordered eating; energy 
deficiency; exercise associated menstrual dysfunction; 
functional hypothalamic amenorrhea.

Introduction
Since the early 1980s, much has been learned about the 
association of energy deficiency and functional hypotha-
lamic amenorrhea (FHA) in young women with under-
nutrition or deliberate starvation [1–8]. Exercising women 
with menstrual disturbances often exhibit inadequate 
nutritional intake or deliberate food restriction, though 
to a less severe degree than the pathological eating 
behaviors observed in women with anorexia nervosa 
(AN) [7–10]. Exercising women are often driven by both 
internal and external cues to maintain a low body weight, 
often manifesting in disordered eating and in some cases, 
eating disorders [4, 8, 11, 12]. The etiology of amenor-
rhea in both exercising women and anorexic women 
with FHA is inadequate caloric intake resulting in energy 
deficiency and, in the case of AN, severe under-nutrition 
[8]. The energy deficiency, in turn, stimulates compensa-
tory mechanisms, such as weight loss and energy con-
servation, that translates to hypothalamic suppression 
of ovarian function and resultant amenorrhea amidst a 
constellation of endocrine and metabolic adaptations [4, 
8, 13, 14]. FHA is associated with infertility that largely 
appears reversible with weight gain and resumption of 
menses [7, 8, 15]. The clinical consequences of FHA and 
the associated endocrine alterations include low bone 
density and bone strength and an increase in the risk of 
fractures [7, 16, 17]. This review aims to synthesize the 
available data and provide a comprehensive understand-
ing of the endocrinological alterations associated with 
amenorrhea in exercising women and in women with AN. 
This review examines the impact of altered metabolism, 
to include changes in resting energy expenditure (REE), 
thyroid hormone, gastrointestinal peptides, adipokines, 
cortisol, and the growth hormone (GH)/insulin-like-
growth factor (IGF) axis, on induction of reproductive 
dysfunction. Additionally, the role of disordered eating 
psychopathology in exercising women to include behav-
iors such as cognitive dietary restraint and a high drive 
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for thinness, in the development of metabolic alterations 
associated with FHA will be examined.

The normal menstrual cycle and 
hypothalamic-pituitary-ovarian 
activity

The basics

To understand the physiological changes observed with 
menstrual disturbances, such as amenorrhea, an appre-
ciation of the normal menstrual cycle and optimal repro-
ductive function is required (Figure 1). The menstrual 
cycle is defined as the time from the day of the onset of 
menses to the day before the next onset of menses [18]. 
During the menstrual cycle the recruitment of small antral 
follicles into a growing phase occurs at regular intervals 
[19–22]. A eumenorrheic menstrual cycle is defined as the 
occurrence of menses at consistent intervals every 21–35 
days, with the average menstrual cycle lasting 28  days 
[23–27]. The menstrual cycle is divided into two main 
phases: the follicular phase and the luteal phase [18]. 
Ovulation is the mid-cycle event that separates the follicu-
lar and luteal phases, with the follicular phase beginning 

at the onset of menses and the luteal phase beginning 
the day after ovulation. In women between the ages of 
19–42 it has been demonstrated that the average length 
of the follicular phase is 14.6 days and the average length 
of the luteal phase is 13.6 days [28, 29]. Menstruation, the 
external sign of menstrual cyclicity, occurs at the end of 
the luteal phase and the beginning of the follicular phase 
(the luteo-follicular transition). The duration of menstrual 
bleeding last from 3 to 6 days in 80% of menstrual cycles, 
and the heaviest menstrual flow is usually reported on the 
second day [24, 30]. During each menses, the average loss 
of blood is 43.4 mL [31].

Neuroendocrine control of the normal menstrual 
cycle begins with the secretion of gonadotropin releas-
ing hormone (GnRH) from the arcuate nucleus of the 
hypothalamus [32], which stimulates the pulsatile release 
of luteinizing hormone (LH) and follicle stimulating 
hormone (FSH) from the gonadotroph cells in the anterior 
pituitary gland [32, 33]. Both FSH and LH stimulate the 
ovarian production of estrogen (in the follicular and luteal 
phases) and progesterone (in the luteal phase) [32]. The 
rhythmic and acute secretory actions of GnRH have been 
demonstrated in classic experiments conducted in rhesus 
monkeys [34, 35]. The release of GnRH typically occurs 
every 60–90 min, leading to secretion of gonadotropins 
from the anterior pituitary approximately once every hour 
[18, 32, 36].

P
dG

, u
g/

m
L

E
1G

, n
g/

m
L 

&
 L

H
, m

IU
/m

L

P
dG

, u
g/

m
L

E
1G

, n
g/

m
L 

&
 L

H
, m

IU
/m

L

0

2

4

6

8

10

12

14

16

18

20

0

20

40

60

80

100

120

140

160

180

200

1 3 5 7 9 11 13 15 17 19 21 23 25 27

Cycle day

E1G
LH
PdG

0

2

4

6

8

10

12

14

16

18

20

0

20

40

60

80

100

120

140

160

180

200

1 3 5 7 9 11 13 15 17 19 21 23 25 27

Cycle day

E1G
LH
PdG

0

2

4

6

8

10

12

14

16

18

20

0

20

40

60

80

100

120

140

160

180

200

1 3 5 7 9 11 13 15 17 19 21 23 25 27

Cycle day

E1G
PdG

Ovulatory LPD Anovulatory Oligomenorrhea Amenorrhea

Ovulatory Anovulatory

0

2

4

6

8

10

12

14

16

18

20

0

20

40

60

80

100

120

140

160

180

200

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Cycle day

E1G
LH
PdG

0

2

4

6

8

10

12

14

16

18

20

0

20

40

60

80

100

120

140

160

180

200

1 3 5 7 9 11131517192123252729313335373941

Cycle day

E1G
LH
PdG

0

2

4

6

8

10

12

14

16

18

20

0

20

40

60

80

100

120

140

160

180

200

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Cycle day

E1G
LH
PdG

E
1G

, n
g/

m
L 

&
 L

H
, m

IU
/m

L

P
dG

, u
g/

m
L

E
1G

, n
g/

m
L 

&
 L

H
, m

IU
/m

L

E
1G

, n
g/

m
L 

&
 L

H
, m

IU
/m

L
P

dG
, u

g/
m

L

P
dG

, u
g/

m
L

P
dG

, u
g/

m
L

E
1G

, n
g/

m
L

Figure 1: Representative examples of daily urinary reproductive hormone excretion in pre-menopausal women across the spectrum of men-
strual function and dysfunction.
The mean daily E1G and PdG concentrations are displayed in eumenorrheic ovulatory, LPD, and anovulatory menstrual cycles, oligomenor-
rheic ovulatory and anovulatory menstrual cycles, and in amenorrheic monitoring periods of 28 days. LPD, luteal phase defect; E1G, estrone-
1-glucoronide; PdG, pregnanediol glucuronide; , menses.
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Follicular growth and development

During the menstrual cycle women exhibit wave pat-
terns of follicle development, which can be defined as 
minor or major waves [21, 22, 37, 38]. Most women exhibit 
two waves of follicle growth (68%) while the remaining 
32% exhibit three waves of follicle growth during the 
menstrual cycle [19, 37]. Each wave of follicle growth is 
preceded by an elevation in circulating FSH [19]. Major 
waves are defined as waves in which a dominant follicle 
is selected at 10 mm in diameter to continue growth while 
all other follicles undergo atresia [19]. In minor waves, 
the selection of a dominant follicle does not occur and 
none of the follicles grow larger than 10 mm in diameter 
[19]. Major waves that are initiated during the luteo-fol-
licular transition usually end in ovulation, while major 
and minor waves that are initiated between ovulation 
and menses are anovulatory [19, 39]. Women with 2-wave 
menstrual cycles exhibit ovulatory wave emergence, 
dominant follicle selection, and the pre-ovulatory LH 
surge earlier in the menstrual cycle than women with 
3-wave menstrual cycles, leading to a shorter average 
menstrual cycle length compared to women with 3-wave 
cycles [19]. The growth of antral follicle waves consists 
of up to four stages, depending on whether the wave is 
major or minor, ovulatory or anovulatory.

During the luteo-follicular transition, GnRH pulsatil-
ity, and thus FSH production [19, 36], increases, stimulat-
ing the synchronous recruitment and growth of a cohort 
of 3–20 follicles, each between 2 and 5  mm in diameter 
[40–44]. The recruitment of follicles into this wave 
requires FSH to rise 10%–30% above basal concentrations 
[22, 38, 45–49]. During the early follicular phase, FSH pul-
satility maintains a relatively high frequency [36] due to 
the absence of negative feedback from estradiol (E2) and 
progesterone. The rise in FSH at the time of wave emer-
gence induces expression of FSH receptors (FSHr), the 
aromatase enzyme, and activin, which regulate follicle 
growth following wave emergence [38, 43, 50–52]. Pro-
duction of E2 through the synergistic efforts of theca and 
granulosa cells of the ovarian follicles increases gradu-
ally during the follicular phase [36], upregulating the 
number of FSHr in the maturing follicles, thus increasing 
the bioactive effect of FSH and the production of E2 [36, 
53]. The visible growth of ovarian follicles is largely due to 
the growth of the antrum, a protein and fluid filled space 
surrounding the oocyte and encapsulated by the layers of 
theca and granulosa cells [54].

The expression of aromatase increases in 6–8  mm 
diameter follicles [55–64], which is integral in the cor-
relation between increasing concentrations of serum E2 

and the size of the dominant follicle [63, 65]. The selec-
tion of the follicle that will become the dominant follicle 
of the ovulatory wave occurs in the early to mid-follicular 
phase [37, 66, 67] at a diameter of approximately 10 mm 
(occurring between menstrual cycle days 6–9) [19, 43, 63, 
67]; however, selection can occur in any of the follicular 
waves. The number of LH receptors (LHr) on the granu-
losa cells of the dominant follicle increases allowing the 
follicle to become more responsive to LH and less FSH-
dependent following selection [68–70]. At the same time 
that follicle selection is occurring, the secretion of FSH 
declines due to the negative feedback of E2 and inhibin B 
production from the growing follicles, mainly the newly 
selected follicle, on the anterior pituitary and hypothala-
mus [32, 71–73]. The decline in FSH concentrations leads 
to a reversal in the LH:FSH ratio, which is critical to the 
mechanism underlying the difference between the con-
tinued growth of the dominant follicle and initiation of 
a static phase and/or atresia of the subordinate folli-
cles (the remaining follicles in the recruited cohort not 
selected for preferential growth) [19, 41, 63, 70, 74, 75]. 
Serum concentrations of LH begin to increase in the mid-
follicular phase assisting in the continued growth of the 
dominant follicle [70, 76, 77]. The dominant follicle is con-
sidered mature upon reaching pre-ovulatory size (16–28 
mm), at which time the production of E2 by the follicle 
increases rapidly [32, 34, 36, 78]. The rapid increase in E2 
exerts positive feedback on the anterior pituitary gonado-
troph cells, sensitizing the cells to GnRH and stimulating 
the bolus release of LH after the E2 exceeds a serum con-
centration threshold, which varies by individual, for at 
least 36 h [32, 34, 36, 78].

Ovulation occurs in response to a bolus release of LH, 
triggered by an elevation of E2, around day 14–16 of the 
follicular phase [38, 79]. The LH surge typically occurs 
24–36  h after peak E2 secretion has been attained and 
the surge lasts for 24–48  h after initiation [36]. The pre-
ovulatory follicle takes approximately 36–38 h to ovulate 
following the onset of the LH surge in humans [80] due 
to the complex biochemical, morphological, and physio-
logical changes in and around the dominant follicle that 
accompany ovulation [19, 37, 38, 56, 80]. One critical step 
of the process is the secretion of plasminogen activator by 
the theca and granulosa cells [81–83], which initiates the 
conversion of plasminogen to plasmin within the follicu-
lar fluid to generate collagenases for digestion of the folli-
cular wall [82, 84], allowing the release of the oocyte from 
the follicle. The final stages of the ovulatory process are 
the expansion, loose reorganization, and increased vas-
cularization of the follicular wall [85, 86]. The deep inter-
nal portion of the follicle wall thickens and the apex (a 
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small portion of the follicle wall where enzymes digest the 
collagen until the tensile strength is barely able to with-
stand the intra-follicular pressure [87]) thins 3 h prior to 
 ovulation [85, 86]. A stigma forms at the weakest point of 
the follicular apex approximately 15–20 min before folli-
cle rupture [85, 88]. The oocyte and surrounding cumulus 
cells release from the side of the follicle wall and float 
freely in the follicular fluid just prior to rupture [89]. The 
rupture of the follicle occurs at the stigma and within 15 s, 
approximately 50% of the follicular fluid is released [85], 
with complete evacuation of follicular fluid requiring 6 s 
to 18 min [85]. The LH surge also stimulates the initiation 
of progesterone synthesis in the theca and granulosa cells 
[90, 91].

Luteinization and the corpus luteum

Follicle rupture and the formation of the corpus luteum 
(CL) marks the beginning of the luteal phase. Luteiniza-
tion is the process of CL formation through structural 
and functional remodeling of the theca and granulosa 
cells. The theca and granulosa cells transform into two 
populations of steroidogenically active lutein tissue [92]: 
thecal cells become theca-lutein while the granulosa cells 
become granulosa-lutein [36]. Additionally, an exten-
sive capillary network forms in the layer of transforming 
granulosa cells [92]. The LHr on the cellular surface of 
transforming theca and granulosa cells allow for normal 
CL function [36, 92, 93]. The theca- and granulosa-lutein 
fill the follicle’s former antral space during the process of 
involution and cellular hypertrophy [92, 94]. Tonic secre-
tion of low circulating levels of LH occurs during the early 
luteal phase, stimulating production of progesterone and 
small amounts of E2 [36, 92, 93]. To facilitate the production 
of progesterone, the luteinization process increases the 
number of cellular receptors for low density lipoprotein 
allowing for the intracellular transport of cholesterol [93]. 
The production of angiogenic factors (vascular endothe-
lial growth factor and vascular permeability factor) by 
the luteinized follicle allows for the peak in vascularity 
to occur 7 days after ovulation, which is the approximate 
time of maximum progesterone secretion (10–18 ng/mL) 
[95, 96].

In the absence of a rise in human chorionic gonado-
tropin induced by pregnancy, the CL begins to regress 
approximately 7  days after ovulation, defining the mid 
to late luteal phase [30, 36, 97]. The regression of the CL 
is referred to as luteolysis and results in formation of the 
corpus albicans [36]. In luteolysis, there is a loss of pro-
gesterone production leading to declining circulating 

progesterone concentrations and a removal of negative 
feedback on the anterior pituitary [36]. Subsequently, FSH 
begins to rise, initiating follicular wave emergence for the 
beginning of the next menstrual cycle.

The uterine cycle

The uterus has a cycle of endometrial growth that coin-
cides with the follicular and luteal phases of the ovarian 
cycle. These phases are the proliferative and secretory 
phases, respectively. The proliferative phase of the 
uterine cycle involves a rebuilding of the stratum func-
tionalis (the functional layer of the endometrium) fol-
lowing its shedding during menstruation [36, 98]. The 
rebuilding is possible due to cells of the stratum basalis, 
which proliferate in response to rising concentrations 
of E2 during the follicular phase and cause a thickening 
of the endometrium [36, 99]. By the end of the prolif-
erative phase, the endometrium reaches approximately 
6–10 mm in thickness due to hyperplasia of the endome-
trial cells [36, 99].  Thereafter, stimulation by CL secre-
tion of progesterone causes secretion of glycogen from 
the endometrial glandular tissue, found in the stratum 
spongiosa, and increases in the vascularization of the 
endometrial lining to support embryonic implantation 
should fertilization occur [36]. By the end of the secre-
tory phase of the uterine cycle, the endometrium reaches 
7–14 mm in thickness [99]. In the absence of fertilization 
there is a decline in progesterone and E2 production, 
which deprives the endometrium of hormonal support 
[36]. The deprivation of hormonal support causes the 
constriction of the spiral arteries that support the endo-
metrium resulting in destruction of the functional layer 
of the endometrium [36]. Decomposition of the stratum 
functionalis begins at the luminal edge of the endome-
trium and extends to the deeper stratum spongiosum 
[98] as a result of ischemia and necrosis of the endo-
metrial tissues [36]. Blood and necrotic epithelium are 
shed into the lumen of the uterus and discharged via the 
cervix during menstruation.

Proper functioning of the hypothalamic-pituitary-
ovarian (HPO) axis is required to support adequate follicu-
lar growth and development, normal ovarian and uterine 
cyclicity, and normal reproductive function. Among exer-
cising women with menstrual disturbances and women 
with AN and FHA, under-nutrition compromises the meta-
bolic environment, altering the HPO axis to affect both the 
ovarian and uterine cycles, thus disrupting the menstrual 
cycle. This disruption in turn influences the woman’s 
reproductive potential.
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Types of menstrual disturbances 
associated with energy deficiency
Sustained energy deficiency in exercising women and 
in women with AN leads to suppression of growth and 
reproduction, physiological processes considered least 
essential for survival [100]. Reproductive dysfunction 
occurs along a spectrum of disturbances ranging from 
subclinical menstrual disturbances, which include luteal 
phase defects (LPD) and anovulation, to severe clinical 
menstrual disturbances, which include oligomenorrhea 
and FHA [101], whereby estrogen and progesterone expo-
sure decreases as the menstrual disturbance increases in 
severity. Figure 1 displays the spectrum of menstrual dis-
turbances observed secondary to energy deficiency.

Subclinical menstrual disturbances

Subclinical menstrual disturbances are the least severe of 
the menstrual disturbances on the spectrum. Subclinical 
menstrual disturbances include LPD and anovulation and 
can occur in the presence of regular cycle length [102], so 
they are not readily apparent without detailed hormonal 
assessment of an entire cycle [101, 103]. LPD are charac-
terized by a short luteal phase ( < 10  days in length), an 
inadequate (or insufficient) luteal phase (suppressed pro-
gesterone concentrations) or both [101, 104]. Anovulatory 
cycles, which represent the more severe form of subclini-
cal menstrual disturbances (compared to LPD), are char-
acterized by the absence of an LH surge, the absence of 
ovulation, and the absence of a CL and thus luteal phase 
progesterone production [102, 105].

Clinical menstrual disturbances

Clinical menstrual disturbances are the most severe men-
strual disturbances, and include oligomenorrhea and 
FHA. Both oligomenorrhea and FHA are easily detected 
since they are associated with obvious changes in men-
strual cyclicity [101, 106]. Oligomenorrhea is character-
ized by long and inconsistent intermenstrual intervals of 
36–90 days in length [101, 106]. Oligomenorrhea is difficult 
to study due to its inconsistent intermenstrual intervals 
and hormonal characteristics [101, 106]. Oligomenorrhea 
may present with erratic, often suppressed, estrogen pro-
duction and can occur with or without ovulation [106]. 
The cause of oligomenorrhea may or may not be hypotha-
lamic in origin [107]. Oligomenorrhea is often associated 
with hyperandrogenism and polycystic ovarian syndrome 

(PCOS), which is the most common cause of infertility in 
women [108, 109]. A thorough screening of oligomenor-
rheic women, perhaps by a reproductive endocrinologist, 
may be necessary to complete an appropriate differential 
diagnosis to rule out the presence of PCOS [107].

FHA, the most severe menstrual disturbance, is asso-
ciated with serious clinical sequalae due to chronic hyp-
estrogenism [5, 6, 101], which include stress fractures, 
decreased bone density and strength, and endothelial 
dysfunction [15, 25]. FHA is defined as the absence of 
menses and is classified as either primary or secondary. 
Primary amenorrhea is defined as the failure to menstru-
ate by age 15 in girls with secondary sex characteristics 
[110] whereas secondary amenorrhea is the abnormal ces-
sation of menses after menarche for at least 90 days [101]. 
The exclusion of all other causes of amenorrhea, such as 
hyperandrogenism, hyperprolactinemia, thyroid dysfunc-
tion, or other systemic diseases, is required for diagnosis of 
FHA [111]. FHA associated with chronic energy deficiency 
originates in the arcuate nucleus of the hypothalamus and 
is associated with reduced LH pulsatility and chronically 
suppressed ovarian steroid hormones. Hyperandrogen-
ism may provide an alternative mechanism underlying 
FHA in some exercising women. In women with FHA, 
classical polycystic ovarian morphology (at least one 
ovary  > 10 cm3 and at least 12 peripheral cysts between 2 
and 9  mm [112]) is occasionally observed in association 
with increased ovarian stroma [111]. Wang and Lobo did 
not observe hypoandrogenism in their baseline evalua-
tion of women with FHA and polycystic ovarian morphol-
ogy; however, with recovery from FHA a clinical picture of 
irregular cycles and some symptoms of hyperandrogenism 
emerged [111]. Additionally, GnRH administration has led 
to hyperandrogenism in some women with FHA [111, 113]. 
The findings of Wang and Lobo suggest in the presence 
of polycystic ovarian morphology the ovaries of women 
with FHA may be inherently hyperandrogenic; however, 
in the suppressed gonadotropin environment the ovaries 
are quiescent and may exhibit characteristic features of 
PCOS with recovery of menstrual function [111]. Whereas 
hyperandrogenism has been proposed as the primary 
mechanism underlying PCOS-related oligomenorrhea 
[108], the proposed mechanism underlying exercise asso-
ciated oligomenorrhea or amenorrhea has typically been 
presumed to be secondary to hypothalamic inhibition 
related energy deficiency, although many investigators 
have neglected to separately group and characterize oli-
gomenorrhiec and amenorrheic exercising women [106]. 
Recent evidence suggests that hyperandrogenism, though 
not as severe as demonstrated in women with PCOS, may 
be an alternative mechanism underlying oligomenorrhea 
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in some exercising women [114–117]. Given the potential 
for oligomenorrhea to be associated with hyperandrogen-
ism, it may be that this subgroup does not present with the 
typical energy deficiency related menstrual disturbances 
observed in exercising women.

While the presence of secondary amenorrhea [118] 
was previously used as a diagnostic criterion for AN, 
the American Psychiatric Association recently removed 
this requirement in the updated Diagnostic and Statisti-
cal Manual of Mental Disorders (DSM-5). The removal of 
amenorrhea as a necessary diagnostic criterion was due to 
the recognition that a person’s vulnerability to neuroen-
docrine dysregulation is highly variable and many women 
with very low body weight and variable degrees of body 
fat continue to have menstrual cycles of regular length 
[119]. Additionally, the criterion of secondary amenorrhea 
cannot be applied to the diagnosis of AN in males, pre-
menarchal females, females taking hormonal contracep-
tives, or post-menopausal females. Although no longer a 
requirement for AN diagnosis, amenorrhea is still preva-
lent among pre-menopausal women with the disorder. 
The current diagnostic criteria for AN includes a distorted 
view of one’s body weight and shape and very low body 
weight, a pathological fear of becoming fat is observed, 
even with a significantly low weight, and excessive energy 
restriction leading to severe weight loss resulting in a sig-
nificantly lower body weight than what is expected for 
sex, age, height, growth trajectory, and physical health 
[118, 120].

Changes in hypothalamic-pituitary-
ovarian activity associated with 
amenorrhea
The etiology of amenorrhea in exercising women and 
women with AN is secondary to energy deficiency, 
under-nutrition or deliberate starvation, in the case of 
AN [4, 6]. The development of an energy deficit is a key 
factor involved in the induction of alterations in metabolic 
and reproductive hormone secretion. In a wide number 
of mammalian species, physiologic processes, including 
reproductive function, are dependent on the availability of 
oxidizable metabolic fuels at the cellular level [100]. Wade 
et al. [100] demonstrated support for the energy availabil-
ity (EA) hypothesis, which states that energy intake is oxi-
dized to metabolic fuel and subsequently partitioned to 
facilitate the function of five major physiologic processes 
(thermoregulation, locomotion, cellular maintenance, 
reproduction, and growth) [100]. In the face of a chronic 

energy deficit, a cascade of energy conservation mecha-
nisms are initiated (Figure 2) [3, 4, 9, 121, 122], attenuating 
energy expenditure through suppression of REE [3, 123], 
total triiodothyronine (T3) [3, 123, 124], insulin-like growth 
factor-1 (IGF-1) and IGF binding proteins (IGFBP) [125, 126], 
leptin [127] and insulin concentrations [125, 126], and ele-
vation of cortisol [126, 128, 129], GH [125, 126], peptide YY 
(PYY) [130], and ghrelin [131]. These alterations in indica-
tors of energetic and nutritional status modulate the five 
major physiologic processes, shunting energy away from 
growth and reproduction in order to facilitate those pro-
cesses vital for survival of the individual. As such, growth 
and reproduction are not adequately fueled and are 
henceforth suppressed. Thus, energy deficiency results in 
menstrual disturbances characterized by altered produc-
tion and release of hormones from the level of the hypo-
thalamus to the ovaries [18, 34].

Slow GnRH pulsatile secretion is a characteristic of 
FHA. The altered GnRH secretion results in a larger decline 
in LH compared with FSH and low ovarian activity. The LH 
pulsatility pattern observed in FHA consists of either low 
amplitude pulses or erratic pulses at night with increased 
pulse amplitude, resembling an early pubertal pattern 
[129, 132, 133]. The responsiveness of the hypothalamus to 
GnRH administration is intact; however, the responsive-
ness to GnRH administration is exaggerated. This finding 
of intact responsiveness to GnRH administration confirms 
the hypothalamic origin of the amenorrhea [132–134].

GnRH secretion, thus reproduction, may be linked 
to nutrition/metabolic status through multiple signals 
including neurotransmitters, hormones, and growth 
factors which convey hypogonadism and EA [135]. Specifi-
cally, KNDy, neurons, GABA neurons, and leptin provide 
signals leading to alterations in GnRH secretion [135–140]. 
With food deprivation, GnRH and gonadotropin secretion 
are impaired, with leptin playing a role in this inter-regu-
lation by stimulating LH release [140, 141]. In humans with 
mutations in the leptin or the leptin receptor gene, hypog-
onadism is observed [142]. Additionally, periods of fasting 
and longer term caloric restriction decrease LH pulse fre-
quency and increase pulse amplitude [121, 143, 144]. In 
women with FHA, administration of recombinant leptin 
resulted in increased LH pulse frequency [145]. The ability 
of metabolic signals provided by leptin to signal the HPO 
axis is a result of the expression of leptin receptors on 
KNDy and GABA neurons, which interconnect with GnRH 
neurons where leptin receptors are absent [139, 146–151]. In 
addition, estrogen receptors are located on KNDy, GABA, 
and GnRH neurons [34, 139, 146, 148]. The presence of 
estrogen receptors on KNDy and GABA neurons indicates 
changes in the sex steroid milieu alters GnRH secretion 
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directly and through decreasing stimulatory neurotrans-
mitter signals from KNDy and GABA neurons [140, 152, 
153]. Kisspeptin binding to GnRH neurons increases gon-
adotropin release, with a preferential stimulatory effect 
for the release of LH [140, 154–161]. In addition to reduced 
GnRH secretion with food deprivation, kisspeptin secre-
tion is reduced [162–165]. In women with FHA, kisspep-
tin54 administration stimulates increases in LH pulse 
frequency [157, 160, 161]. Additionally, KNDy neurons com-
municate with POMC, NPY, and CART expressing neurons 
(discussed further in the gastrointestinal peptides section) 
and are able to modulate the expression of proteins in 
these neurons [150, 166]. It is important to note that GnRH 
secretion is not readily measureable in the periphery; 
however, LH pulses are measureable with frequent blood 
sampling and reflect GnRH pulsatility. In 1974 Boyar et al. 
[132] described altered 24 h LH pulsatility in women with 
AN and re-established normal LH pulsatility with weight 
regain and subsequent return of menses. The observa-
tions of Boyar et al. [132], however, do not reveal the cause 
of altered LH pulsatility. Causal evidence of the effect of 
an energy deficit on LH pulsatility has been demonstrated 
in acute [121, 167] and longitudinal models [168]. Loucks 
and Thuma [121] demonstrated that inducing a low EA 
(  ≤  20 kcal/kg FFM/d) for 5  days in sedentary, regularly 
menstruating women resulted in a suppressed LH pulse 
frequency and increased pulse amplitude compared to 
women who remained energy replete (45 kcal/kg FFM/d). 
Similarly, Williams et  al. [167] demonstrated a signifi-
cant decrease in LH pulse frequency in pre-menopausal 
women undergoing a 60% decrease in energy intake for 
7 days concomitant with a 3 day increase in exercise train-
ing volume. In an animal model, LH pulsatility responded 
rapidly (within minutes) to shifts in EA [100]. Scheid et al. 
[168] conducted a 3 month study examining LH pulsatility 
following 3 months of dietary restriction (–30% to –60% 

of baseline energy needs) combined with 5 days per week 
of aerobic exercise (70%–80% of maximal heart rate). 
Women exposed to the highest energy deficit experienced 
a significant decline in 24 h LH pulse frequency compared 
to LH secretion before the intervention, while the women 
in the control group (no exercise or dietary restriction) 
demonstrated no change in LH pulse characteristics [168].

While FSH secretion is impacted by an energy 
deficit and contributes to menstrual dysfunction, FSH 
pulsatility and release has not been well characterized 
[121].  Significantly lower FSH concentrations have been 
observed during the luteo-follicular transition in exercis-
ing women with LPD and low EA [103]. The reduced FSH 
secretion during the luteo-follicular transition impacts fol-
licular wave emergence and dominant follicle selection, 
thus contributing to the low E2 concentrations observed 
during days 6–12 of the menstrual cycle of exercising 
women with LPD [103]. However, Loucks and Thuma 
[121] did not observe any changes in FSH concentrations 
following the imposition of low EA for 5 days, despite 
changes in LH and E2 concentrations, thus suggesting 
FSH responds differently to acute versus chronic energy 
deficits. In women with AN, FSH secretion patterns have 
been reported to be exaggerated, normal, and impaired 
[169, 170].

As previously stated, a reduction in FSH secretion 
impacts follicular wave emergence and dominant fol-
licle selection leading to a decrease in estrogen concen-
trations/secretion [103]. The disruption of LH pulsatility, 
on the other hand, may be a contributing factor to the 
observed reduction in progesterone secretion, as LH 
stimulates progesterone production in thecal cells [101, 
171]. The suppression of ovarian hormone concentrations 
varies with the severity of the menstrual disturbances 
from LPD (least severe) to amenorrhea (most severe) 
[101]. The characteristic ovarian hormone profile of FHA 

Psychological indicators

Resting metabolic rate

Low energy availability/energy deficiency

Alterations in Hormones
Kisspeptin
Peptide YY
Ghrelin

GH resistance
IGF-1

Triiodothyronine
Cortisol
Leptin
Adiponectin

GnRH
LH
FSH
Estrogen
Progesterone

Caloric intake ± Exercise energy expenditure

Disordered Eating Behavior
Drive for thinness
Cognitive dietary restraint
Eating, Weight, and Shape concern

Functional Hypothalamic Amenorrhea

Figure 2: Metabolic and psychologic factors contributing to menstrual dysfunction in anorexic and exercising women with FHA.
GH, growth hormone; IGF-1, insulin-like growth factor 1; GnRH, gonadotropin releasing hormone; LH, luteinizing hormone; FSH, follicle 
stimulating hormone.
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is a chronic suppression of E2 and progesterone, with a 
complete absence of the normal peaks of these ovarian 
hormones (Figure 1). Therefore, menstrual dysfunction 
associated with exercise and AN, wherein the underlying 
etiology is a chronic or acute energy deficit, is the result 
of a sequence of changes in metabolic and reproductive 
hormones, beginning with peripheral energy signals and 
affecting each level of the HPO axis.

Metabolic considerations in 
 amenorrheic women

Resting energy expenditure (REE)

REE is a major contributing factor to total energy expendi-
ture and comprises 60%–75% of total energy expenditure 
[172]. REE has been defined as the energy necessary to 
maintain physiologic function and homeostasis [172]. As 
previously mentioned, in the event that energy intake fails 
to compensate for energy expenditure, a series of energy 
conservation mechanisms are initiated including a reduc-
tion in REE, with concomitant adaptations in metabolic 
hormones [3, 4, 9, 121, 122]. Thus, REE is an indicator of 
energy status and evidence in exercising and anorexic 
women with FHA demonstrates an association between 
suppressed REE and hormonal indicators of chronic 
energy deficiency [3, 130, 173]. For example, comparing 
exercising women with FHA to sedentary and exercising 
ovulatory control women, De Souza et al. [3] observed that 
a decrease in REE controlled for fat free mass (FFM) was 
associated with changes in three key metabolic hormones: 
total T3, ghrelin, and leptin. Similarly, a lower REE/FFM 
was observed in exercising women with subclinical men-
strual disturbances (LPD and anovulation) compared to 
sedentary, ovulatory women [3].

Suppressed REE has been demonstrated in patients 
with AN in a similar manner; however, such suppression is 
often more severe than that observed in exercising women 
with FHA [174–176]. For example, Obarzanek et  al. [175] 
demonstrated an average reduction of 400 kcal/d REE in 
low weight AN patients compared to healthy volunteers. 
Kosmiski et al. [174] likewise documented significant dif-
ferences in REE/FFM between AN patients and controls 
( > 200 kcal/kg FFM/d). In 2000, Polito et al. [176] demon-
strated a 21% reduction in absolute REE in AN patients 
compared to a comparable group of healthy women. 
Adjusting for FFM accounted for 48% of the difference in 
REE between the groups, while the remaining difference 

in REE between AN and controls suggested a reduction in 
the metabolic activity of the active tissue [176].

A ratio of measured REE (mREE) to Harris-Benedict 
predicted REE (pREE) provides an estimate of the energy 
deficiency associated with nutritional restriction [3, 9, 10, 
130, 173, 174, 176–178]. In women with AN, during periods 
of low body weight and prior to refeeding, a reduced ratio 
of mREE to Harris-Benedict pREE of 0.60–0.80 has been 
observed [176–178]. In 2014, Kosmiski et al. [174] demon-
strated an average ratio of mREE to pREE of 0.79 in AN 
patients using measures of body composition from DXA 
and specific metabolic rates for body compartments 
to calculate the pREE more rigorously than the Harris-
Benedict prediction allows. The ratio of 0.79 observed 
in AN patients was significantly different than the ratio 
of 1.03 observed in the lean control women [174]. In our 
laboratory, we have calculated the ratio of mREE to Harris- 
Benedict pREE in amenorrheic and eumenorrheic exercis-
ing women and have observed that a cut-off of  < 0.90 best 
discriminates energy status (energy deficient vs. energy 
replete) and menstrual status (amenorrheic vs. ovula-
tory) [3, 9, 10, 130, 173]. Reflective of less severe nutritional 
restriction, the typical mREE to pREE ratio observed in 
exercising women with FHA ranges from 0.80 to 0.88 [130, 
173], which is in considerably less alarming than the ratio 
of 0.60–0.80 observed in AN [174, 176–178].

Triiodothyronine (T3)

The most active form of thyroid hormone is T3 and it is 
produced mostly in peripheral tissues from thyroxine (T4) 
[179]. Physiologic processes, such as growth, metabolism, 
body temperature, and heart rate, are regulated by T3. REE, 
total daily energy expenditure, and oxygen consumption 
are tightly coupled with measures of total T3 [180]. There is 
evidence from animal and human experiments that sup-
ports the influence of general energy and macronutrient 
intake directly on thyroid hormone status and indirectly 
on REE [181–183].

Measures of total T3 are often used to indicate the pres-
ence of an energy deficiency, as reductions in serum total 
T3 concentrations are suggested to initiate energy conser-
vation mechanisms to restore homeostasis in underweight 
individuals [181, 183]. A series of eloquent experiments in 
sedentary, regularly menstruating women demonstrated 
the effect of manipulating EA (through both increased 
exercise energy expenditure and decreased caloric intake) 
on total T3 [124, 184]. In response to the induction of a low 
EA, reductions in total T3 were observed and were subse-
quently prevented when extra calories were provided to 
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compensate for the induced energy deficiency [124]. In a 
follow-up study, Loucks and Heath [184] demonstrated 
reductions in total T3 concentration when EA was between 
19 and 25 kcal/kg FFM in initially sedentary, ovulatory 
women. Thus, total T3 represents a sensitive marker of 
changes in EA, whether associated with changes in energy 
restriction and/or changes in exercise training in women 
[124, 184].

In the 1970s, many authors demonstrated low basal 
levels of T3 in FHA women with AN [185–187]. Wakeling 
et al. [188] were the first to identify a positive correlation 
between body weight and T3 concentration with 4–6 weeks 
of weight regain in a women with AN. More recently, it has 
been demonstrated that low plasma total T3 is observed 
in conjunction with a reduction in REE in women with 
AN [189], in a manner similar to that observed in exercis-
ing women with suppressed REE [3, 123, 173, 190]. Addi-
tionally, women with AN who regained weight exhibited 
increases in total T3 with concomitant increases in REE 
independent of changes in FFM [189].

Causal links between reproductive dysfunction and 
energy status, as indicated by thyroid hormones, have 
been demonstrated in both animal and human experi-
ments. In 1991, Michaud et  al. [191] demonstrated that 
thyroidarche (maturation of the thyroid axis) precedes 
menarche (maturation of the ovarian axis) in healthy 
adolescents. The induction and reversal of amenorrhea 
in female monkeys has been correlated with changes 
in circulating total T3 [14]. During a period of restricted 
dietary intake, total T3 concentrations in female monkeys 
decreased by 27% while a significant 18% increase in T3 
was observed during resumption of regular menses [14]. In 
humans, low concentrations of total T3 have been linked 
to reproductive dysfunction in exercising women with 
amenorrhea [1, 3, 192] and women with AN [193]. In 1992, 
Loucks et al. [192] demonstrated amenorrheic female ath-
letes had suppressed total T3 concentrations compared to 
their eumenorrheic counterparts. In a study from our lab-
oratory, amenorrheic exercising women had significantly 
lower total T3 concentrations compared to eumenorrheic 
exercising and sedentary women [3]. The findings from 
our laboratory support the premise of a high correlation 
between REE and total T3 [3].

Taken together findings in human and animal experi-
ments [1, 3, 14, 192] demonstrate agreement that menstrual 
dysfunction is linked to mechanisms of energy conserva-
tion that are observed with underlying energy deficiency. 
Key markers of the energy conservation mechanisms are 
REE and total T3 [1, 3, 14, 192]. Across the continuum of 
menstrual disturbances, changes in REE and total T3 
present in a dose response manner, such that increases 

in energy conservation (thus reduced REE and total T3) 
are observed with increasing severity of menstrual distur-
bances [3]. Recovery of menstrual function is associated 
with restoration of an adequate energy intake relative to 
energy expenditure [13, 14], which can be observed by 
increases in total T3.

Gastrointestinal peptides: Ghrelin and 
Peptide YY (PYY)

Ghrelin and PYY are gastrointestinal peptides that are 
released into systemic circulation where they are able to 
influence the central mechanisms that regulate energy 
homeostasis [194] and reproductive function [168, 195–
200] at the level of the hypothalamus (Figure 3). Both 
ghrelin and PYY modulate the actions of neuropeptide 
Y (NPY)/agouti-related protein (AgRP) co-expressing 
neurons, pro-opiomelanocortin (POMC)/cocaine and 
amphetamine-regulated transcript (CART), and GnRH 
neurons in the arcuate nucleus and preoptic area of 
the hypothalamus [199]. Neuropeptides secreted from 
POMC/CART neurons exert a potent anorexigenic effect 
(decreasing food intake thus body weight), while NPY/
AgRP neurons exert an orexigenic effect (inducing food 
intake) [199].

Ghrelin is an orexigenic peptide hormone produced 
by the oxyntic glands of the gastric fundus [201–203]. It 
is the only peripheral gut hormone known to simulate 
appetite, with blood concentrations of ghrelin rising with 
increased sensations of hunger [203–207], while being 
a GH secretagogue [202, 208, 209]. The mechanism by 
which ghrelin regulates food intake and satiety acts via 
the activation of NPY/AgRP and suppression of POMC/
CART neurons in the hypothalamus [210–213]. Changes 
in circulating ghrelin concentrations act as a metabolic 
signal for initiation and termination of a meal by rising in 
the fasted state and falling in the fed state [205]. PYY is a 
well-recognized anorexigenic peptide hormone [214]. The 
active form of PYY, PYY3−36 [215, 216], binds to Y2 receptors 
activating POMC/CART neurons and suppressing NPY/
AgRP neurons in the hypothalamus [217]. The cascade of 
events initiated by PYY binding at the level of the hypo-
thalamus leads to a decrease in energy intake and can 
lead to a decrease in body weight [217]. Recently, there has 
been an emerging interest in the role of ghrelin and PYY 
in the etiology of menstrual disturbances in association 
with a chronic energy deficiency in exercising women and 
women with AN [218–222].

Fluctuations in ghrelin and PYY are a proposed home-
ostatic feedback mechanism involved in the regulation of 
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appetite and energy intake and promotion of changes in 
body weight [194, 223–225]. Thus, changes in the secre-
tion of these gut peptides are considered pivotal in weight 
loss and weight maintenance in healthy populations 
[223–225]. Additionally, both hormones are implicated 
as contributory factors in the development of reproduc-
tive dysfunction [218], as observed in models of severe 
weight loss-associated chronic energy deficiency (women 
with AN [219–222]) and moderate weight loss (exercising 
women with FHA [4, 130]).

Ghrelin has been associated with 24 h energy intake 
[206]. When intravenously administered in non-obese 
men and women, ghrelin has been correlated with a sub-
sequent large increase in energy intake [214]. Additionally, 
elevated fasting ghrelin concentrations have been con-
sistently observed in women with AN [219, 221, 222] and 
exercise associated FHA [4, 130]. Interestingly, women 
diagnosed with AN fail to demonstrate the meal induced 
decline in ghrelin [219, 222, 226]. Furthermore, in women 
with AN, total ghrelin secretion over 12 h following a meal 
is elevated compared to healthy controls [222]. In exer-
cising women with FHA, De Souza et  al. [131] observed 
fasting ghrelin concentrations that were 85% higher in 
exercising women with LPD/anovulation than exercising 

and sedentary ovulatory women. In pre-menopausal nor-
mal-weight women undergoing a 3-month diet and exer-
cise intervention to result in a negative energy balance, 
an elevated 24-h ghrelin was observed [223]. Addition-
ally, elevations in fasting mealtime peaks and nocturnal 
peaks of ghrelin were observed following weight loss in 
pre-menopausal normal-weight women [223], demon-
strating circulating ghrelin concentrations are sensitive to 
changes in body weight. The chronic elevation in fasting 
ghrelin concentrations in exercising and anorexic women 
with FHA is perplexing, as these women consistently 
report suppressed levels of hunger, lower energy intake, 
and/or weight loss [131, 225, 227, 228].

In addition to elevations in ghrelin, elevations in PYY 
have been observed in exercising and anorexic women 
with FHA [130, 220, 229, 230]. In these women, it has been 
proposed that the anorexigenic effects of elevated PYY 
may mask the expected orexigenic effects of elevated 
ghrelin [130, 220]. Additionally, a negative correlation 
between fasting PYY concentrations and REE/FFM has 
been observed, indicating an association between appe-
tite regulating hormones and mechanisms of energy 
conservation [130, 220] that may play a role in the eating 
behaviors in these populations.

Energy deficiency
 Caloric intake  Energy expenditure

Leptin

 Adiponectin

 Ghrelin

 PYY

 IGF-1

 Cortisol

 GH

 Estradiol/
Progesterone

GnRH

Kisspeptin POMC/
CART

NPY/
AgRP

 FSH/LH

 Leptin

 Adiponectin

 Ghrelin

 PYY

 Insulin

±

Figure 3: The impact of an energy deficiency on the HPO axis.
Peripheral hormones such as leptin, adiponectin, ghrelin, PYY, and cortisol cross the blood-brain barrier and exert varying effects on 
the regulatory mechanisms within the hypothalamus. Additionally, many of these peripheral hormones control activation and inhibition 
of appetite through neuronal activity in the ARC of the hypothalamus. Likewise, pulsatility of GnRH neuron secretion within the PVN 
and ARC is modulated by these peripheral hormones. Consequently, FSH and LH production and secretion from the anterior pituitary 
is impacted, thus resulting in reduced ovarian steroid production. HPO, hypothalamic-pituitary-ovarian; NPY, neuropeptide Y; AgRP, 
agouti-related peptide; CART, cocaine and amphetamine-regulated transcript peptide; POMC, pro-opiomelanocortin; GnRH, gonado-
tropin releasing hormone; FSH, follicle stimulating hormone; LH, luteinizing hormone; GH, growth hormone; IGF-1, insulin-like growth 
factor 1; PYY, peptide YY; ARC, arcuate nucleus; PVN, paraventricular nucleus.
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In attempts to better understand the regulation of 
energy balance in non-obese and obese populations, 
the impact of acute exercise on ghrelin and PYY has 
been explored [231–233]. In response to an acute bout of 
exercise, suppression of appetite has consistently been 
observed [231–234] and thus, has been suggested to 
promote a decrease in relative energy intake. Hubert et al. 
[234] demonstrated differential changes in hunger, as an 
energy deficit induced by diet increased hunger while 
induction by exercise did not increase hunger. These 
experimental findings suggest a biological drive regarding 
the lack of initiative to match energy intake with exercise 
energy expenditure [235]. Additionally, the routinely pre-
scribed high carbohydrate diets for endurance athletes 
may perpetuate the deficit in energy intake following exer-
cise [236–238] through a mechanism known as “exercise-
induced anorexia”, with appetite-related hormones being 
proposed as mitigating factors [232, 233]. A suppression 
of acylated ghrelin during aerobic exercise has been dem-
onstrated [231–233] with no difference between ad libitum 
energy intake following an exercise bout or a rest condition 
[231]. The suppression of ghrelin with exercise appears to 
be temporary, thus it is likely that the elevations in circu-
lating PYY concentrations, opposing the actions of ghrelin 
to signal satiety, promote eating behaviors that result in 
a chronic energy deficit [232, 233]. Suppression of ghrelin 
and elevation of PYY results in an anorexigenic hormonal 
profile and has been proposed to be the mechanism by 
which gut hormones suppress appetite following exercise 
[232] and cause the observed uncoupling between energy 
intake and expenditure. If the uncoupling of intake and 
expenditure is maintained for a prolonged period it may 
be the cause of “inadvertent under eating”, whereby exer-
cising women simply do not consume enough energy to 
compensate for exercise energy expenditure, and may 
lead to a chronic energy deficit [235].

In the complex network of mechanisms that underlie 
the disruption and/or restoration of energy homeostasis 
and reproductive function, ghrelin and PYY have been pro-
posed to be key metabolic signals [168, 218]. The induced 
changes in ghrelin and PYY associated with an energy 
deficiency are important factors involved in the suppres-
sion of the HPO axis [217, 218]. Notably, ghrelin has been 
linked to reproductive function through direct and indirect 
actions that alter GnRH pulsatility [217, 218] and lead to the 
suppression of LH secretion and pulsatility [168, 200, 219, 
239]. Vulliemoz et  al. [200] demonstrated a reduced LH 
pulse frequency, not amplitude, with peripheral ghrelin 
infusion in adult ovariectomized rhesus monkeys. Simi-
larly in an ovariectomized rat model, ghrelin injection 
inhibited LH secretion. In humans, the impact of weight 

loss induced by diet and exercise on reproductive function 
in premenopausal women was examined by Scheid et al. 
[168], who demonstrated decreased LH pulse frequency 
with increased 24 h mean ghrelin and lunch peak ghrelin. 
Similarly in AN, elevated ghrelin concentrations predict 
reductions in LH concentrations measured in a single 
fasted morning serum sample [219]; however, the impact 
of ghrelin on LH pulse frequency and amplitude in AN 
remains to be evaluated.

Adipokines: leptin and adiponectin

The adipokines leptin and adiponectin are two additional 
factors that have been proposed to be involved in the hor-
monal regulation of reproductive function and energy 
homeostasis in humans. Leptin is a white adipocyte 
secreted protein that is the product of the ob gene [240] 
and leptin concentrations are directly correlated with 
fat mass [241, 242]. Adiponectin is also a white adipocyte 
secreted protein that circulates at high concentrations in 
healthy populations [243–246] and functions to increase 
peripheral sensitivity to insulin [247–249]. Circulating con-
centrations of adiponectin are inversely associated with 
fat mass [249–253].

Leptin is considered a satiety factor and has displayed 
opposing action to ghrelin [222]. Leptin has been demon-
strated to inhibit NPY/AgRP neurons, which subsequently 
activates POMC/CART neurons to decrease food intake 
(Figure 3) [254]. It has been suggested that leptin plays a 
role in the coordinated response of reproductive function 
to metabolic fuel availability [255]. Leptin can cross the 
blood brain barrier and can activate cells in the brain that 
express an isoform of the leptin receptor [254, 256]. Leptin 
receptors have been isolated in the hypothalamus [257, 
258], anterior pituitary [259], ovary [260], and endome-
trium [261]. Leptin concentrations are sensitive to energy 
deprivation. A reduction in leptin concentrations to 10%–
30% of baseline concentrations have been observed after 
2–3  days of caloric deprivation, before major changes in 
bodyweight or fat mass have occurred [262, 263]. Addition-
ally, diet-induced weight loss also results in a reduction 
in circulating leptin concentrations [141, 242, 264]. Activa-
tion of the leptin receptor in the hypothalamus leads to 
changes in the expression of hypothalamic neuropeptides 
and thus regulation of energy homeostasis [257, 258].

Low concentrations of leptin are important in signaling 
an energy deficit to the hypothalamic-pituitary axes [263, 
265]. In leptin deficient animals, impaired GnRH pulsatil-
ity has been observed [266, 267]. Suppressed leptin con-
centrations have been consistently observed in exercising 
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and anorexic women with FHA [127, 190, 222, 268, 269]. 
Additionally, Ackerman et al. [270] demonstrated a posi-
tive association between leptin and LH secretion. Taken 
together, these results suggest circulating leptin concen-
trations may act as a metabolic signal communicating 
nutritional inadequacy to the hypothalamus. In fact, the 
administration of recombinant leptin for several months 
in women with FHA resulted in increased follicle number 
and size, but concomitantly caused weight and fat loss due 
to a reduction in food intake [145, 271]. As such, although 
recombinant leptin has been demonstrated to positively 
signal the HPO axis, its resultant impact on body weight 
and fat mass makes this therapeutic option unattractive 
in an already low weight population.

Adiponectin plays an important role in the regulation 
of food intake and energy homeostasis [272, 273]. Normal 
concentrations of adiponectin reduce post-prandial fatty 
acid concentrations and hepatic glucose output [274] 
and reduced circulating adiponectin concentrations are 
associated with increased prevalence of atherosclerosis 
[275]. Adiponectin concentrations have been observed to 
be elevated in AN compared to control women [253, 276] 
and reduced in very severe AN [277]. In contrast, concen-
trations of adiponectin were not different between ado-
lescent amenorrheic or eumenorrheic athletes nor their 
sedentary eumenorrheic controls [278]. In young adults 
between 18 and 35  years old, fat mass adjusted log adi-
ponectin concentrations were significantly elevated in 
exercising women with FHA compared to exercising and 
sedentary ovulatory women [279]. O’Donnell and De 
Souza [279] demonstrated that 41% of the variance in fat 
mass adjusted log adiponectin was explained by truncal 
fat mass. A role for adiponectin in female reproductive 
function has been suggested.

The influence of adiponectin on GnRH neuronal 
activity was examined in female mice [280]. Klenke et al. 
[280] demonstrated reduced GnRH neuronal activity in 
a subpopulation of GnRH neurons. Similarly, adiponec-
tin inhibited LH release in rat pituitary cell cultures 
[281]. Adiponectin receptors have been located in female 
peripheral reproductive tissues, including the ovaries, 
oviduct and endometrium [282, 283]; however, the role of 
adiponectin in peripheral reproductive tissues is unclear. 
The role of adiponectin in ovarian function may include 
the modulation of steroidogenesis within the granulosa 
and thecal cells [284–290]. Researchers examining the 
influence of adiponectin on ovarian steroidogenesis have 
demonstrated inconsistent findings, with enhancement, 
suppression, and neutral impacts on steroidogenesis 
being reported depending on the model system evalu-
ated [284–290]. Though there is certainty to the exposure 

of peripheral reproductive tissues to adiponectin, the 
understanding surrounding adiponectin signaling and 
reproductive organ function requires further investiga-
tion. Additionally, adiponectin has been demonstrated to 
activate osteoblasts and osteoclasts [291, 292], thus may 
be an important regulator of bone health in exercising and 
anorexic women with FHA.

Growth hormone and insulin-like growth 
factor-1

Growth hormone and IGF-1 are pivotal metabolic agents 
[293–296] controlled by metabolic and other peripheral 
hormones [294–299]. Nutritional status influences the 
GH/IGF-1 axis at the level of the hypothalamus all the 
way down to the level of binding proteins [300–303]. Sys-
temic GH concentrations are higher in adolescents and 
adults with AN and exercise-associated FHA [126, 304, 
305] and women with the lowest BMI and fat mass have 
been observed to have the highest circulating GH concen-
trations [304, 305]. Laughlin and Yen [126] demonstrated 
alterations to the GH secretion profile in amenorrheic 
exercising women, including increased GH pulse fre-
quency, elevated inter-pulse GH concentrations, and unal-
tered GH pulse amplitudes. Similarly, Stoving et al. [305] 
and Misra et al. [304] demonstrated that women with AN 
display increased basal GH secretion, a greater number of 
GH pulses, and elevated GH concentration. Stoving et al. 
[305] demonstrated the altered 24-h GH secretion pat-
terns is significantly correlated with BMI. Recently, leptin, 
ghrelin, and NPY have been under increased investigation 
as the nutritional signals that control GH secretion [203, 
297–299, 306]. The importance of these three factors in 
controlling the endocrinological and metabolic responses 
to changes in nutritional status are of interest due to the 
well-known influence of these hormones on controlling 
food intake [299]. Additionally, leptin has been demon-
strated to have a stimulatory effect on GH through NPY 
in the hypothalamus [299]. Further investigation into the 
impact of hormones produced by the stomach and adi-
pocytes on GH secretion will lead to new insights regard-
ing the alterations in the GH/IGF-1 axis in AN and in less 
severe states of malnutrition [307].

Prolonged starvation also modifies GH receptor acti-
vation and function [300, 308], resulting in an acquired 
peripheral GH resistance, which explains the documented 
reduction in IGF-1 synthesis in such patients [301, 302, 304, 
305, 309, 310]. Low circulating IGF-1 is directly due to inhi-
bition of hepatic IGF-1 production due to under-nutrition 
and GH resistance [301, 302, 305, 311, 312]. The low IGF-1 
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concentrations, through negative feedback, in association 
with increased ghrelin, augment GH secretion [8, 304]. 
Administration of GH, even for 12 weeks, is ineffective in 
increasing IGF-1 concentrations [313]. These differences in 
secretion suggest a nutritionally-acquired GH resistance 
[313]. In the state of low EA associated with FHA, high 
GH secretion is consistent with the need for maintaining 
euglycemia despite under-nutrition [8]. GH has a gluco-
neogenic role through increasing lipolysis [314, 315]. The 
GH impact on lipolysis is not mediated through IGF-1, thus 
allowing preservation of euglycemia in exercising and 
anorexic women with FHA [314, 315].

Additionally, a growing body of evidence demon-
strates the ability of GH to directly modulate reproduction 
through gonadotropin-dependent and gonadotropin-inde-
pendent actions. This topic has recently been reviewed 
by Hull and Harvey [316]. In relation to reproduction, it 
appears that GH acts at both the pituitary and ovaries to 
modify the actions of GnRH. At the level of the pituitary 
gonadotroph cells contain GH receptors and secretion of 
LH/FSH is reduced in GH-deficient/resistant rats [317]. At 
the level of the ovary the in vitro evidence suggests GH 
modulates estradiol and progesterone production from 
granulosa cells and luteinized granulosa cells and this 
effect varies throughout the ovarian cycle [318–323]. Addi-
tionally, it appears that GH is necessary for optimal follic-
ular maturation and survival [324, 325]. GH receptor knock 
out mice have more primordial follicles, fewer primary to 
antral follicles and corpora lutea, and increased follicular 
atresia [324, 325]. Further, GH resistance in cows resulted 
in a complete blockage of dominant follicle development 
[326]. IGF-1 receptors are abundant in follicles [327, 328] 
and IGF-1 has been demonstrated to augment the action of 
gonadotropins in steroidogenesis [329–332].

Cortisol

Mild to severe hypercortisolism is observed in both exer-
cising [128, 129, 333–337] and anorexic [312, 338–343] 
women with FHA. In women with AN, the elevation in 
mean cortisol concentrations is rarely observed to exceed 
twice the upper limit of normal [8]. In an early investiga-
tion, elevated 24-h plasma cortisol concentrations in ano-
rexic women with FHA were associated with an increased 
cortisol half-life and a decreased cortisol clearance rate, 
rather than an increase in cortisol production [338]. In 
addition, Lawson et al. [344] demonstrated higher mean 
pooled 12-h overnight plasma cortisol in both women with 
FHA and women with AN compared to healthy controls. 
Interestingly, women with AN trended towards having 

higher cortisol than women with FHA, suggesting an inter-
mediate hypercortisolemic phenotype in women with less 
severe energy deficiency [344]. Cortisol has been further 
investigated using both urine and saliva sampling, with 
investigators demonstrating associations between AN and 
elevated urinary free cortisol [345, 346] and late night sali-
vary cortisol [343]. Explorations of the pathophysiology of 
hypercortisolemia in AN has been accomplished through 
administration of exogenous ovine corticotropin-releas-
ing hormone (CRH) and adrenocorticotropic hormone 
(ACTH) to observe the cortisol response. This investiga-
tory probe demonstrated that while women with AN had 
an attenuated ACTH response compared to normal weight 
control subjects, cortisol secretion was elevated with AN 
[346], suggesting an increased sensitivity of the adrenal 
cortex to ACTH. In addition, the increased ghrelin secre-
tion observed in women with AN has been positively asso-
ciated with cortisol burst frequency [219] as well as CRH 
release from the hypothalamus, which stimulates ACTH 
secretion from the anterior pituitary [209, 347].

Cortisol dynamics in amenorrheic and eumenor-
rheic athletes generally represent mild hypercortisolism 
[128, 129, 333–337]. Elevated 24-h mean plasma cortisol 
has been reported in exercising women with FHA com-
pared with healthy control women [334] and Rickenlund 
et  al. [116] reported increased 24-h mean serum cortisol 
concentrations in amenorrheic athletes compared with 
eumenorrheic athletes and non-athletes. Additionally, De 
Souza et al. [335] demonstrated a mild hypercortisolism in 
amenorrheic runners compared to eumenorrheic runners 
and non-athletes. The amenorrheic runners exhibited a 
blunted exogenous ACTH-stimulated cortisol response, 
which was restored following dexamethasone suppres-
sion of endogenous cortisol prior to ACTH administration 
[335]. On the other hand, Loucks et al. [129] reported no 
differences in ACTH secretion patterns or cortisol pulse 
frequency between amenorrheic athletes, eumenorrheic 
athletes, and non-athletes; however, Loucks et  al. [129] 
did observe higher overnight cortisol concentrations in 
both amenorrheic and eumenorrheic athletes compared 
to non-athletes. Additionally, the cortisol pulse ampli-
tude decreased over the course of the day in the eumenor-
rheic athletes but remained elevated in the amenorrheic 
athletes, resulting in a higher 24-h cortisol measurement 
in the amenorrheic athletes [129]. Ackerman et  al. [348] 
further investigated cortisol dynamics in female ath-
letes and reported increased cortisol pulse amplitude, 
pulse mass, area under the curve, and cortisol half-life 
in amenorrheic athletes compared to eumenorrhiec ath-
letes and non-athletes. However, in 1996 Laughlin and 
Yen [126] demonstrated higher 24-h serum cortisol in both 
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amenorrheic and eumenorrheic athletes compared to non-
athletes. Based on these inconsistencies, it is evident that 
several factors contribute to differences in cortisol secre-
tion in female athletes with varying menstrual function.

Mechanistically, physiologic and psychologic stress 
act through the HPA axis to modulate the HPO axis and 
ultimately impact reproductive function. In animal 
models, activation of CRH is an adaptive response to a 
state of low EA and has the potential to inhibit the activ-
ity of the GnRH pulse generator [349–352]. In animal 
models of stress where cortisol causes a decrease in GnRH 
secretion, the responsiveness of gonadotrope cells of the 
pituitary to available GnRH is further impaired [353, 354]. 
This alteration in gonadotrope sensitivity is apparently 
mediated through type II glucocorticoid receptors in the 
anterior pituitary [353]. Similar alterations in gonadotrope 
responsiveness have been observed in women with FHA. 
Berga et  al. [333] demonstrated an association between 
the elevated cortisol secretion and reduced GnRH secre-
tion, thus reduced LH pulsatility, in women with FHA. 
Additionally, hypercortisolemia in amenorrheic athletes 
has been associated with a decrease in LH pulse frequency 
[116, 126, 129]. Similarly, in adolescent and young adult 
athletes, Ackerman et  al. [348] reported overnight corti-
sol area under the curve was inversely correlated with LH 
area under the curve, a finding that remained significant 
after controlling for fat mass, ghrelin, and leptin. Addi-
tionally, diurnal secretion of cortisol was negatively asso-
ciated with the number of menses in the past 12 months 
in endurance athletes with varying menstrual status and 
healthy sedentary controls [116], indicating a key role of 
cortisol and the HPA axis in suppressing menstrual/repro-
ductive function.

Consideration of the diurnal rhythm of cortisol 
secretion is warranted, as little is definitively known 
regarding alterations in these dynamics in exercis-
ing or anorexic women with FHA. In healthy individu-
als, the cortisol awakening response is recognized as a 
50%–100% increase in cortisol concentration in the first 
30–45 min after waking [355–357]. This peak is followed 
by a steady decline over the course of the day, reaching 
a nadir during the first half of the night [356]. Various 
physical and psychological factors contribute to the char-
acteristic cortisol awakening response [355, 358–360] and 
thus may be altered in exercising or anorexic women with 
FHA. While some investigators have reported preserva-
tion in the circadian rhythm, others have reported a sup-
pression of the rhythm [338, 343, 361, 362]. Early work by 
Boyar et  al. [338] demonstrated a normal circadian cor-
tisol rhythm in young anorexic women, yet Putignano 
et al. [343] measured salivary cortisol and demonstrated a 

flattened but maintained cortisol rhythm in women with 
AN compared to healthy controls. In 2007, dos Santos 
et  al. [362] reported 1/3 of the women with AN demon-
strated an absence of a salivary cortisol rhythm, while 2/3 
of the women with AN had a preserved cortisol rhythm 
and an area under the curve that was significantly higher 
than healthy controls.  Monteleone et al. [363, 364] have 
demonstrated that in women with AN and an average BMI 
in the 17 kg/m2 range, the cortisol awakening response 
was significantly elevated compared to a healthy-weight 
control group. Wild et  al. [365] added to this finding, 
reporting that in women with AN, the cortisol awakening 
response was significantly correlated with the severity of 
AN symptomology. Specifically, the cortisol awakening 
response was significantly lower in severely ill women 
with AN while women with higher BMIs showed a trend 
toward higher initial cortisol awakening response [365]. 
There is no evidence to suggest the diurnal rhythm of cor-
tisol secretion is altered in amenorrheic athletes.

Overall, the available data in exercising and anorexic 
women with FHA suggest hypercortisolemia is due to 
the state of low EA, and perhaps some factors related to 
psycho-social stress [1, 333]. One proposed reason for the 
adaptive upregulation of cortisol in women in a state of 
low EA is to maintain a euglycemic state [341], working in 
conjunction with GH [8, 314, 315]. Consistent with the pro-
posed mechanism, Rickenlund et al. [116] and  Ackerman 
et al. [348] have reported an inverse association between 
cortisol concentrations and fat mass in athletes and non-
athletes, indicating a mobilization of lipid stores. Addi-
tionally, in women with AN, individuals with the lowest 
BMI, fat mass, and fasting glucose concentrations were 
observed to have the highest cortisol concentrations 
[341, 342]. In contrast, Laughlin and Yen [126] reported no 
association between cortisol concentrations and fasting 
glucose.

Hypercortisolemia associated with FHA has also 
demonstrated correlations with body composition [342, 
366–368], bone density [341, 344], and psychopathologies 
[342, 344]. Lawson et al. [344] demonstrated a positive cor-
relation between cortisol and symptoms of anxiety  and 
depression, while being negatively associated with bone 
mineral density in women with FHA. In women with AN, 
high concentrations of cortisol predicted a reduced per-
centage of extremity lean mass [367] and bone mineral 
density [341, 344]. Additionally, a “U” shaped relationship 
has been reported between BMI and both overnight serum 
cortisol and urinary free cortisol corrected for creatinine 
clearance in women with AN [368].

Little has been reported regarding changes in hyper-
cortisolemia in response to recovery from FHA or AN. In 
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1986, Gold et  al. [346] demonstrated hypercortisolemia 
only resolved after long term recovery (6  months to 2 
years) in AN, indicating a relatively slow physiological 
time course to adapt to the increase in body weight. In 
AN, there is a positive correlation between measures of 
baseline urinary free cortisol and the percent increase in 
truncal fat with weight gain [366]. The normalization of 
cortisol concentrations with weight gain have not been 
associated with BMI or body composition [339, 346]. 
In 2006, Misra et  al. [342] demonstrated a link between 
increased baseline cortisol concentrations in girls with AN 
and increases in fat mass with recovery from AN, which 
was, in turn, associated with resumption of menses. 
Future studies to further investigate and refine the time-
course for normalization of cortisol dynamics following 
recovery from AN or FHA are warranted.

Psychopathology
Another pathway to evaluate the potential of develop-
ing a chronic energy deficit is disordered eating attitudes 
[9, 10]. Eating attitude psychopathologies in athletes and 
eating disorders have recently been reviewed [369–372]. 
Self-administered questionnaires, such as the eating dis-
orders examination questionnaire (EDE-Q), eating disor-
ders inventory (EDI-2 and 3), eating attitudes test (EAT), 
and three factor eating questionnaire (TFEQ), are often 
used to measure eating disorder/disordered eating psy-
chopathology in research settings. The EDE-Q indexes 
behavior along four dimensions, including dietary 
restraint, eating concern, shape concern, and weight 
concern [373]. The EDI-2 and EDI-3 are divided into 11 main 
subscales, including drive for thinness, bulimia, body dis-
satisfaction, ineffectiveness, perfectionism, interpersonal 
distrust, interoceptive awareness, maturity fears, asceti-
cism, impulse regulation, and social insecurity [374]. The 
EAT total score measures the existence of abnormal eating 
behaviors and severity of existing pathological thoughts 
concerning food, dieting, and body image through three 
factors, including dieting behavior, bulimic behavior, and 
oral control [375, 376]. The TFEQ measures three dimen-
sions of human eating behavior, which include cogni-
tive dietary restraint, disinhibition, and hunger [377]. In 
a recent examination using the EDI-2 in adolescents with 
AN, FHA, and healthy controls, a two-fold higher drive for 
thinness score was demonstrated in AN compared to girls 
with FHA, while girls with FHA demonstrated a five-fold 
higher drive for thinness score than healthy controls [378]. 
The relationship between core measures of eating disor-
der psychopathology [i.e. drive for thinness, cognitive 

dietary restraint, eating concern, weight concern, and 
shape concern (Figure 2)] and appetite-related hormones 
(i.e. ghrelin, PYY, and leptin) in amenorrhea secondary to 
an energy deficiency is not clear.

Evidence linking subclinical and clinical elevations in 
restrictive eating behaviors and appetite hormone dysreg-
ulation indicative of an energy deficit have been observed 
in exercising and anorexic women with FHA [9, 10, 200, 
379–381]. In AN, serum PYY concentrations are positively 
associated with the degree of disordered eating thinking 
and behavior assessed by self-administered question-
naires [379, 381]. Additionally, Scheid et al. [130] demon-
strated a positive correlation between fasting PYY and 
drive for thinness score in women categorized by exercise 
status (exercise vs. sedentary) and menstrual function 
(amenorrhea vs. ovulatory). De Souza et  al. [9] demon-
strated significantly elevated ghrelin concentrations in 
exercising women with a high drive for thinness compared 
to women with a normal drive for thinness. Additionally, 
Schneider et al. [382] demonstrated a positive association 
between elevated EAT scores and ghrelin concentrations 
in women with FHA compared with exercising and seden-
tary eumenorrheic control participants. However, ghrelin 
concentrations were not associated with core measures of 
eating disorder pathology in women with AN [381]. Leptin 
was moderately, negatively associated with core measures 
of eating disorder thinking and behavior in women with 
AN [379–381].

These findings suggest that disordered eating psy-
chopathology may play a role in suppression of energy 
intake in the presence of elevated ghrelin and PYY con-
centrations and suppressed leptin concentrations. Thus, 
elevated PYY concentrations are suggested to prevent 
compensatory increase in energy intake normally associ-
ated with elevated ghrelin concomitant with psychologi-
cal markers of subclinical disordered eating and increased 
exercise energy expenditure [9, 130]. Similarly, Eddy et al. 
[379] have suggested that high PYY concentrations drive 
the persistent restrictive eating patterns in AN. Thus, it 
is possible there is a psychopathologic phenotype with a 
greater susceptibility to developing a chronic energy defi-
ciency and subsequent menstrual dysfunction.

Resumption of menstrual function
In AN treatment resumption of menses is an important indi-
cator of recovery from the disorder [383–385], with pediat-
ric and psychiatric guidelines highlighting the importance 
of menses resumption in treatment recommendations for 
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women with AN [386, 387]. Additionally, according to the 
Female Athlete Triad Coalition Consensus Statement, 
recovery of menstrual function is a primary concern for 
athletes with FHA [15]. Recovery of menstrual function 
in all women with FHA is linked to improvement of other 
clinical outcomes associated with FHA [15, 342, 388, 389]. 
At present, it appears that the most important clinical 
parameter that predicts functional recovery of the HPO 
axis is weight restoration [15, 390–399].

Increases in EA will result in recovery of physiological 
systems [14, 124, 143, 184] at varying rates depending on the 
severity of the energy deficit and translate into menstrual 
recovery [390–399]. An increase in EA can alter metabolic 
hormone profiles positively within days to weeks [15]. A 
concomitant increase in body weight occurs over weeks to 
months and is likely the most clinically significant factor 
associated with resumption of menstrual function in both 
exercising women [392, 393, 398, 399] and in women with 
AN associated FHA [394, 395, 397, 400, 401], which can 
take weeks to months to years [15]. In women with FHA, 
Arends et al. [390] demonstrated a mean time to resump-
tion of 1 year (range 8–33 months), while Cominato et al. 
[391] and Dueck et al. [392] demonstrated resumption in 
5–6 months and Kopp-Woodroffe et al. [396] demonstrated 
menstrual resumption in 9–12 weeks with nutritional 
therapy. Additionally, the target weight necessary for men-
strual recovery has yet to be clearly defined [386, 402]. In 
women with AN, a BMI higher than 18 kg/m2 is a relevant 
factor associated with normalization of menstrual func-
tion [403–406]. Other researchers have found that 2/3 of 
patients resume menstrual function when they reach 95% 
of their expected body weight [407] and if 90% of expected 
body weight is reached, 86% of patients resumed menses 
within 6 months [394]. Cominato et al. [391] demonstrated 
64% of patients resumed menses when their BMI’s were 
between the 25th and 50th percentiles. Falsetti et al. [408] 
demonstrated each increase in BMI of 1 kg/m2 resulted in 
an increased probability of menstrual recovery of 24.6%. 
However, some patients who increase their weight and 
remain weight stable do not resume menstrual function 
[409, 410]. This indicates that there is individual suscep-
tibility to menstrual resumption [391, 394, 411] and that 
the success of nonpharmacologic treatment that targets 
weight gain is influenced by additional factors, including 
neuroendocrine and metabolic factors [125, 131, 398].

Increases in leptin concentrations  > 1.85 ng/mL has 
been demonstrated to be an important metabolic factor 
necessary for the restoration of increased LH pulsatility 
and menstrual recovery [412, 413]. Increased IGF-1 has 
also been demonstrated to be a valuable metabolic factor 
indicative of nutritional recovery. Cominato et  al. [391] 

demonstrated increased BMI, LH, estradiol, leptin, and 
IGF-1 with nutritional recovery; however, only increases 
in IGF-1 significantly distinguished women who resumed 
menses from those who did not resume menstrual func-
tion. Additionally, Falsetti et al. [408] demonstrated reduc-
tions in cortisol and increases in LH and IGF-1 in women 
who recovered menstrual function. Increased IGF-1 with 
nutritional recovery of patients with FHA has been associ-
ated with normal, high, and low GH concentrations [304]. 
Women with FHA should be counseled that resumption of 
regular menstrual function may take longer than 1 year to 
occur [390, 394, 409]. However, nonpharmacologic treat-
ment strategies that reverse the energy deficit that lead to 
the menstrual dysfunction should be implemented under 
the supervision of a multidisciplinary team consisting of a 
physician, dietician, and a mental health practitioner [15].

Conclusion
There are distinct and undeniable physiological interac-
tions between energy status and reproductive function 
that become overt in many exercising women and women 
suffering from AN. Disruption of reproductive function in 
these two populations presents in the form of menstrual 
disturbances that occur along a spectrum, ranging from 
subclinical disturbances, including LPD and anovula-
tion, to clinical perturbations, including oligomenor-
rhea and amenorrhea. Amenorrhea, the most severe 
menstrual disturbance, may be indicative of a profound 
energy deficiency in exercising and anorexic women. 
Classic and contemporary work in animal and human 
models has illustrated the link between an energy defi-
ciency and alterations in REE and metabolic hormones 
(i.e. T3, ghrelin, PYY, leptin, adiponectin, GH, IGF-1, and 
cortisol). These adaptations, in turn, may contribute to the 
suppression of the HPO axis, supporting the hypothesis 
by Wade et al. [100] that, in response limited fuel avail-
ability, energy conservation will take place in order to pre-
serve the most essential physiologic functions at the cost 
of less vital functions, namely growth and reproduction. 
In the case of AN, deliberate starvation can rapidly create 
a state of low EA resulting in menstrual dysfunction. In 
exercising women, hormonal responses to exercise, espe-
cially altered gut peptide concentrations, may result in 
an energy deficiency due to appetite suppression and 
inadvertent undereating. Additionally, exercising women 
may exhibit elevated levels of dietary cognitive restraint 
leading to the development of an energy deficiency. 
Indeed, observed relationships between psychological 
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disordered eating traits and altered metabolic hormone 
secretion indicate the possibility of a psychopathological 
phenotype that renders an individual more susceptible to 
the development of an energy deficit. Thus, in exercising 
or anorexic women with FHA, resumption of reproductive 
function will likely follow restoration of optimal EA.
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