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Abbreviations

ACSM American College of Sports Medicine
BMI Body mass index
BW Body weight
EA Energy availability
EI Energy intake
FFM Fat-free mass
GH Growth hormone
GnRH Gonadotropin-releasing hormone
HPG Hypothalamic-pituitary-gonadal
IGFBP IGF-binding protein
IGF-I Insulin-like growth factor-I
kcal Kilocalories
LBM Lean body mass
LH Luteinizing hormone
NEB Negative energy balance
NEEE Non-exercise energy expenditure
PYY Peptide YY
RM Resting metabolism
T3 Tri-iodothyronine
TEEE Total energy expended during exercise
WEE Waking energy expenditure

 Introduction: The Female Athlete 
Triad

This chapter summarizes the studies in our lab-
oratory and others that identified low energy 
availability as the key factor causing the Female 
Athlete Triad and identifies four distinct origins of 
low energy availability among female athletes. In 
2007, the American College of Sports Medicine 
(ACSM) published a revised position stand on the 
Female Athlete Triad [1], which replaced its ear-
lier position stand on the same subject [2]. The 
revised position stand corrected the former mis-
understanding of the Triad as a narrow syndrome 
consisting of disordered eating, amenorrhea, 
and osteoporosis by describing the Triad more 
broadly as the harmful effects of low energy avail-
ability on menstrual function and bone mineral 
density. The revised position stand emphasized 
that energy availability can be severely reduced 
by exercise energy expenditure alone without 
clinical eating disorders, disordered eating, or 
even dietary restriction. It also explained that low 
energy availability induces more menstrual dis-
orders than amenorrhea and that these functional 
hypothalamic menstrual disorders must be care-
fully distinguished by differential diagnosis from 
other kinds of menstrual disorders not caused by 
low energy availability that are, therefore, unre-
lated to the Triad. The revised position stand also 
explained that bone mineral density in young 
athletes must be quantified in terms of Z-scores 
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instead of T-scores and that during adolescence 
low energy availability can cause Z-scores to 
decline as T-scores increase. Subsequently, treat-
ment and return to play guidelines for the Triad 
were published in 2014 by the Female Athlete 
Triad Coalition [3, 4]. In 2014, an International 
Olympic Committee consensus statement intro-
duced the term Relative Energy Deficiency in 
Sport to extend the concept of the Female Athlete 
Triad to include effects of energy deficiency 
beyond the reproductive and skeletal systems in 
men as well as women [5]. This chapter focuses 
on effects of low energy availability on reproduc-
tive function, specifically in women.

 Hypothetical Mechanisms 
of Functional Hypothalamic 
Menstrual Disorders in Exercising 
Women

As in other fields of research, competing schools 
of thought developed to explain the high preva-
lence of menstrual disorders observed in exer-
cising women. Of the several early mechanisms 
proposed, three were most widely held.

 Body Composition

In 1974, body composition was offered as an 
explanation for the amenorrhea observed in 
anorexia nervosa patients [6]. This idea was a 
refinement of an earlier hypothesis about body 
weight accounting for the timing of menarche 
[7]. The body composition hypothesis held that 
menarche occurs in girls when the amount of 
energy stored in their bodies as fat rises to a criti-
cal 17% of their body weight, and that menstrual 
function is lost later when their body fat declines 
to less than a critical 22% of body weight [6].

The body composition hypothesis was the 
most widely publicized explanation for men-
strual disorders in athletes in the lay community 
and the most widely embraced by the clinical 
community, even though it was the least widely 
accepted within the scientific community. The 
hypothesis was based entirely on correlations 
without any supporting experimental evidence 

[8]. Actually, observations of athletes did not 
consistently verify an association of menstrual 
status with body composition (e.g., Ref. [9]) and 
did not display the correct temporal relationship 
between changes in body composition and men-
strual function (for reviews, see [10–13]). Rather, 
eumenorrheic and amenorrheic athletes were 
found to span a common range of body com-
position [14] leaner than that of eumenorrheic 
sedentary women. In addition, after the growth 
and sexual development of prepubertal animals 
had been blocked by dietary restriction, normal 
luteinizing hormone (LH) pulsatility resumed 
only a few hours after ad libitum feeding was 
permitted, before any change in body weight or 
composition could occur [15]. Moreover, when 
surgical reduction of the stomachs of severely 
obese women (body weight ~130 kg; body mass 
index [BMI] ~47) reduced the amount of food 
that they could eat, rapid weight loss and amenor-
rhea occurred while the patients were still obese 
(body weight ~97 kg; BMI ~35) [16].

Despite such criticisms, scientific interest in 
the body composition hypothesis was renewed 
with the discovery in 1994 of the adipocyte hor-
mone leptin [17], with the observation of sta-
tistically significant correlations between leptin 
levels and body fatness in rodents and humans 
(e.g., Ref. [18]) and with the discovery of leptin 
receptors on hypothalamic neurons. Since then, 
an abundance of experimental evidence from 
rodents and human has demonstrated that a mini-
mal level of leptin is permissive (i.e., necessary 
but not sufficient) for sexual development and 
function [19]. This permissive effect occurs indi-
rectly via receptors on hypothalamic kisspeptin 
neurons that communicate with the hypothalamic 
gonadotropin-releasing hormone (GnRH) neu-
rons that regulate LH pulsatility [20].

A 9-month double-blind, randomized, clinical 
trial administered pharmacological doses of leptin 
to women with functional hypothalamic amen-
orrhea whose BMI was in the range 18–25  kg/
m2 [21]. Prior to treatment, their leptin levels 
(mean ± SD = 4.6 ± 2.0 ng/ml) were within the 
lower portion of the range (7.4 ± 3.7 ng/ml) cited 
by the leptin assay manufacturer (Millipore Corp.) 
for women in this range of BMI [22]. Leptin levels 
comparable to those reported by the manufacturer 
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have been found in other women with similar ranges 
of BMI [23–29]. The leptin dosages administered 
to the women with functional hypothalamic amen-
orrhea in this experiment raised their leptin levels 
more than tenfold (mean ± SD = 59 ± 37 ng/ml). 
Yet menstrual cycles occurred only intermittently, 
with the number of menstruating women fluctuat-
ing from month to month between 3 of 10 (30%) 
and 4 of 7 (57%).

By contrast, nutritional counseling has 
restored spontaneous menstrual cycles in 75% 
of women with functional hypothalamic amenor-
rhea within 5 months [30]. Although leptin was 
originally thought to communicate information 
about fat stores, it was later found to vary pro-
foundly in response to fasting, dietary restriction, 
refeeding after dietary restriction, and overfeed-
ing before any changes in adiposity occurred 
[31–34]. This led to the hypothesis that leptin 
also signals information about dietary intake 
and specifically carbohydrate intake after leptin 
synthesis was found to be regulated by the tiny 
flux of glucose through the hexosamine bio-
synthesis pathway in both muscle and adipose 
tissue [35]. In eumenorrheic and amenorrheic 
athletes, leptin was found to differ not in its aver-
age concentration, but rather in the presence and 
absence, respectively, of a diurnal rhythm [23], 
and the diurnal rhythm was found to depend not 
on energy intake but rather on energy availability 
or more specifically on carbohydrate availability 
[27]. Thus, if leptin does participate in the func-
tional regulation of the GnRH pulse generator in 
exercising women, it seems more likely to do so 
as a signal of low energy or carbohydrate avail-
ability than as a signal of low energy stores.

 Energy Availability

In 1980, Warren was the first to suggest that 
menstrual function in dancers might be disrupted 
by an “energy drain” [36], but an empirically 
testable energy availability hypothesis was first 
clearly stated in terms of brain energy availabil-
ity by Winterer, Cutler, and Loriaux in 1984 [37]. 
They hypothesized that failure to provide suffi-
cient metabolic fuels to meet the energy require-
ments of the brain causes an alteration in brain 

function that disrupts the GnRH pulse generator, 
although the mechanism of this alteration was 
unknown.

At the organismal level, the energy availabil-
ity hypothesis recognizes that mammals partition 
energy among several major metabolic activities, 
including cellular maintenance, immunity, ther-
moregulation, locomotion, growth, and repro-
duction [38] and that the expenditure of energy 
in one of these functions, such as locomotion, 
makes it unavailable for others, such as repro-
duction. Considerable observational data from 
biological field trials supports this idea and indi-
cated that the dependence of reproductive func-
tion on energy availability operates principally in 
females (For reviews, see [38–42]. Experiments 
had induced anestrus in Syrian hamsters by 
food restriction, by the administration of phar-
macological blockers of carbohydrate and fat 
metabolism, by insulin administration (which 
shunts metabolic fuels into storage), and by cold 
exposure (which consumes metabolic fuels in 
thermogenesis) [38]. Disruptions of reproduc-
tive function were independent of body size and 
composition.

The energy availability hypothesis was also 
supported by endocrine observations of athletes. 
Amenorrheic athletes displayed low blood glu-
cose levels during the feeding phase of the day 
[43], low insulin and high IGF binding protein-1 
(IGFBP) during the fasting phase [43], loss of the 
leptin diurnal rhythm [23], high fasting acylated 
ghrelin [44], high peptide YY (PYY) [45], and 
low tri-iodothyronine (T3) levels in the morning 
[46, 47]. All of these abnormalities in metabolic 
substrates and hormones are signs of energy defi-
ciency. T3 regulates basal metabolic rate, and low 
T3 occurs in numerous conditions, from fasting 
to cancer, in which dietary energy intake is insuf-
ficient to meet metabolic demands. In addition, 
eumenorrheic and amenorrheic athletes both dis-
played low insulin and high IGFBP-1 levels dur-
ing the feeding phase of the day, as well as low 
leptin [23] and elevated growth hormone (GH) 
levels over 24 hours [43]. Indeed, eumenorrheic 
and amenorrheic athletes were found to be distin-
guished not by different 24-hour mean concentra-
tions of leptin but rather by different amplitudes 
in the diurnal rhythm of leptin [23].
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Amenorrheic and eumenorrheic athletes 
reported similar stable body weights, despite 
dietary energy intakes similar to those of seden-
tary women [46, 48–52]. That is, they reported 
their dietary energy intakes to be much less than 
would be expected for an athlete’s level of physi-
cal activity. This apparent discrepancy between 
stable body weight and unexpectedly low dietary 
energy intake was controversial. Since energy 
intake and expenditure are very difficult to mea-
sure accurately, the apparent discrepancy might 
have been attributable to methodological errors. 
Some investigators attributed the apparent dis-
crepancy between energy intake and expenditure 
in athletic women to underreporting of dietary 
intake [53, 54], because such underreporting is 
common in all populations [55], but underre-
porting did not account for the abnormalities in 
metabolic substrates and hormones observed in 
athletes. Furthermore, behavior modification and 
endocrine-mediated alterations of resting meta-
bolic rate operate to stabilize body weight despite 
dietary energy excess and deficiency [56].

 Exercise Stress

The exercise stress hypothesis held that exercise 
disrupts the GnRH pulse generator by activat-
ing the hypothalamic–pituitary–adrenal axis. In 
order for the stress hypothesis to be meaningfully 
independent of the energy availability hypoth-
esis, however, the adrenal axis must be activated 
independently of the energy cost of the exercise.

Certainly, there are central and peripheral 
mechanisms by which the adrenal axis can dis-
rupt the ovarian axis [57], and prolonged aero-
bic exercise without glucose supplementation 
does activate the adrenal axis. Selye first induced 
anestrus and ovarian atrophy in rats by abruptly 
forcing them to run strenuously for prolonged 
periods [58]. Later, others also induced anestrus 
by forced swimming [59, 60], by forced running 
[61], and by requiring animals to run farther and 
farther for smaller and smaller food rewards [62, 
63]. The elevated cortisol levels induced in such 
experiments were interpreted as signs of stress, 
and the resulting disruptions of the hypothalamic- 

pituitary- gonadal (HPG) axis were widely inter-
preted as evidence that “exercise stress” has a 
counter-regulatory influence on the female repro-
ductive system.

Amenorrheic athletes also display mildly 
elevated cortisol levels [43, 48, 64–66]. This 
observation was the basis for attributing their 
amenorrhea to stress. Mild hypercortisolism is 
also associated with amenorrhea in patients with 
functional hypothalamic amenorrhea [67] and 
anorexia nervosa [68]. This interpretation over-
looked the glucoregulatory functions of cortisol, 
which inhibit skeletal muscle glucose uptake and 
promote skeletal muscle proteolysis for hepatic 
gluconeogenesis in response to low blood glu-
cose levels [69]. Thus, it was possible that the 
mild hypercortisolism observed in amenorrheic 
athletes might have reflected a chronic energy 
deficiency rather than exercise stress.

At the time, it was not known whether the 
adrenal cortical axis mechanisms that disrupt 
the HPG axis in forced exercise experiments on 
animals also operate in voluntarily exercising 
women. Indeed, up to that time, all animal exper-
iments investigating the influence of the “activity 
stress paradigm” on reproductive function had 
confounded the stress of exercise with the stress 
of the method used to force animals to exercise. 
These experiments had also been confounded by 
the energy cost of the exercise performed, and 
glucose supplementation during exercise was 
found to blunt the usual rise in cortisol in both 
rats [70] and men [71]. As a result, in 1990 the 
literature on stress contained only ambiguous 
evidence that the stress of exercise disrupts the 
HPG axis in either animals or humans.

 Prospective Clinical Experiments

 Experiments Confounding Exercise 
Stress and Energy Availability

Several investigators attempted to induce men-
strual disorders through chronic exercise train-
ing, but most [72–75] applied only a moderate 
volume of exercise, or the volume of exercise 
was increased gradually over several months, and 
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diet was uncontrolled or unquantified. One study 
[75] selected physically trained subjects who 
appeared to have been luteally suppressed before 
the study even began [76].

Only one experiment had successfully induced 
menstrual disorders in regularly menstruating 
women [77]. Modeled on Selye’s early animal 
experiments [58], this single successful experi-
ment imposed a high volume of aerobic exercise 
abruptly, thereby suppressing follicular develop-
ment, the LH surge, and luteal function in a large 
proportion of the subjects in the first month and 
in an even larger proportion in the second. Both 
proportions were greater in a subgroup fed a con-
trolled weight loss diet than in another subgroup 
fed for weight maintenance, but even the weight 
maintenance subgroup may have been under-
fed, since behavior modification and endocrine- 
mediated alterations of resting metabolic rate 
operate to stabilize body weight despite dietary 
energy excess and deficiency [56].

Such experiments, in which outcome vari-
ables are properties of the menstrual cycle, 
require sustained observations over a period of 
several weeks. Such prolonged experimental pro-
tocols suffer from practical problems with sub-
ject retention and compliance with experimental 
treatments. To avoid these difficulties, short-
term experimental protocols were developed in 
which LH pulsatility was chosen as the outcome 
variable, because ovarian function is critically 
dependent on LH pulsatility. Of course, short-
term effects on LH pulsatility are not proof of 
chronic effects on ovarian function, but hypoth-
eses about mechanisms regulating LH pulsatility 
could be tested in highly controlled short-term 
experiments, and then chronic effects could be 
confirmed in prolonged experiments later.

One such short-term experimental protocol 
found that a combination of increased exercise 
and dietary restriction disrupts LH pulsatility 
during the early follicular phase [78]. LH pulse 
frequency during 12 waking hours was lower in 
four habitually physically active women when 
their exercise training regimen was increased 
during a few days of dietary restriction than 
during dietary supplementation. However, this 
experiment did not determine whether LH pulse 

frequency could be suppressed by exercise with-
out dietary restriction or whether the stress of 
exercise had a suppressive effect on LH pulsatil-
ity beyond the impact of the energy cost of exer-
cise on energy availability.

 Experiments Distinguishing 
the Independent Effects of Exercise 
Stress and Energy Availability

For several years, we focused our efforts on a 
series of studies that we called the “Excalibur” 
experiments that were designed to determine the 
independent effects of exercise stress and energy 
availability on the HPG axis [28, 29, 79–83]. For 
these experiments, we defined energy availabil-
ity operationally as dietary energy intake minus 
exercise energy expenditure. Conceptually, this 
corresponds to the amount of dietary energy 
remaining after exercise training for all other 
physiological functions. Although not the actual 
physiological quantity hypothetically affecting 
the HPG axis at the cellular level, our operational 
definition in behavioral terms had the advantage 
of being readily measurable and controllable. 
We controlled the dietary energy intake of our 
subjects by feeding them diets of known amount 
and composition as their only food during the 
experiments. We also required them to exercise 
under supervision in our laboratory on a tread-
mill while we measured and controlled their 
energy expenditure until they had expended a 
predetermined amount of energy. In the absence 
of any empirically operational definition of stress 
[84], we defined exercise stress independently as 
everything associated with exercise except its 
energy cost.

Through careful subject selection, we took 
steps to minimize the influence of potentially 
confounding factors. Healthy, regularly men-
struating, habitually sedentary, nonobese, non- 
smoking women 18–34  years of age at least 
5  years past menarche, with no recent history 
of dieting, weight loss, or aerobic training were 
recruited. Before being admitted to the study, 
these volunteers underwent an extensive screen-
ing procedure, including written medical, men-
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strual, dietary, and athletic histories, a physical 
examination, a 12-lead resting electrocardiogram, 
a 7-day prospective dietary record, determination 
of body composition by hydrostatic weighing or 
whole body air-displacement plethysmography, 
and a treadmill test to determine their aerobic 
capacity. Volunteers were admitted into experi-
ments only if they presented no current use of 
medications including oral contraceptives and no 
history of heart, liver, or renal disease, diabetes, 
and menstrual or thyroid disorders. They must 
also have had documented prospective records of 
menstrual cycles 26–32 days in length for at least 
the previous 3 months. They were required to be 
18–30% body fat, with habitual energy intakes 
between 35 and 55  kcal/kg lean body mass 
(LBM)/day based on their 7-day diet records, 
with maximal aerobic capacities less than 42 ml 
O2/kg body weight (BW)/min, and they must 
have been performing less than 60  minutes of 
habitual aerobic activity per week for the previ-
ous 3 months.

The narrow range of our subjects’ menstrual 
cycle lengths implied that we restricted our sub-
ject pool to the central 60% of menstrual cycle 
lengths in the population and that from this pool 
we chose women whose menstrual cycle lengths 
were in the least variable 20% of the population 
[85]. Thus, if anything, our subjects’ reproduc-
tive systems were robust against disturbance by 
commonly occurring environmental and behav-
ioral influences. We could be confident, therefore, 
that if our treatments disrupted the reproductive 
systems of these women, they would disrupt the 
reproductive systems of other women, too. We 
could also be confident that our subjects’ metab-
olism had not been disturbed by any confounding 
medical conditions or dietary or exercise habits 
before our treatments were applied.

 Excalibur I
Excalibur I [79] was designed to investigate 
whether exercise stress had any suppressive effect 
on T3 levels independent of the impact of the 
energy cost of exercise on energy availability. We 
were interested in T3 because it regulates the rate 
of energy expenditure at rest and because it was 
known to be suppressed in amenorrheic athletes. 

We reasoned that if the energy cost of exercise 
necessitates such major metabolic adjustments 
as the suppression of reproductive function, then 
these metabolic adjustments might be mediated 
in part by suppressing T3.

Over the course of the Excalibur experiments, 
our insight into how to correctly quantify energy 
availability (EA) for subjects of various body 
sizes gradually matured. At the time of Excalibur 
I, we normalized energy intake (EI) and exercise 
energy expenditure to body weight (BW). We 
also measured exercise energy expenditure as the 
total energy expended during exercise (TEEE), as 
measured by an ergometer.

 
EA EI TEEE BW= ( )− /

 

In Excalibur I, we found that severely low 
energy availability (8 kilocalories per kilogram 
of body weight per day, kcal/kgBW/day) sup-
pressed T3 levels by 15%, while exercise stress 
had no effect on T3. T3 levels were suppressed 
similarly regardless of whether energy availabil-
ity was reduced by dietary energy restriction or 
by exercise energy expenditure. Furthermore, 
the suppression of T3 in exercising women was 
prevented by supplementing their diet in com-
pensation for the energy cost of their exercise. 
These findings were consistent with the energy 
availability hypothesis and inconsistent with the 
exercise stress hypothesis.

 Excalibur II
Excalibur II [80] was designed to reveal whether 
T3 levels in exercising women vary in linear pro-
portion to energy availability or are suppressed 
abruptly at a particular threshold of energy 
 availability. By this time we had realized that 
very little energy expenditure occurs in body fat. 
Accordingly, we changed our normalization of 
energy intake and expenditure to lean body mass 
(LBM) which would exclude body fat.

 
EA EI TEEE LBM= ( )− /

 

We administered various levels of energy avail-
ability to exercising women and found that the sup-
pression of T3 by low energy availability occurred 
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abruptly at a threshold of energy availability near 
25  kcal/kgLBM/day. For our women of average 
body size (59 kg) and composition (24.5% body 
fat), that threshold was about 1000 kcal/day.

 Excalibur III
Normal ovarian function depends not on some 
stable concentration of LH but rather on the 
occurrence of pulsatile surges of LH concen-
trations in the blood at regular intervals. These 
pulses correspond to regular secretory bursts 
of LH from the pituitary gland in response 
to similar secretory bursts of GnRH from the 
hypothalamus. The frequency (at intervals of 
70–180 minutes) and amplitude of these pulses 
vary around the menstrual cycle. In sedentary 
women in the early follicular phase, the pulsatile 
pattern is characterized as high frequency and 
low amplitude. In regularly menstruating ath-
letes, the pulses occur less often and are larger in 
amplitude but still at regular intervals. In amen-
orrheic athletes, LH pulses occur even less often 
and irregularly [48].

Therefore, in Excalibur III [81, 82], we inves-
tigated whether exercise has any suppressive 

effect on LH pulsatility beyond the impact of its 
energy cost on energy availability. The design 
of Excalibur III is illustrated in Fig.  11.1. For 
4  days in the mid-follicular phase of two men-
strual cycles, we controlled the energy availabil-
ity of two groups of women. During one cycle, 
we administered a balanced energy availability 
of 45  kcal/kgLBM/day, and during the other 
cycle, we administered a low energy availability 
of 10  kcal/kgLBM/day. One group of subjects 
performed no exercise during the two treatment 
periods. A second group performed the same 
large volume of high-intensity exercise that we 
had utilized in Excalibur I (30 kcal/kgLBM/day 
at 70% VO2max; maximal aerobic capacity]). 
We imposed balanced and low energy avail-
abilities on the non-exercising group by feeding 
them 45 and 10  kcal/kgLBM/day, respectively. 
We imposed the same balanced and low energy 
availabilities on the group performing 30  kcal/
kgLBM/day of exercise by feeding them 75 and 
40 kcal/kgLBM/day, respectively.

Between Excalibur II and III, we had had 
another insight into the proper quantification of 
energy availability. Prior to Excalibur III [81, 82], 
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Fig. 11.1 Experimental 
design of Excalibur 
III. Dietary energy 
intake (I) and exercise 
energy expenditure (E) 
were controlled to 
achieve balanced 
(B = 45 kcal/kgLBM/
day) and deprived 
(D = 10 kcal/kgLBM/
day) energy availability 
(A = I-E) treatments. 
Deprived energy 
availability was achieved 
by dietary restriction 
alone in sedentary 
women (S) and by 
exercise energy 
expenditure alone in 
exercising women (X) 
(1 kcal = 4.18 kJ). 
(Reproduced with 
permission from [82])
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we had calculated energy availability by subtracting 
total energy expenditure during exercise (TEEE) 
from dietary energy intake. While we were design-
ing Excalibur III, however, we recognized that if 
our exercising subjects had not been exercising, 
their other routine activities during the same hours 
would have resulted in some non- exercise energy 
expenditure (NEEE). Therefore, the actual energy 
expenditure due to exercise itself (EEE) was less 
than the total energy expenditure measured during 
exercise (EEE = TEEE – NEEE). This adjustment 
would be especially important for Excalibur III, in 
which some subjects exercised and others did not. 
So, in Excalibur III and our later experiments, we 
changed again the way we calculated energy avail-
ability by subtracting from dietary energy intake 
only the portion of total energy expenditure during 
exercise that was directly attributable to the exer-
cise itself.

 
EA EI EEE LBM= ( )− /

 

We achieved this by using an activity monitor 
to measure our subjects’ energy expenditure in 
their normal daily activities during the same 
hours of the day when they would be exercising 
in our experiment. We then subtracted this non- 
exercise energy expenditure in routine activities 
from their total energy expenditure during exer-
cise to obtain the amount of energy expenditure 

during exercise that was specifically attribut-
able to the exercise. In retrospect, our subjects’ 
energy expenditure in routine activities on a non- 
exercising day during the same 3  hours when 
they exercised in Excalibur II had amounted 
to 5  kcal/kgLBM/day, and our calculations of 
energy availability had been underestimated by 
the same amount.

At the end of each of the 4-day treatments 
in Excalibur III, we admitted the women to a 
general clinical research center and drew blood 
samples from them at 10-minute intervals for 
24  hours. Later, we measured the amount of 
LH in each sample and used a special statistical 
computer program to detect and to calculate the 
frequency and amplitude of their LH pulses. We 
determined the effects of energy availability on 
these frequencies and amplitudes by contrasting 
data taken while performing the same exercise at 
different energy availabilities, and we determined 
the independent effect of exercise stress by con-
trasting groups exercising differently at the same 
energy availabilities.

We found that low energy availability reduced 
LH pulse frequency and increased LH pulse 
amplitude, while exercise stress had no suppres-
sive effect on LH pulsatility beyond the impact of 
the energy cost of exercise on energy availabil-
ity (Fig.  11.2). LH pulsatility was disrupted by 
extreme energy restriction alone and by extreme 
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Fig. 11.2 Effects of 
low energy availability 
on LH pulsatility in 
Excalibur III. Left: 
Luteinizing hormone 
(LH) pulse frequency in 
sedentary (S) and 
exercising (X) women 
with the same balanced 
energy availability 
(45 kcal/kgLBM/day). 
Right: Reduction in LH 
pulse frequency caused 
by low energy 
availability (10 kcal/
kgLBM/day) in 
sedentary (S) and 
exercising (X) women. 
∗p < 0.01. (Adapted 
from [81, 82])
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exercise energy expenditure alone. Dietary sup-
plementation prevented the suppression of LH 
pulsatility by exercise energy expenditure. Others 
have shown that short-term fasting also reduces 
LH pulse frequency in sedentary women during 
the early follicular phase [86, 87] and that in lean 
women, ovarian function is also impaired during 
the ensuing menstrual cycle [87].

In Excalibur III, low energy availability also 
suppressed plasma glucose, insulin, insulin-like 
growth factor-I (IGF-I), leptin, and T3 while rais-
ing growth hormone (GH) and cortisol levels. 
All these effects are reminiscent of abnormali-
ties observed in amenorrheic athletes [43, 46–48, 
64–66].

This contradiction of the exercise stress 
hypothesis has been confirmed by more pro-
longed experiments on animals. Amenorrhea was 
induced in monkeys by training them to run vol-
untarily on a motorized treadmill for longer and 
longer periods, while their food intake remained 
constant [88]. Then their menstrual cycles were 
restored by supplementing their diets without any 
moderation of their exercise regimen [89]. The 
exercise stress hypothesis was also contradicted 
in a novel animal model of the entire Female 
Athlete Triad [90]. In this modified activity 
stress paradigm, rats were habituated to volun-
tary wheel running for 90 days and then random-
ized to control and restricted diets for the next 
90  days. Although both groups ran similar dis-
tances and expended similar amounts of energy 
in exercise, estradiol was suppressed, estrous 
cycling ceased, ovaries were atrophied, and the 
bone mineral content of the femur and tibia were 
reduced only in the underfed rats.

The suppression of LH pulse frequency by 
low energy availability in Excalibur III was actu-
ally smaller in exercising women than in non- 
exercising women with the same low energy 
availability [82]. This result was unexpected, and 
it suggested that LH pulsatility might actually 
depend on a more specific metabolic factor that 
is easily confused with energy availability, but 
which is less compromised by exercise energy 
expenditure than by dietary energy restriction.

Research in other mammals suggests that 
GnRH neuron activity and LH pulsatility are 

actually regulated by brain glucose availability 
[38, 41]. The adult female human brain oxidizes 
about 80 g of glucose each day at a continuous 
rate. This must be provided daily by dietary car-
bohydrate, because the brain’s rate of energy 
expenditure can deplete liver glycogen stores in 
less than a day [91]. To that end, moderate exer-
cise oxidizes as much glucose in an hour.

In the non-exercising women in Excalibur 
III, low energy availability due to dietary energy 
restriction reduced carbohydrate intake by 77%. 
This reduction in carbohydrate intake was simi-
lar to the 73% increase in carbohydrate oxida-
tion revealed by respiratory gas analysis in the 
exercising women during the balanced energy 
availability treatment. By contrast, carbohydrate 
oxidation increased only 49% in the exercising 
women under low energy availability conditions. 
This alteration in fuel selection conserved almost 
70% of the brain’s daily glucose requirement. 
Thus, exercise may compromise brain glucose 
availability less than dietary energy restriction, 
and this may account for the smaller disruption 
of LH pulsatility that we observed in exercising 
women than in dietary-restricted women. Thus, 
LH pulsatility may depend specifically on carbo-
hydrate availability rather than energy availabil-
ity in women, just as it does in other mammals.

 Excalibur IV
Excalibur IV [83] was designed to reveal whether 
refeeding reverses the suppression of LH pul-
satility in women as quickly as it does in other 
mammalian species. In food-restricted female 
rats [15, 92] and ewes [93], and in fasted heif-
ers [94] and male rhesus monkeys [95], a single 
ad libitum meal stimulates LH pulses within 
2 hours. Such observations have been interpreted 
to imply that the physiological signals produced 
by a single large meal are sufficient to activate 
the hypothalamic GnRH neurons that control LH 
pulsatility [96].

We suspected that the restoration of LH pulsa-
tility by refeeding might be considerably slower 
in energetically disrupted women than in other 
mammals, because the human brain requires so 
much more energy than does the brain of any 
other mammal. The brain competes against all 
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other tissues of the body for energy, and the adult 
human brain requires 20% of basal metabolic 
energy, compared to only 2% for most species 
and 8% for nonhuman primates [97]. Therefore, 
we suspected that a single meal might not pro-
vide enough energy to activate GnRH neurons in 
energetically disrupted women.

To stringently test this hypothesis, we assayed 
LH in blood samples drawn from women at 
10 minute intervals for 48 hours during the mid- 
follicular phase, first during 24 hours on the fifth 
day of low energy availability treatments and 
then during 24 hours of aggressive refeeding. A 
combination of moderate dietary energy restric-
tion (25 kcal/kgLBM/day) and moderate exercise 
energy expenditure (15  kcal/kgLBM/day) was 
administered to impose a low energy availability 
of 10 kcal/kgLBM/day. The aggressive refeeding 
regimen was comprised of 15 meals providing a 
total of 85 kcal/kgLBM/day. Combined with the 
same exercise treatment, the energy availability 
during the 24 hours of aggressive refeeding was 
70 kcal/kgLBM/day.

Compared to measurements of LH pulsatil-
ity in 18 other women studied previously in our 
laboratory under balanced energy availability 
conditions and at the same phase of the men-
strual cycle, low energy availability suppressed 
LH pulsatility unambiguously in five of the eight 
subjects treated in this experiment. Their LH 
pulse frequency was reduced 57% to 8.2  ±  1.5 
pulses/24 hours, well below the 5th percentile of 
LH pulse frequencies in energy balanced women 
(14.6  pulses/24  hours), while their LH pulse 
amplitude was increased 94% to 3.1 ± 0.3 IU/L, 
well above the 95th percentile of LH pulse ampli-
tudes in energy balanced women (2.5 IU/L).

Amongst these women, aggressive refeed-
ing raised LH pulse frequency by only 
2.4 ± 1.0 pulses/24 hours, still far below the 5th 
percentile of LH pulse frequency in energy bal-
anced women. Meanwhile, the unambiguously 
elevated LH pulse amplitude was completely 
unaffected (Δ  =  0.0  ±  0.4  IU/L) by aggressive 
refeeding. Results were similar when all eight 
subjects were included in the analysis. Aggressive 
refeeding pushed the group as a whole to, but not 
past, the 5th and 95th percentiles of LH pulse 

frequency and amplitude, respectively. Thus, as 
we had suspected, 24 hours of a refeeding pro-
tocol much more aggressive than the ad libitum 
refeeding protocols commonly employed in ani-
mal experiments had very little restorative effect 
on LH pulsatility in our energetically suppressed 
women.

 Excalibur V
In an experimental protocol similar to that of 
Excalibur II, Excalibur V determined the dose- 
response effects of low energy availability on 
LH pulsatility in habitually sedentary, regularly 
menstruating young women [28]. To do this, 
we administered balanced and one of three low 
energy availabilities (45 and either 10, 20, or 
30 kcal/kgLBM/day) to healthy, habitually sed-
entary, regularly menstruating women for 5 days. 
The design is illustrated in Fig. 11.3.

We found that LH pulsatility was disrupted 
within 5 days below a threshold of energy avail-
ability at ~30 kcal/kgLBM/day (Fig. 11.4). This 
was, in fact, the same actual energy availability 
that we had reported as 25  kcal/kgLBM/day in 
Excalibur II [80], because we had underesti-
mated energy availability by 5 kcal/kgLBM/day 
in Excalibur II, as described in the discussion of 
Excalibur III above.

The disruption of LH pulsatility below 
30 kcal/kgLBM/day in Excalibur V was consis-
tent with many observational studies of amen-
orrheic runners, all of which indicated energy 
availabilities less than 30 kcal/kgLBM/day [98]. 
It was also consistent with the only prospective 
study of the refeeding of amenorrheic athletes, in 
which menstrual cycles had been restored in run-
ners by increasing their energy availability from 
25 to 31 kcal/kgLBM/day [99]. Energy availabil-
ities below 30  kcal/kgLBM/day have also been 
reported in eumenorrheic athletes [98], 80% of 
whom display subclinical ovarian disorders in 
which the suppression of progesterone may also 
impair fertility [100].

In the same experiment, we also determined 
the dose-response effects of low energy avail-
ability on several metabolic substrates and 
hormones. Down to an energy availability of 
30  kcal/kgLBM/day, the responses of insulin, 
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cortisol, insulin-like growth factor (IGF)-I/IGF-
binding protein (IGFBP)-1, IGF-I/IGFBP-3, 
leptin, and T3 maintained plasma glucose lev-

els to within 3% of normal values. Below that 
threshold, however, plasma glucose levels fell 
despite further increases in the responses of the 
metabolic hormones, and effects on LH pulsatil-
ity appeared. 

Excalibur V also revealed the dose-response 
effects of low energy availability on biochemi-
cal markers of bone turnover [101]. Urinary con-
centrations of N-telopeptide of type I collagen, 
a marker of the rate of whole body bone resorp-
tion, rose as estradiol concentrations declined, 
when energy availability was lowered to 10  kcal/
kgLBM/d. By comparison, markers of bone for-
mation declined at higher energy availabilities. 
Concentrations of serum carboxy-terminal pro-
peptide of type I procollagen, a marker of bone 
type I collagen synthesis, and insulin declined 
linearly with energy availability. By contrast, 
concentrations of osteocalcin, a marker of bone 
mineralization, declined abruptly below 30 kcal/
kgLBM/day together with IGF-I and T3, which 
modulates the hepatic synthesis of IGF-I in 
response to GH stimulation. Such uncoupling 
of bone turnover, with increased resorption and 
reduced formation, can lead to irreversible reduc-
tions in bone mineral density [102].
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Fig. 11.3 Experimental design of Excalibur V. Women 
were assigned to contrasting energy availability treat-
ments of 45 and 10, 45 and 20, and 45 and 30  kcal/
kgLBM/day. All subjects performed a controlled exer-
cise energy expenditure of 15 kcal/kgLBM/day in aero-

bic exercise at 70% VO2 max under supervision, while 
their dietary energy intake was controlled to achieve the 
intended energy availabilities. (Reproduced with per-
mission from [28], Copyright 2003, The Endocrine 
Society)
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Fig. 11.4 Incremental effects of energy availability on 
LH pulse amplitude (A/3) and LH pulse frequency (F) in 
Excalibur V.  Effects are expressed relative to values at 
45 kcal/kgLBM/day. Effects on LH pulse amplitude have 
been divided by three for graphical symmetry. As energy 
availability declines from energy balance at approxi-
mately 45 kcal/kgLBM/day, effects begin at a threshold at 
approximately 30  kcal/kgLBM/day and become more 
extreme as energy availability is further reduced below 
20 kcal/kgLBM/day. (Reproduced with permission from 
[28], Copyright 2003, The Endocrine Society)
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 Excalibur VI
The prevalence of amenorrhea has been reported 
to decline from 67% in marathon runners younger 
than 15  years of gynecological age to only 9% 
in those who were older [103]. Meanwhile, in 
the general population, the incidence of men-
strual disorders declines during the decade after 
menarche as fertility increases [104]. Excalibur 
VI investigated whether these two observations 
might both be explained by a declining sensi-
tivity of LH pulsatility to low energy availabil-
ity as the energy cost of growth decreases [29]. 
Calcium balance, which is an index of growth, 
does not decline to zero until 14 years of gyneco-
logical age [105].

In Excalibur VI, contrasting balanced and low 
energy availabilities (45 and 10 kcal/kgFFM/day) 
were administered to healthy, habitually sedentary, 
regularly menstruating, older adolescent women 
(5–8 years of gynecological age, ~20 years of cal-
endar age) and young adult women (14–18 years 
of gynecological age, ~29 years of calendar age) 
for 5  days. Low energy availability suppressed 
LH pulsatility in the adolescents but not in the 
adults, even though metabolic and endocrine sig-
nals of energy deficiency (i.e., plasma glucose, 
β-hydroxybutyrate, insulin, cortisol, T3, leptin, 
IGF-1, and GH) were altered as much or more in 
the adults as in the adolescents [29].

This insensitivity of LH pulsatility to energy 
deficiency in adult women was subsequently con-
firmed by a corresponding insensitivity of ovar-
ian function to energy deficiency [106]. In that 
experiment, the energy availability of women 
25–40  years of age was reduced to ~25  kcal/
kgFFM/day for 4  months by a combination of 
dietary restriction (~600  kcal/day) and exercise 
(~200  kcal/day). This subthreshold energy defi-
ciency reduced the body fatness of these reproduc-
tively mature women from 32% to 27% but caused 
no more than a mild suppression of luteal function.

An adult reproductive system that is more 
robust against insults of energy deficiency may 
be explained by a greater availability of glucose 
to the brain in adults than in adolescents at the 
same energy availabilities. This might occur if 
peripheral tissues in full-grown adults do not 
compete as aggressively against the brain for 

available energy or carbohydrate. Alternatively, 
the sensitivity of sensors in the central nervous 
system to signals of energy deficiency may 
decline during adolescence. These possibilities 
remain to be investigated.

 Other Efforts to Manipulate Energy 
Availability in Habitually Sedentary 
Women
A recent study by Lieberman et al. [107] inves-
tigated the effects of energy availability on men-
strual function by reanalyzing data collected 
in an earlier experiment that had attempted to 
administer controlled negative energy balance 
(NEB) treatments of −15%, −30%, and −60% to 
separate groups of habitually sedentary regularly 
menstruating women for 3 months [108]. Thirty- 
five women with 5–15  years of gynecological 
age and ovulatory cycles as long as 35 days were 
studied, even though cycles of 36 days were to 
be classified as a clinical menstrual disturbance 
(oligomenorrhea) and the average within-person 
annual standard deviation of cycle length at the 
subjects’ age is 4 days [85].

In practice, NEB turned out to be less nega-
tive and more widely dispersed than intended 
(mean  ±  2SD, −8  ±  10%, −22  ±  21%, and 
−42  ±  9%). Moreover, metabolic hormone 
indicators of energy deficiency did not display 
dose- response effects of group differences in 
NEB. Assuming the underlying diet and exercise 
data were correct, Lieberman et  al. calculated 
energy availability values in each menstrual cycle 
and found a continuum of energy availability 
treatments from 18 to 51 kcal/kgFFM/day.

Unfortunately, Lieberman et al. did not report 
the effects on metabolic hormones. They found 
no dose-response effects of energy availability 
on ovarian steroids. Altogether, they found that 
36% of 105 menstrual cycles across the range of 
energy availability displayed menstrual distur-
bances and 85% of these were subclinical (luteal 
phase deficiency and anovulation). Collectively, 
only one menstrual cycle was missed.

Lieberman et  al. concluded that their results 
“do not support that a threshold energy availabil-
ity exists below which menstrual disturbances 
are induced,” thereby appearing to confirm the 
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Female Athlete Triad as a continuum of inter-
related disorders. However, given the 10–15% 
incidence of oligomenorrhea and the 15–65% 
incidence of subclinical menstrual disturbances 
in free-living women of the same gynecological 
age [109, 110], the observations of Lieberman 
et  al. are better interpreted as what would be 
expected without any intervention. Moreover, 
without a crossover design and without dose- 
response effects of energy availability on any 
physiological indicator of energy deficiency, 
Lieberman et  al. simply lack evidence that the 
disturbances they observed were caused by the 
treatments administered.

 Reversal of Amenorrhea 
in Amenorrheic Athletes
Cialdella-Kam et  al. [111] administered a 
carbohydrate- protein dietary supplement of 
360 kcal/day to athletes with clinical menstrual 
disorders (7 amenorrheic and 1 oligomenorrheic). 
After 6  months, the eight athletes had resumed 
menses with seven of them resuming ovulation. 
However, it should be noted that the investigators 
calculated EA without subtracting non-exercise 
energy expenditure NEEE.  Therefore, as they 
acknowledged in another paper [112], their pre 
and post EA values probably underestimated 
actual EA values by 1–2 kcal/kgFFM/day. Prior 
to this study, there had been pilot studies pub-
lished of amenorrheic athletes who increased 
caloric intake for several months, and changes in 
menstrual status were observed [99, 113].

Pre and post EA values depended, of course, 
on the definition of exercise. When exercise was 
defined as activity when energy expenditure was 
greater than 4.0 METS, the dietary supplement 
increased energy availability from 37 to 45 kcal/
kgFFM/day (p = 0.10). However, when exercise 
was defined more broadly to include all planned 
exercise plus bicycle commuting and all walking, 
energy availabilities were lower with the dietary 
supplement increasing them from 28 when amen-
orrheic to 39 kcal/kgFFM/day after restoration of 
menses (p = 0.09) [112].

More prospective research is needed to deter-
mine successful behavioral strategies that amen-
orrheic athletes with low energy availability can 

use to resume menstrual status. For example, 
research on appetite suppression by exercise and 
dietary restriction suggests that it may be impor-
tant for athletes to consume planned amounts of 
energy at planned times, by discipline instead of 
appetite [114].

 Conclusions About the Hypothetical 
Mechanisms of Functional 
Hypothalamic Amenorrhea 
in Female Athletes

We are unaware of any experiments that have 
determined the independent effect of body com-
position on the HPG axis. From the available 
experimental data, however, it would appear 
to be more likely that a lean body composition 
and disruption of the HPG axis are both effects 
of low energy availability than that a lean body 
composition disrupts the HPG axis. Our short-
term experiments on women have demonstrated 
that exercise stress has no suppressive effect on 
LH pulsatility beyond the impact of the energy 
cost of the exercise on energy availability. These 
short-term 4–5-day experiments investigat-
ing the independent effects of exercise stress 
and low energy availability on LH pulsatility 
predicted and, as we expected, were later con-
firmed by long-term experiments investigating 
the  independent effects of exercise stress and 
low energy availability on estrus and menstrual 
cycles. Prospective controlled experiments on 
both humans and animal models have demon-
strated that the factor disrupting the HPG axis 
in physically active women is low energy avail-
ability. These experiments suggest that women 
may be able to prevent or to reverse menstrual 
disorders by dietary reform alone without mod-
erating their exercise regimen. As long as dietary 
energy intake is managed to keep energy avail-
ability above 30 kcal/kgLBM/day, there may be 
no need to interfere with endurance, strength, 
and skill training. Finally, the susceptibility of 
women to the disruption of reproductive func-
tion by energy deficiency appears to be substan-
tially greater in those younger than 15 years of 
gynecological age.
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 Causes of Low Energy Availability 
in Female Athletes

Effective treatment of low energy availability in 
athletes requires that the origin of the low energy 
availability be identified. Low energy availability 
behaviors appear to derive from four different ori-
gins [1, 114]. Some athletes intentionally reduce 
energy availability in a rational, but misguided, 
pursuit of the body size, body composition, and 
mix of metabolic fuel stores that are thought to 
optimize performance in their particular sport. 
Complex objectives may include reducing fat 
mass while increasing muscle mass and maxi-
mizing glycogen stores. For such athletes who 
reduce energy availability excessively, nutrition 
education and guidance regarding appropriate, 
individualized intermediate and ultimate goals, 
schedules, and methods may be sufficient to 
modify their diet and exercise behavior.

In other athletes, low energy availability origi-
nates in an eating disorder. Eating disorders are 
clinical mental illnesses that are often accom-
panied by other mental illnesses [115, 116]. 
Therefore, eating disorders require psychiatric 
treatment, often inpatient treatment, as well as 
nutritional counseling. Because the mortality 
of eating disorders is so high, sports organiza-
tions need to develop institutional methods for 
distinguishing undernourished athletes with eat-
ing disorders from those who do not have eating 
disorders. This distinction may not be obvious, 
since undernourished athletes who are only try-
ing to optimize performance may practice many 
of the same disordered eating behaviors (e.g., 
skipping meals, vomiting, using laxatives, etc.) 
as athletes with eating disorders. Athletes with 
eating disorders are distinctive in their resistance 
to the efforts of coaches, trainers, nutritionists, 
and physicians to modify their behavior.

The third origin of low energy availability in 
athletes is the suppression of appetite by pro-
longed exercise. This effect is compounded by 
the appetite-suppressing effect of diets contain-
ing high percentages of carbohydrates, which are 
commonly recommended to athletes in endurance 
sports. Even though many studies on this subject 
have been published over the past 20 years [114, 

117], appetite remains a largely neglected topic 
in the field of sports nutrition. Indeed, the word 
“appetite” appears only twice, in the recently 
revised joint position stand of the American 
Dietetic Association, the Dietitians of Canada, 
and the American College of Sports Medicine on 
nutrition and athletic performance [118].

Briefly, food deprivation increases hunger, 
but the same energy deficit produced by exercise 
energy expenditure does not [119]. The appetite- 
suppressing effect of prolonged exercise has been 
demonstrated in controlled experiments with 
protocols ranging from a few hours to 12 weeks 
[114]. The effect is mediated by the orexigenic 
hormone ghrelin, which induces us to begin 
eating, and by several anorexigenic hormones 
(including peptide YY, glucagon-like peptide 1, 
and pancreatic polypeptide) that induce us to stop 
eating. Exercise does not stimulate an increase 
in ghrelin concentrations but does stimulate 
increases in the concentrations of anorexigenic 
hormones (see associated Chaps. 12 and 30). As 
a result, “there is no strong biological imperative 
to match energy intake to activity-induced energy 
expenditure” [120].

Meanwhile, the appetite-suppressing effect of 
diets containing high percentages of  carbohydrates 
has been demonstrated in experimental protocols 
ranging from a week [121] to a month [122, 123]. 
As the percentage of carbohydrates in the diet was 
reduced, ad libitum energy intake spontaneously 
increased. As a result, the actual amount of carbo-
hydrate consumed was preserved even though the 
percentage of carbohydrates in the diet decreased 
from 67% to 55%. The mechanism of this effect 
has not yet been identified but may involve the 
greater bulk and fiber content of carbohydrate-
rich foods.

Importantly, the large effects of these two fac-
tors are additive [121] so that together they can 
reduce energy availability below 30 kcal/kgFFM/
day in endurance athletes. To avoid inadvertent 
low energy availability, therefore, athletes in 
endurance sports need to be trained to eat by dis-
cipline (i.e., planned amounts of selected foods at 
scheduled times) instead of appetite.

The fourth apparent origin of low energy 
availability among female athletes is that young 
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women under-eat for social reasons unrelated to 
sport. Around the world, about twice as many 
young women as young men at every decile of 
body mass index perceive themselves to be over-
weight, and the numbers actively trying to lose 
weight are even more disproportionate [124]. 
Alarmingly, the disproportion even increases as 
BMI declines, so that almost 9 times as many 
lean women as lean men are actively trying to 
lose weight! Indeed, more young female athletes 
report improvement of appearance than improve-
ment of performance as a reason for dieting 
[125]. As a result, social issues unrelated to sport 
may need to be addressed to persuade female ath-
letes to eat by discipline beyond their appetites.

 Sources of Error in the Estimation 
and Control of EA

In publications of the Excalibur experiments, 
the portion of body composition apart from fat 
mass is termed LBM. It is better termed fat-free 
mass (FFM). Then, as currently understood, 
energy availability (EA) is quantified by measur-
ing dietary energy intake (EI), exercise energy 
expenditure (EEE), and fat-free mass (FFM). EA 
is then calculated as:

 
EA EI EEE FFM= ( )− /

 

A common source of error (by us in Excalibur I 
and II and by others) in studies of EA in athletes 
has derived from the misunderstanding of EEE 
as the total energy expenditure that would be 
measured by an ergometer during exercise. This 
misunderstanding has led to underestimations of 
EA, misinterpretations of data, and unwarranted 
criticisms of the concept.

As described in the discussion of Excalibur 
III above, EEE is defined as the extra energy 
expended beyond the energy that would have been 
expended if no exercise had been performed (see 
Fig. 11.5). Defining EEE in this way enables EA 
to be fairly compared between different groups 
of subjects who do and do not exercise and 
between repeated observations of the same sub-
jects when they do and do not exercise. Because 
energy expenditure varies with routine activi-
ties during the day, to calculate EA consistently 
with the Excalibur experiments, non- exercise 
energy expenditure (NEEE) must be measured 
on another non-exercising day during the same 
waking hours when exercise is performed. Then 
EEE is calculated as the difference between total 
energy expenditure during exercise (TEEE) and 
NEEE on the other day:

EEE

EE

00 03 06 09 12 15 18 21 24

Hrs

Non-Exercise Waking Activity

Resting Metabolism = 30 kcal/kgFFM/day

Fig. 11.5 Calculation of exercise energy expenditure 
(EEE). (A.  Top) EEE is the amount of energy that a 
woman expends because she is an athlete and does not 
include the energy she expends in resting metabolism and 
other waking activities. (B. Middle) Ergometers measure 
total energy expenditure during exercise (TEEE), which 
overestimates EEE by ~2 kcal/kgFFM/d per hour of exer-

cise. For high-intensity exercise of short duration, the 
resulting error in calculating energy availability as 
EA =  (EI – TEEE)/FFM is negligibly small for clinical 
purposes. (C. Bottom) For low-intensity exercise of long 
duration, however, the error in EA = (EI – TEEE)/FFM is 
very large and will lead to unwarranted changes in diet 
and exercise behavior. (Adapted from [126])
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 EEE TEEE NEEE= −  

In an example described in a previous review 
[126], the resting metabolism (RM) of an ath-
lete in energy balance on a non-exercising day is 
assumed to be 2/3 of her EI. For EI = 2100 kcal/
day (8.8 MJ/day), RM = 1400 kcal/day (5.8 MJ/
day) or 58  kcal/hour (244  kJ/h). If she sleeps 
8 hours, her routine activities in waking energy 
expenditure (WEE) would expend the rest of her 
EI. Ignoring for simplicity other sources of diurnal 
variation in energy expenditure, her average rate 
of WEE would be 700 kcal/16 hours = 44 kcal/h 
(182 kJ/h). If her fat-free mass (FFM) is 45 kg, 
then her rate of non-exercise energy expenditure 
(NEEE) during exercise would be:

NEEE RM WEE FFM
kcal kgFFM h kJ h

= +( ) = +( ) =
( )

/ /
. / / . /

58 44 45
2 3 9 5

 

If the athlete’s total energy expenditure during a 
40-minute run is TEEE = 500 kcal, then:

 

EEE TEEE NEEE
kcal kgFFM

= = ( )∗ =
=

− −
−

500 45 2 3 2 3
11 1 1 5 9 6

/ / .
. . . /

For such brief, high-intensity exercise, NEEE 
(1.5 kcal/kgFFM) is too small to cause an error 
in judgment about the adequacy of EA. However, 
if the same TEEE had been expended in 4 hours 
of gymnastics training, NEEE (9.2 kcal/kgFFM) 
would be too large to ignore:

EEE TEEE NEEE
kcal kgFFM

= = ∗
= =

− −
−

500 45 4 2 3
11 1 9 2 1 9

/ .
. . . /

If this gymnast were to restrict her dietary intake 
to EI = 1575 kcal/day, ignoring NEEE would lead 
to excessive concern about her EA and unwar-
ranted demands for behavior modifications:

With NEEE:

EA EI EEE FFM
kcal kgFFM day kJ kgFFM

= =

=
( )− −/ / .

. / / / /
1575 45 1 9

33 1 138 dday( )

Ignoring NEEE:

(EA EI TEEE FFM
kcal kgFFM day kJ kgFFM

= =
=

− −) / / .
. / / /

1575 45 9 6
25 4 106 // day( )

Other sources of error in the calculation of 
EA derive from errors in the estimation of EI, 
EEE, and FFM. As pointed out in another review 
[126], a few simple calculations with realistic 
values quickly reveal that the greatest efforts 
should be made to record EI accurately. Consider 
an athlete with body mass = 60 kg, %Fat = 25%, 
EEE  =  500  kcal/day, and EI  =  2100  kcal/day 
(8.8 MJ/day). Her FFM is (1–0.25) × 60 = 45 kg 
and her EA is

EA EI EEE FFM
kcal kgFFM day kJ kgFF

= =

=
( ) ( )− −/ /
. / / /

2100 500 45
35 6 149 MM day/( )

A 2% error rate in %Fat determinations is not 
uncommon with body composition analyzers. 
Subsequently, a 2% overestimate of %Fat (i.e., 27% 
in the above example) leads to an underestimate of 
FFM (43.8 kg) and a negligible error in EA:

 

EA
kcal kgFFM day

kJ kgFFM day

= ( )
=
( )

2100 500 43 8
36 5
153

− / .
. / /

/ /
 

A 10% error in EEE would correspond to a run-
ner erring by half a mile in the length of a 5-mile 
run. A 10% underestimation of EEE leads to a 
similarly negligible error in EA:

 

EA
kcal kgFFM day

kJ kgFFM day

= ( )
=
( )

2100 450 45
36 7
153

− /
. / /

/ /
 

Underestimations of EI as big as 20% have been 
suspected by some dietitians. A 20% underesti-
mation of EI would lead to a large error in EA:

 

EA
kcal kgFFM day

kJ kgFFM day

= ×( )
=
( )

0 8 2100 500 45
26 2

110

. /
. / /

/ /

−

 

Even a 10% underestimation of EI would lead to 
a substantial error in EA:

 

EA
kcal kgFFM day

kJ kgFFM day

= ×( )
=
( )

0 9 2100 500 45
30 9
129

. /
. / /

/ /

−
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A 10% error in EI (210 kcal) is similar to the 
energy content of 2–3 slices of bread. If EI is 
underestimated by 10–20%, then these substan-
tial errors in EA will lead to misinterpretations 
of experimental data and mismanagement of 
athletes. Therefore, accurate estimations of EA 
depend most importantly on complete dietary 
records. In the Excalibur experiments, the accu-
racy of EI treatments was achieved by adminis-
tering and supervising known meals. Difficult 
as that is for investigators and participants alike, 
quantifying EI in observational studies of free- 
living athletes is even more challenging.

 Conclusion: Needed Research

More short-term experiments are needed to 
resolve the ambiguity about whether LH pulsa-
tility depends on energy in general or on spe-
cific macronutrients in particular. Clinical trials 
are needed to verify that women can prevent or 
reverse functional hypothalamic amenorrhea 
by dietary reform alone without moderating the 
exercise regimen and to develop effective inter-
ventions that may be sport-specific. In addition, 
more animal experiments using the new modi-
fied activity stress paradigm ([90]) are needed 
to explore the physiological and neuroendocrine 
mechanisms of the Female Athlete Triad in more 
detail. Finally, more experiments like Excalibur 
III are needed to determine whether other stress-
ors besides exercise have any suppressive effect 
on LH pulsatility beyond the impact of their 
energy cost on energy availability. Long-term 
experiments like Excalibur V are needed to look 
at EA threshold effects on other aspects of repro-
ductive function besides LH pulsatility, but the 
expense and controls needed to properly conduct 
such studies make them challenging to conduct.
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