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Abstract In a high-performance sports environment, ath-
letes can present with low energy availability (LEA) for a
variety of reasons, ranging from not consuming enough
food for their specific energy requirements to disordered
eating behaviors. Both male and female high-performance
athletes are at risk of LEA. Longstanding LEA can cause
unfavorable physiological and psychological outcomes
which have the potential to impair an athlete’s health and
sports performance. This narrative review summarizes the
prevalence of LEA and its associations with athlete health
and sports performance. It is evident in the published sci-
entific literature that the methods used to determine LEA
and its associated health outcomes vary. This contributes to
poor recognition of the condition and its sequelae. This
review also identifies interventions designed to improve
health outcomes in athletes with LEA and indicates areas
which warrant further investigation. While return-to-play
guidelines have been developed for healthcare profession-
als to manage LEA in athletes, behavioral interventions to
prevent the condition and manage its associated negative
health and performance outcomes are required.
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Key Points

Advancements in research have revealed low energy
availability (LEA) as an unfavorable factor involved
in the disruption of physiological processes that may
affect health and sports performance.

Research is required to establish a standardized
method to measure energy availability and the
identification of LEA cut-offs is warranted for both
male and females athletes.

Investigations into health outcomes, injury, and
illness in athletes with relative energy deficiency/
LEA are needed to define potential negative effects
and ensure optimal health and sports performance.

1 Introduction

Over the last 30 years, considerable research has been
undertaken to understand the cause(s) of menstrual dys-
function and low bone mineral density (BMD), both of
which are frequently observed amongst high-performance
female athletes. It is widely acknowledged that low energy
availability (LEA) is the main factor underpinning these
unfavorable health outcomes. LEA occurs when an indi-
vidual has insufficient energy to support normal physio-
logical function after the cost of energy expended during
exercise has been removed. This may occur with/without
an eating disorder (ED) or disordered eating (DE) behavior
and can have a negative effect on an athlete’s health [1, 2].
The female athlete triad (TRIAD) [3] demonstrates the
interrelationship between LEA (with/without ED),
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menstrual dysfunction, and poor bone health; it is charac-
terized by a continuum, whereby an individual can move
from optimal health to disease, with clinical EDs, func-
tional hypothalamic amenorrhea (FHA), and impaired bone
health considered the most harmful characteristics [3, 4].

Little is known about the physiological effects of LEA in
male athletes, although it is widely acknowledged that
investigation of the physiological issues associated with LEA
in this sex group is necessary [3, 5, 6]. The sports medicine
literature has documented that LEA has the potential to
impair physiological function, beyond menstrual function and
bone health (Fig. 1), and that LEA may occur in an energy-
balanced state [1, 3, 4, 6, 7]. This concept has recently been
referred to as relative energy deficiency in sport (RED-S). For
example, an energy-deficient athlete may maintain normal
body mass due to physiological adaptations such as decreased
resting metabolic rate (RMR); thus, an athlete can be weight
stable yet energy deficient. Irrespective of the terminology
used, TRIAD or RED-S, both depict LEA as the primary
causative factor [8, 9].
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Previous research highlights the need to identify the
prevalence of LEA, particularly among male athletes, and
understand the consequences of LEA on physiological
function [7]. LEA may promote susceptibility to respira-
tory tract infections and adversely affect blood lipid levels.
This review discusses what LEA is, how it is currently
measured, and the lack of research on potential biomarkers
of energy deficiency. Furthermore, the physiological and
health issues, dietary patterns, and potential impact on
sports performance associated with LEA are examined, and
interventions to minimize the deleterious effects of LEA on
athletes’ health are critically evaluated.

2 Methodology

This is a narrative review which was conducted using
targeted internet searches, for example, PubMed, Google
Scholar, and Web of Science. Combinations of the fol-
lowing key search terms were included: athlete, bone,
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Fig. 1 Low energy availability disruption and high-performance environment exposure: the potential pathways to unfavorable health and

performance outcomes
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energy availability, energy intake, immune, injury, low
energy availability, nutrition education/diet intervention,
relative energy deficiency in sport, and weight loss. Arti-
cles were considered if they were available in full text,
were written in English, and were conducted among trained
or exercising human subjects. Only studies that quantified
energy availability (EA) by assessing energy intake (EI),
exercise energy expenditure (EEE), and body composition
within the text of the manuscript were included in this
review. Reference lists of articles retrieved were also
reviewed. No time limit on retrieval of articles was set.
Animal studies were not included. The quality and strength
of the supporting evidence was graded according to the
criteria of the Scottish Intercollegiate Guidelines Network
(SIGN) [10].

3 Energy Availability

EA has been defined as the amount of ingested energy
remaining for bodily function and physiological processes
such as growth, immune function, locomotion, and ther-
moregulation after the energy required for exercise/training
has been removed [3]. Figure 2 outlines how EA is calcu-
lated and the recommended EA thresholds for physically
active females. These thresholds originated from experi-
ments in small groups of untrained females that determined
the effects of exercise stress and EA on luteinizing hormone
(LH) pulsatility and markers of bone turnover [11-14].
Although prospective studies support a causal role of LEA on
the suppression of reproductive function in physically active

women and female athletes [12, 15, 16], a randomized con-
trolled trial highlights that varying levels of energy defi-
ciency predict the frequency, but not the severity, of
menstrual disturbances [17]. Further research is warranted to
accurately determine LEA cut-offs, particularly for the ath-
letic population. Studies conducted outside the laboratory
setting highlight the complexity in determining EA, which
requires measures of EI, EEE, and body composition
[2, 18, 19], which are notoriously difficult to measure
accurately. The EA recommendation from Loucks and col-
leagues [11, 12] is particularly problematic when ‘purpose-
ful’ exercise varies in type and intensity as calculation relies
on consistent exercise behavior that is quantifiable in inten-
sity and duration. Furthermore, non-purposeful physical
activity expenditure needs to be accounted for to accurately
reflect changes in the energy available for physiological
processes. Moreover, current recommendations are only
pertinent to females and, to our knowledge, no EA recom-
mendations have been proposed for male athletes.

4 Low Energy Availability (LEA), Eating
Disorders, and Disordered Eating Behaviors

There are many detrimental effects of decreased EA; those
most widely acknowledged are the perturbation of repro-
ductive function and bone metabolism when EA falls
below 30 kcal/kg free fat mass (FFM)/day [12, 14]. LEA
may be intentional, due to a clinical ED and/or DE
behavior. It can also occur unintentionally, due to poor
awareness of appropriate sport-specific fueling or re-
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An energy availability of at least 188 kJ (45
kcal)/kg fat-free mass/day is recommended to
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suggests an unsafe energy level for optimal
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Fig. 2 Energy availability formula and current energy availability thresholds for physically active females [3, 6]

@ Springer



76

D. Logue et al.

fueling requirements [3, 6]. Regardless of its etiology, LEA
may contribute to macro- and micro-nutrient deficiencies
and unfavorable physiological changes, potentially result-
ing in harmful health outcomes and suboptimal sports
performance.

4.1 LEA

Table 1 summarizes the prevalence of LEA in a number of
sports. Few studies have investigated the prevalence of
LEA in male athletes [19, 20]; those doing so report similar
prevalence in both sexes [20]. Indeed, the existence of
widespread energy deficiency is evident across an array of
sports, not just in those that specifically emphasize leanness
[18, 20-22]. Nonetheless, accurate estimates of prevalence
are problematic due to variability in the sports and groups
of athletes (e.g., performance level and age) investigated,
as well as small study sample sizes (range 10-352). On the
basis of the best available evidence (Grade B: consistent,
low-quality evidence), further research is needed to
establish a better understanding of the prevalence of LEA
in both sexes across all sports.

To date, no gold standard assessment of EA has been
agreed. Different methods have been used to assess EI and
EEE as part of an EA assessment and to investigate the
links with DE, reproductive function, BMD, body com-
position, and biochemical variables. Some examples are
outlined in Table 2. Unfortunately, many methodological
issues prevail. Self-reported food and exercise logs lack
accuracy, yet are widely used to estimate EA
[19, 20, 23-30]. Reduced compliance with self-reported
dietary intake has been documented after 4 days [31].
Some researchers have tried to overcome this difficulty by
educating athletes on the importance of keeping accurate
dietary logs and regularly checking these [18, 32]. Fur-
thermore, the definition of ‘exercise’ varies, highlighting
the need for a standardized definition. Few studies use
adjusted EEE (i.e., subtracting the energy cost of sedentary
behaviors during the exercise period from EEE) to avoid
over-/under-estimating EEE and, thereby, over-/under-es-
timating EA [33]. Moreover, the majority of studies lack a
non-athlete control group. This variability in study design
makes it difficult to interpret study results and accurately
estimate the extent of the problem. Only one study has
assessed dietary information in situ [34]. In this study, all
athletes were resident at the training center for the study
duration and ate at the same food station each day. Inno-
vative technologies may prove useful to reduce the burden
of recording dietary intake and increase the accuracy of EI
estimation within an EA assessment [33].

Few studies assessing EA included male athletes
[19, 20, 26, 35]. One study, which did not assess EA but
instead analyzed biomarkers of nutritional status and serum
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hormone levels, concluded that males competing in sports
that emphasize leanness are characterized by a different
body composition and endocrine status than those com-
peting in non-lean sports [36]. In direct contrast to the
study conclusion, biomarkers of nutritional status and
serum hormone levels were within the normal range (i.e.,
showed no indication of hypothalamic suppression), thus
providing no evidence for LEA in leanness sports. These
findings indicate that physiological adaptations to LEA
occur within males but they do not manifest as measure-
able, clinically recognizable changes. The use of different
methodologies to determine EA, for example, EI and EEE
vs. biomarkers of nutritional status, makes it difficult to
compare study results, thus reinforcing the need for
appropriate sex-specific tools/biomarkers to clearly identify
the extent of LEA among athletes.

Over the last two decades, assessment of individual
TRIAD components using questionnaires has occurred
(Table 2). In 2014, a screening tool for female athletes, the
LEA in Females Questionnaire (LEAF-Q), was devised
and validated [37]. With 78% sensitivity and 90% speci-
ficity, this tool can be used to detect female athletes ‘at
risk” of the physiological symptoms associated with LEA.
Although it can be used alone, its recommended use is in
combination with a validated DE screening tool, for
example the Female Athlete Screening Tool (FAST) [38].
Only one study has been published using the LEAF-Q in
combination with the FAST in an athlete population [39];
over 40% (44.1%) of female ultra-marathon athletes were
found to be ‘at risk’, with 32% demonstrating DE behav-
iors. Furthermore, it was demonstrated using six additional
questions that 92.5% of the athletes lacked awareness of
the TRIAD. The drive for thinness subscale from the Eat-
ing Disorder Inventory (EDI) can be considered a proxy
indicator of LEA; exercising females with a high drive for
thinness score exhibited metabolic adaptations to energy
deficiency [40]. No screening tool is available for the
assessment of males ‘at risk® of LEA; such a tool is
urgently required.

4.2 Eating Disorders and Disordered Eating
Behaviors

Prevalence rates for EDs are high among elite athletes,
particularly female athletes, and those competing in
weight-class sports or sports that place emphasis on lean-
ness [41, 42]. EDs also occur more frequently among male
athletes than in non-athletic male controls [42]. Athletes
most susceptible to developing DE are those who experi-
ence pressure to improve performance, to maintain a
specific sporting appearance, or to have an ‘ideal’ physique
[43]. Nearly one-quarter of male athletes competing in ED
high-risk sports (weight-class sports; sports where leanness
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Table 1 Estimated prevalence of low energy availability in various sporting groups

Study Sex Sample size Athletes Mean age % participants Comments
(years) with LEA?
Observational studies
Schaal F 11 Synchronized  20.4 Baseline: 100 Low EA at each timepoint
et al. swimmers Intensive Significant lower EA at week 4 vs. baseline;
(2016) [34] training week p <0.05
2: 100 and
week 4: 100
Viner et al. M/ 10 Endurance M: 42 Pre-season: 70 EA did not change across the season
(015)[191  F gm cyclists F: 38.4 Competition: 90 | EEE competition: 1133 + 543 kcal/day vs.
4F Off-season: 80 off-season: 811 + 493 kcal/day
Vanheest F 10 Elite Cyclic: 16.2  Ovarian EA in cyclic group significantly greater vs.
et al. 5 cyclic swimmers Ovarian suppressed ovarian suppressed
(2014) [23] 5 ovarian suppressed: across 12-week  Cyclic group only in positive energy balance
suppressed 17 season: 100 weeks 2 and 4
Reedetal. F 19 pre-season Division 1 19 Pre-season: 26
(2013) [18] 15 mid-season scl>ccer Mid-season: 33
17 post-season players Post-season: 12
De Souza F 35 Exercising Exercising: Exercising: 100  EA lower in exercising vs. sedentary;
et al. 24 exercising Sedentary 278 Sedentary: N/A p <005
(1998) [30] 11 sedentary Sedentary: SedOvul vs. ExOvul, EXLPD, and ExAnov:
Monitored and 26.2 30 £ 1.2 vs. 23.3 £ 1.6, 26.5 £+ 1.8, and
ontored an 18.8 £ 3.2 kcal’/kg FFM/day, respectively
categorized over
3 menstrual
cycles:
SedOvul
ExOvul
ExLPD
ExAnov
Case—control study
Schaal F 10 Competitive EU: 29.8 EU: N/A All AM had low EA
et al, 5EU endurance  AM: 31 AM: 100
2011) [4 hl
(2011) [47] 5 AM athletes
Cross-sectional studies
Lagowska F 52 Athletes Athletes: 18.1 Athletes: N/A Higher EA in athletes vs. ballet dancers:
?(nd . 31 athletes Ballet dancers  Ballet Ballet dancers: 28.3 5‘302'2 vs. 21.7 & 7.2 keal/kg FFM/day;
. < 0.
apez 21 ballet dancers ~ Both with dancers: 100 P=
(2016) [57] . 17.1
menstrual
disorders
Day et al. F 25 Division 1 Athletes: 19.5 52 (13 of 25) 92% athletes (23 of 25) <45 kcal/kg FFM/day
(2015) track/field
[115] collegiate
athletes
Muiaetal. F 110 Middle-/long-  Athletes: 16 ~ Athletes: 7.9 76% SC-EA
(2015) [24] 61 athletes distance Non-athletes:  Non-athletes: 2.2 EA lower in athletes vs. non-athletes:
49 non-athlete athletes 17 36.5 + 4.5 vs. 39.5 + 5.7 keal/kg FFM/day;
controls p = 0.003
Silva and F 67 Rhythmic 18.7 44.8 37.3% SC-EA
Paiva gymnasts
(2015) [25]
Melin et al. F 40 Elite 26.3 20 42.5% SC-EA, 37.5% O-EA
(2014) [2] 24 MD endurance
16 EU athletes
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Table 1 continued

Study Sex Sample size Athletes Mean age % participants Comments
(years) with LEA?
Melin et al. F 25 Elite 26.6 12 44% SC-EA, 44% O-EA
(2014) [55] endurance
athletes

Gibbs et al. F 86

(2013) [46] 30 high dietary
restraint

Recreationally 23
active

56 normal dietary

High dietary
restraint: 26.7

EA lower in high dietary restraint group:
35 + 12.9 vs. 42 £ 12.9 kcal/kg FFM/day;

Normal dietary p =0.018

restraint: 25

restraint
Koehler M/ 352 Athletes from  M: 16.2 M: 55.6 EA similar in both sexes
et al. F oierm mixed sports g 163 F: 50.8
3
(2013) [20] 185 F
Woodruff F 10 Volleyball 20.9 20 60% SC-EA, 20% O-EA
and players
Meloche
(2013) [22]
Dolanetal. M 27 Flat/hunt 273 Competitive race EA reported for competitive race days only
(2011) [26] 17 flat jockeys days: 100
10 hunt
Hoch etal. F 22 Professional 23.2 77
(2011) [61] ballet
dancers
Doyle- F 30 Professional Dancers: 24.3 Dancers: 100 Lower EA in dancers vs. controls; p < 0.01
Lucas et al. 15 dancers ballet Sedentary: Sedentary: 0
(2010) [27] dancers 23.7
15 sedentary
controls
Hochetal. F 160 University Athletes: 16.5 Athletes: 6 30% athletes and 35% sedentary with SC-EA
(2009) [28] 80 athletes athletes Sedentary: Sedentary: 4
16.5

80 sedentary
controls

AM amenorrheic, EA energy availability, EEE exercise energy expenditure, EU eumenorrheic, ExAnov exercising anovulatory, ExLPD exer-
cising luteal phase deficiency, ExOvul exercising ovulatory, F' female, FFM fat-free mass, M male, MD menstrual dysfunction, N/A not available,
O-EA optimal energy availability (>45 kcal’kg FFM/day), SC-EA sub-clinical energy availability (3045 kcal/’kg FFM/day), SedOvul sedentary

ovulatory
%<30 kcal/kg FFM/day

improves performance; aesthetic sports) displayed DE
behaviors associated with body image dissatisfaction [44].
Similarly, a higher percentage of female athletes in ED
high-risk sports (46.7%) had clinical EDs compared with
athletes in other sports (19.8%) and non-athletic controls
(21.4%) [45].

Few studies have investigated DE behaviors in combi-
nation with an assessment of EA (Table 2). Again, inter-
pretation of study findings is difficult due to variability in
the methods used to assess EDs/DE behaviors. It has been
reported that male athletes demonstrating dietary restraint
practices consciously restricted EI as a method of weight
control [19]. Extreme weight-loss methods such as use of
saunas (86%), excessive exercising to the point of sweating
(81%), and dieting (71%) [26] were the most commonly

@ Springer

reported behaviors practiced by male jockeys. Lower EA
among exercising females and professional dancers with
high dietary restraint compared with those with normal
dietary restraint is apparent [27, 46]. Greater body dissat-
isfaction in female soccer players with LEA [18] and in
amenorrheic compared with eumenorrheic endurance ath-
letes has been reported [47]. Furthermore, more than 75%
of endurance runners were identified as having DE
behaviors [24].

In contrast, one study reported that adolescent athletes
and sedentary students with LEA had satisfactory eating-
attitude test scores, suggesting that those with LEA do not
necessarily display ED characteristics [28]. Furthermore,
the gold standard ED assessment, Eating Disorder Exami-
nation 16 (EDE-16), a semi-structured interview exploring
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Table 2 continued
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Other parameters

Biochemical
parameters

Methods used

Participants (n)

Study

Body composition

BMD

Reproductive health

DE

Exercise
energy

Energy intake

expenditure

N/A

total T3, total

Leptin, insulin,
thyroxine

Underwater weighing

Sex hormones: E2, P4, N/A
17a-ethinylestradiol

N/A

Activity log

Prospective dietary
record

recreationally

active F
grouped
according to

menstrual

status
5 EAA
8 ECA
13 RCA

39 elite athletes/

et al.
(2000)
[29]

Thong

13 ROC

free mass, FSH follicle-stimulating hormone, HDL high-density lipoprotein, /GF-1 insulin-like growth factor, LEAF-Q Low Energy Availability in Females Questionnaire, LDL low-density lipoprotein, LH

luteinizing hormone, M male, MD menstrual dysfunction, N/A not available, P4 progesterone, POMS Profile of Mood States, PRL prolactin, RCA recreationally active woman who are cyclic, ROC
recreationally active woman taking oral contraceptives, RMR resting metabolic rate, RPE rate of perceived exertion, T triiodothyronine, TC total cholesterol, TFE-Q Three Factor Eating Questionnaire, TG

triglycerides, TSH thyroid-stimulating hormone, U/S ultrasound examination, VO5,,,, maximal oxygen consumption

AM amenorrheic, BBD Bulimia and Body Dissatisfaction subscale, BIA bio-impedance analysis, BMD bone mineral density, BP blood pressure, CRS Cognitive Restraint subscale, DE disordered eating,
DEXA dual-energy X-ray absorptiometry, DFT Drive for Thinness subscale, E2 estradiol, EA energy availability, EAA elite amenorrheic athletes, EAT-26 Eating Attitudes Test, ECA elite cyclic athlete,
EDE-16 Eating Disorder Examination 16, EDE-Q Eating Disorder Examination Questionnaire, EDI Eating Disorder Inventory, EU eumenorrheic, F female, F/B followed by, FFA free fatty acids, FFM fat-

“Weighed dietary records provide a detailed estimate of intake for individuals which can be used for estimation of actual portion sizes

key psychopathological and behavioral features of EDs,
identified ED/DE in only 7 of 25 female athletes with
clinical or sub-clinical LEA [2]. Identifying athletes with
EDs and/or DE behaviors does not appear to be sufficiently
sensitive to indicate LEA. This emphasizes the need to
investigate excessive exercise as an indicator of LEA.
Validated screening tools such as the EDE-16 are
available to screen for DE in the general population, some
of which have been used with athletes (Table 2). Recent
emphasis has been on the development of athlete-specific
DE screening tools. Along with the validated DE screening
tool (FAST) mentioned in Sect. 4.1, the latest screening
tool developed for female athletes, the Brief ED in Ath-
letes Questionnaire (BEDA-Q), complements the LEAF-Q
and can be used to identify female athletes with or without
an ED [48]. No athlete-specific screening tool has yet been
developed to assess EDs/DE behaviors or the physiological
symptoms of LEA in the athletic male population.

5 Biomarkers of Energy Deficiency

Identifying unintentional LEA can be problematic as the
signs and symptoms are difficult to detect. The use of
validated biomarkers associated with LEA could provide a
quick method of monitoring energy status and identifying
athletes potentially ‘at risk’ of energy deficiency.
Biomarkers suggested include leptin, triiodothyronine (T3),
and cortisol [49]. Table 3 outlines the small number of
studies that have investigated metabolic substrates and
hormone levels in athletes who exhibited LEA. Evidence
for an association between LEA (<30 kcal’/kg FFM/day)
and metabolic substrates/hormones is not particularly
strong, with weak or conflicting data reported in studies in
athletic populations.

5.1 Appetite Hormones: Leptin and Ghrelin

Leptin (appetite-suppressing hormone), a marker of low
body fat and restricted food intake [49], appears to be
reduced when EA is low, perhaps indicating inadequate
recovery from exercise and relative energy deficiency. A
study of healthy exercising females demonstrated that the
pulsatility of leptin is dependent on EA and not exercise-
induced stress; exercise had no suppressive effect on the
diurnal rhythm of leptin when EI was adequate [50]. In
contrast, another study showed no difference in leptin level
between endurance female athletes, regardless of their EA
status [2]. Studies investigating ghrelin (appetite-stimu-
lating hormone) levels have also reported mixed findings,
with both lower EA [34] and normal EA [35] associated
with higher ghrelin level. One study of healthy females
reported a significant increase in fasting ghrelin
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concentrations following a decrease in EA during a
3-month diet and exercise intervention [51]. Furthermore,
3-month diet and exercise interventions in healthy females
that elicited a significant decrease in body weight were
associated with increases in fasting ghrelin [52-54]. Fur-
ther research to determine if changes in leptin and ghrelin
levels are sensitive enough to identify changes in EA are
required.

5.2 Triiodothyronine

T3 (involved in the hypothalamic—pituitary—thyroid axis
and responsible for regulation of metabolism) levels have
been explored as a biomarker of EA, with studies collec-
tively presenting mixed results. Lower T; levels were
observed in ovarian hormone-suppressed athletes [23] and
among female athletes who had lost weight [20]. Although
T; levels did not differ between endurance-trained females
with a different EA status (optimal, sub-optimal, and LEA),
lower T3 levels were reported among athletes with men-
strual dysfunction than in eumenorrheic athletes [2]. These
study results indicate that T3 levels decrease in female
athletes with menstrual irregularities. LEA did not signif-
icantly influence T; levels in exercising men [35] or in
female soccer players [18]. Further research is necessary to
investigate whether T; levels can be used to reflect changes
in EA.

5.3 Cortisol

Although cortisol (a steroid hormone released in response to
stress) levels were similar among elite female endurance
athletes regardless of EA status (optimal, sub-optimal and
LEA respectively) [2], higher levels have been observed
among those with menstrual dysfunction compared to
eumenorrheic athletes [2, 47]. Moreover, exercising at dif-
ferent intensities appears to influence cortisol levels [47].
Although no significant changes in cortisol levels were
observed in a group of elite synchronized swimmers across a
4-week intensive training period, direct correlations between
cortisol levels and perceived fatigue suggest greater physi-
ological stress among energy-deficient swimmers [34]. In
summary, elevated cortisol levels suggest greater physio-
logical stress during intensive training, with this being more
pronounced in females with menstrual irregularities.

5.4 Insulin-Like Growth Factor 1

A marked decline in insulin-like growth factor 1 (IGF-1)
(supports cell division and growth) was apparent in ovarian
hormone-suppressed female swimmers compared with
eumenorrheic swimmers. However, even in those with
normal menstrual function, IGF-1 significantly declined

over a 12-week season [23]. Furthermore, IGF-1 decreased
in untrained females when EI was restricted to 10, 20, or
30 kcal’/kg FFM/day [12]. This suggests that lower IGF-1
concentrations could indicate inadequate EA and excessive
training in females. In contrast, no relationship between
IGF-1 and EA has been established in males. Similar IGF-1
levels were reported in young elite male and female ath-
letes with normal or LEA [20]. In summary, although there
may be suggestive evidence for an association between
IGF-1 and LEA, this needs to be investigated in highly
trained male and female athletes before promotion of IGF-
1 as a biomarker of LEA.

5.5 Insulin and Glucose

Similar insulin levels were reported in male and female
athletes with low or normal EA [20], whilst insulin and
fasting glucose levels were equivalent in female endurance
athletes with low (<30 kcal’kg FFM/day), reduced
(3045 kcal’/kg FFM/day) or optimal (=45 kcal/kg
FFM/day) EA [2]. Following 4 days of LEA (15 kcal/kg
FFM/day) in exercising men, reduced insulin levels were
observed [35]. Increases in glycerol and free fatty acid
concentrations and reductions in fasting glucose were also
observed in this state of LEA (15 kcal/kg FFM/day). These
findings suggest that insulin has increased sensitivity when
EA is chronically low. Lower fasting glucose levels were
also reported among those with menstrual dysfunction than
in eumenorrheic athletes [2]. However, resting blood glu-
cose levels were similar in athletes with amenorrhea and
those who were eumenorrheic [47]. Currently, it can only
be deduced that female athletes with menstrual irregulari-
ties appear to have lower blood glucose levels, which could
be suggestive of greater overall physiological stress; fur-
ther work is necessary to achieve consensus.

5.6 Summary

The viability of biomarkers of energy deficiency is unclear,
with questions around appropriate assessment of EA, defined
EA cut-offs, and standardized techniques impeding the
quality of research in this area. These need to be considered
in order to accurately determine the viability of biomarkers
of energy deficiency. Although further research, especially
with respect to the appetite hormones, is required, this rep-
resents an interesting area of investigation.

6 LEA and Dietary Intake in Athletes

Athletes should be encouraged to consume a wide variety
of foods on a regular basis. Athletes with LEA reported
lower energy density and lower percentage energy from fat
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Table 3 Studies investigating associations between energy availability and biochemical parameters

Study Participants (n)

Biochemical parameters

Crossover trials

Koehler et al.
(2016) [35]

Observational studies

6 exercising M

Schaal et al.
(2016) [34]

Vanheest et al.
(2014) [23]

11 synchronized swimmers

10 elite swimmers
5 cyclic
5 ovarian suppressed

Reed et al. (2013)
[18]

Division 1 F soccer players
19 pre-season
15 mid-season
17 post-season

Case—control study

Schaal et al. 10 endurance athletes
(2011) [47] 5EU
5 AM

Cross-sectional studies
Melin et al. (2014) 40 elite endurance athletes

(2] 24 MD

16 EU
Koehler et al. 352 athletes from mixed sports
(2013) [20] 167 M

185 F

Thong et al.
(2000) [29] according to menstrual status
5 EAA

8 ECA

13 RCA

13 ROC

39 elite athletes and recreationally active F grouped

Testosterone, T3, insulin, leptin, ghrelin, glucose, glycerol,
free fatty acids

Salivary samples: cortisol, ghrelin, leptin

IGF-1, T;

T3

Glucose, lactate, epinephrine, norepinephrine, cortisol

Cholesterol: TC, LDL, HDL, TG; blood glucose, cortisol,
IGF-1, insulin, leptin, T;

Leptin, insulin, IGF-1, T3

Leptin, insulin, T3, thyroxine

AM amenorrheic, EAA elite amenorrheic athletes, ECA elite cyclic athlete, EU eumenorrheic, F' female, HDL high-density lipoprotein, /IGF-1
insulin-like growth factor, LDL low-density lipoprotein, M male, MD menstrual dysfunction, RCA recreationally active woman who are cyclic,
ROC recreationally active woman taking oral contraceptives, 7C total cholesterol, TG triglycerides, T triiodothyronine

(28%) than those with optimal EA (31%) [55]. Female
soccer players who exhibited LEA consumed a lower EI at
lunch during competition, pre-, and mid-season and at
dinner mid-season than did those with optimal EA [18].
Methodological issues, such as reliance on self-reported
food diaries, failure to compare dietary intakes with non-
athletic controls who have optimal EA, and small sample
sizes, make comparison between studies difficult
[19, 25, 26, 32, 55].

6.1 LEA and Macronutrient Intakes
In individuals with LEA, total EI is reduced which, sub-

sequently, negatively influences diet quality. As low car-
bohydrate intake (6—10 g/kg/day for athletes exercising at

@ Springer

moderate to high intensity [56]) is commonly reported in
athletes, it is not surprising that it has been observed in
athletes identified with LEA [19, 26, 32, 55, 57]. A low-
carbohydrate, high-fiber diet was reported among female
endurance athletes with FHA when compared with
eumenorrheic athletes; thus, a diet that exceeds the upper
limit for dietary fiber may indicate risk of LEA [55]. The
erratic restriction of carbohydrate observed among athletes
may be influenced by media-driven fad diet trends such as
the ‘gluten-free’ and ‘paleo’ diets that promote the elimi-
nation of carbohydrate-rich foods [19].

Although inadequate intake of all macronutrients has
been observed in female gymnasts [25], the evidence for
low protein intakes in athletes with LEA is not consistent.
Jockeys were shown to meet their protein requirements
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(1.3 g/kg/day) [26] and all but one female endurance ath-
lete met or exceeded the recommended protein intake for
endurance-trained athletes [55] of 1.2-1.7 g/kg/day [55].
Of these female athletes, 71% with LEA had protein
intakes ranging from 1.8 to 2.0 g/kg/day, the recommended
amount to minimize loss of FFM during energy deficiency
[55]. Hence, excessive consumption of either fiber or
protein may indicate increased risk of LEA [55].

6.2 LEA and Micronutrient Intakes

Inadequate intake of several essential micronutrients, such
as vitamins A and C, riboflavin, folate, calcium, and zinc,
have been documented in male jockeys and endurance-
trained females [26, 55]. A mean consumption of 0.9
servings of fruit and vegetables per day was reported in
male jockeys [26], indicating the need to educate athletes
on appropriate nutritional strategies and the importance of
meal timing and re-fueling following exercise. Micronu-
trient inadequacies are also common among female gym-
nasts, with low intakes of folate, pantothenic acid, vitamins
D, E and K, calcium, iron, and magnesium reported [25].
Similar deficiencies were reported among cyclists [19].
Methodological problems, such as misreporting [58], make
accurate measurement of dietary intake extremely difficult,
particularly among athletes involved in weight- or lean-
dependent sports who are more susceptible to misreport EI
[59].

Nevertheless, it is essential to monitor EI and EEE to
avoid a state of LEA, to allow for optimization of diet
quality and to ensure athletes are meeting nutrient recom-
mendations relative to their sport. Encouraging carbohy-
drate consumption for performance and recovery to ensure
muscle glycogen stores are replenished is important [56].
Furthermore, personalized nutrition education is vital; for
example, the low EI observed amongst jockeys is consis-
tent with their need to maintain a low body mass for
competition [26].

7 Physiological and Health Issues Associated
with LEA

7.1 Reproductive Function

The frequency at which the pituitary gland secretes LH into
the circulatory system is a proxy indicator of the central
modulation of the reproductive axis [60]. Luteinizing pul-
satility in an exercising woman is solely dependent on EA
and is not affected by the stress of exercise itself. Pro-
longed LEA (10 kcal’/kg FFM/day) reduces luteinizing
pulsatility [11] and studies in athletes consistently report
negative effects of LEA such as perturbed reproductive

function [2, 23, 24, 57, 61, 62]. Such athletes have a lower
RMR than athletes with good EA and normal menstrual
function [2]. Endocrine changes, including high testos-
terone levels, have also been observed in female athletes
(29%) and dancers (85.7%) with menstrual disorders
which, furthermore, were associated with LEA and inade-
quate carbohydrate and EI [57]. Suppressed ovarian ster-
oids (estradiol and progesterone), low metabolic hormones
(T5 and IGF-1), and low energy status markers (LEA and
low EI) are highly correlated with a decrease in sports
performance [23]. Although the impact of LEA on endo-
crine function in male athletes is not well-documented and
warrants further research, male athletes who habitually
engage in endurance exercise training exhibit persistently
low/reduced testosterone levels [63].

Self-reported menstrual history is the most commonly
used technique to diagnose a clinical menstrual disorder
(Table 2). This can be used in combination with a single
measurement of sex hormones [28, 61]. More recently, a
number of studies have included a gynecological ultra-
sound examination in the diagnostic assessment
[2, 47, 57, 62, 64]. The recent 2014 TRIAD Coalition
Consensus Statement outlines an amenorrhea algorithm
that recommends a diagnosis of exclusion, whereby a his-
tory and physical examination, a series of clinical and
endocrine tests, and diagnosis by a physician are required
to rule out pregnancy and endocrinopathies [4]. However,
given the cost of gynecological function assessment, a
standardized method to assess EA would be both clinically
and economically advantageous.

7.2 Bone Health

The evidence supporting the benefits of vitamin D and
calcium for bone health are widely accepted [65]; thus, it is
critical that appropriate nutritional practices are adopted to
ensure BMD is maintained. Bone formation is suppressed
once EA decreases below 30 kcal’kg FFM/day [14].
Energy deficiency exerts a suppressive effect on bone
formation whilst estrogenic deficiency contributes to up-
regulation of bone reabsorption [14]; thus, both contribute
independently and synergistically to bone loss. For females
competing in weight-bearing sports, the American College
of Sports Medicine (ACSM) has defined low BMD as a z-
score of less than —1.0; however, a defined criterion has
not been established in male athletes [3]. Prevalence of low
BMD among female athletes ranges from O to 15.4% using
a z-score of —2.0 or less. This increases to 39.8% when z-
scores are defined as between —1.0 and —2.0 [21].
Studies in athletes have rarely assessed BMD using
dual-energy X-ray absorptiometry (DEXA) in combination
with EA assessment (Table 4). Although DEXA is
expensive, it is acknowledged as the gold standard
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assessment of BMD, is used to determine the extent and
severity of osteoporosis and osteopenia, and can predict
fracture risk. A best-practice DEXA protocol should be
followed to accurately assess bone changes in athletes [66].
Male and female athletes competing in endurance sports
and those sports that emphasize leanness appear to have
low BMD. However, despite the persistence of LEA and
presence of low BMD among a group of cyclists, BMD did
not further reduce over a 10-month cycling season [19].
Although non-weight-bearing sports, such as cycling, can
influence BMD, these findings highlight that poor bone
health develops over a long period, suggesting that changes
in BMD may not be detectable over a short timeframe and
that previous exercise (jumping) and dietary (vitamin D
and calcium supplements) interventions may stimulate
bone mineralization sufficiently to maintain BMD over the
period of LEA.

Although the positive impact that the mechanical load-
ing from high-impact exercise has on bone health is irre-
futable, irregular menstruation, running in five or more
seasons, intentionally restricting dietary intake, and belief
that thinness leads to improved performance were associ-
ated with low BMD in adolescent endurance runners
[67-69]. With increased risk of stress fractures among
female endurance athletes [70], it is vital to implement
appropriate nutritional practices that meet individual
energy needs as a means of optimizing bone health as well
as achieving healthy hormonal status and menstrual func-
tion and improving body composition [71]. Although the
impact of LEA on reproductive function and BMD is not
well-documented among male athletes [7], indicators such
as low testosterone and estradiol levels were found to be
associated with low BMD and indicative of stress fractures
[72, 73]. Jockeys who engaged in extreme weight loss
practices had an elevated rate of bone loss and reduced
BMD, which appeared to be associated with disrupted
hormonal activity, for example, elevated sex hormone-
binding globulin; this causes a decrease in the availability
of biologically active testosterone [74]. Evidence of LEA
[26], together with disrupted hormonal activity and low
BMD [74], suggest that male athletes can be energy defi-
cient and demonstrate symptoms that reflect both the
TRIAD and have been identified by the International
Olympic Committee as indicative of RED-S [3, 6].

The potential for low BMD to increase the incidence of
injury needs consideration. As stress fractures develop
from recurring excessive strain caused by repetitive micro-
trauma to bone at a rate greater than repair [75], it is
important to detect the strains and sprains that athletes
experience as soon as possible. Increased injury risk
associated with components of the TRIAD has been
observed [76-78], particularly among younger athletes. In
contrast, one study investigating overuse injuries found no
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associations between these, menstrual irregularity, and/or
DE [79]. This study only observed associations between
higher training load (higher mileage) and injury in males.
These discordant results may be due to the methods used to
assess DE and injury, the athlete type investigated and
sample size. In studies on this topic, ‘musculoskeletal
injury’ has either not been defined [80] or has been defined
as “an injury from either overuse or direct trauma that
occurred during participation in the current sport season”
[78]. A standardized definition of ‘injury’ is required to
enable accurate interpretation of future research studies and
will permit work that can determine if links between LEA
and injury exist. Furthermore, the recording of epidemio-
logical data on injuries warrants attention; the majority of
previous surveillance studies have focused on the etiology
of ‘medical-attention’ and/or ‘time-loss’ injury/illness. Few
studies have related these to athletes’ subsequent training
limitations; this has resulted in the underreporting of
‘performance restriction’-type injuries, whereby athletes
continue training yet incur performance detriments [81].
Further research is needed to accurately quantify injury
incidence; this will help to determine associations between
LEA and injury and inform injury/illness prevention ini-
tiatives in sport.

7.3 Immune Function

Eating a varied diet that meets athletes’ energy needs can
help maintain an effective immune system [82]. Normal
immune response can be suppressed by a variety of factors
such as, but not limited to, insufficient nutrient intake, lack
of sleep, psychological and environmental stress, and
prolonged bouts of high-intensity exercise; hence, the
cause of symptoms of illness among athletes is inevitably
multifactorial [82-84]. Particularly when EEE is high,
athletes are more susceptible to infectious agents [84].
From a health perspective, and as sports performance is
influenced by days and weeks lost to injury and illness [85],
preventative measures need to be implemented to ensure
adequate energy to minimize these adverse health events in
an elite performance environment.

Catecholamines regulate immune and inflammatory
responses and are released by the sympathetic nervous
system and the adrenal medulla. They cause an increase in
the contraction and conduction velocity of cardiomyocytes,
resulting in increased cardiac output and a rise in blood
pressure, ultimately increasing vascular tone and resistance
[86]. It has been speculated that the reduced catecholamine
(epinephrine and norepinephrine) response, observed in
amenorrheic athletes, could be an adaptive mechanism that
preserves energy in order to promote survival by sup-
pressing non-essential physiological processes in a state of
LEA [47]. Norepinephrine and epinephrine are key
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Table 4 Methods used to assess bone mineral density among athletes in studies investigating energy availability

Study Participants (n) BMD assessment method Comment on prevalence of low BMD
Viner et al. 10 endurance cyclists DEXA All cyclists with low EA had low BMD, lumbar spine (n = 4),
(2015) [19] 6 M femoral neck (n = 1)
4F
Day et al. 25 division 1 track and  Stress fracture history 8 had a history of stress fractures
(2015) [115] field collegiate athletes
Muia et al. 110 middle- and long- Sahara Clinical Bone No difference in BMD between groups. Reported stress fractures

(2015) [24] distance athletes Sonometer using U/S

61 athletes calcaneus
49 non-athletes
Melin et al. 40 elite endurance DEXA
(2014) [2] athletes
24 MD
16 EU
Hoch et al. 22 professional ballet DEXA
(2011) [61] dancers
Doyle-Lucas 30 professional ballet DEXA
et al. (2010) dancers
[27] 15 dancers
15 sedentary controls
Hoch et al. 80 university athletes DEXA

(2009) [28] 80 sedentary controls

similar in both groups (16 vs. 10%)

Impaired bone health (n = 18): osteoporosis (n = 3), low BMD
(n = 15), menstrual dysfunction (n = 12), ED/DE (n = 6)

Low BMD (z-score < —1.0) (n = 7)
Low BMD in >1 location (n = 5)

Spine z-scores for dancers with menstrual dysfunction showed
signs of low BMD

16% athletes vs. 30% of sedentary controls had low BMD

BMD bone mineral density, DE disordered eating, DEXA dual-energy X-ray absorptiometry, EA energy availability, ED eating disorders, EU
eumenorrheic, F female, M male, MD menstrual dysfunction, U/S ultrasound

hormones that prepare the body for one of its most pri-
meval reactions: the ‘fight or flight’ response [86]. As
reductions in catecholamine responses also correlate with
lower peak blood lactate, fewer menstrual cycles and
higher EEE, catecholamine responses to maximal exercise
(and/or reduced lactate) may be suitable as biomarkers of
inadequate EI [87].

Table 5 summarizes the studies that examined the
effects of short-term dieting/rapid weight loss and exercise
training on immunological parameters. Despite the lack of
conclusive evidence of the effects of LEA on immune
function, mucosal immunity appears to be altered in weight
class sports, in which athletes intermittently use rapid
weight loss methods in combination with intensive training
[88-90]. The alterations in immunoglobulins, in combina-
tion with rapid weight loss, suggest that these athletes are
more susceptible to infectious illnesses. Disrupted neu-
trophil function, reactive oxygen species production, and
increased phagocytic activity are observed, demonstrating
compensatory mechanisms in order to maintain immuno-
logical homoeostasis [91-93]. Furthermore, repetitive
weight cycling appears to alter levels of salivary
immunoglobulin A (IgA) during training, competition, and
recovery periods [94]. Salivary IgA prevents attachment of
external pathogens and toxic molecules to mucosal

surfaces and, thus, plays a key role in mucosal immunity
[95]. It is not surprising that the incidence of upper respi-
ratory tract infection was significantly increased after
competition in taeckwondo athletes with low salivary IgA
[94, 96]. Recently, it has been suggested that monitoring
salivary IgA secretion can identify athletes at risk of upper
respiratory symptoms [83]. Further research is recom-
mended to more precisely identify the relationship between
LEA, IgA, and other immunological markers.

7.4 Cardiovascular Health

Endothelial dysfunction can be classed as the earliest
detectable stage of cardiovascular disease (CVD) [97].
Normal vascular endothelium is essential for the produc-
tion of nitric oxide (NO). Cardiovascular health is influ-
enced by NO, which acts as a vascular protector by playing
a key role in preventing platelet aggregation, leukocyte
adhesion, and vascular smooth muscle proliferation and
migration [98]. Estrogen also plays a key role in the vas-
cular endothelial NO signaling system. Associations
between reduced flow-mediated dilation (FMD) and
amenorrhea [99, 100] have been observed. However,
investigations carried out in dancers suggest that FMD is
not simply a function of circulating estrogen concentrations
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as reduced FMD was observed in amenorrheic dancers as
well as in some eumenorrheic and hormonal contraceptive-
using dancers [61]. Of those dancers identified with LEA,
71% had reduced FMD. These findings suggest that in a
state of LEA, regardless of estrogen levels, endothelial
dysfunction can occur [61, 99].

There has been intense discussion around the etiology of
hypercholesterolemia in patients with anorexia nervosa; it
has been suggested that low total T3 and high cortisol
levels in a state of undernutrition may be contributory
factors for the increase in certain pro-inflammatory mark-
ers such as interleukin (IL)-6 and apolipoprotein (Apo)-B,
which are known to predict increased CVD risk [101].
Other researchers speculate that starvation results in an
increased synthesis of lipoproteins, contributing to an
unfavorable lipid pattern in patients with anorexia nervosa
[102]. Increases in Apo-Al, Apo-C2, Apo-E, and choles-
terol ester transfer protein (CETP) activity have been
observed, suggesting accelerated cholesterol synthesis
which indicates a metabolic basis for hypercholesterolemia
among anorexic patients compared with age-matched
controls.

In amenorrheic athletes compared with other athlete
groups [100], unfavorable lipid profiles [higher total
cholesterol and low-density lipoprotein (LDL) cholesterol]
have been reported. This supports the premise of a rela-
tionship between LEA and development of CVD risk
factors.

Furthermore, energy deficiency may accelerate changes
in cholesterol synthesis. High total cholesterol levels were
recently observed among endurance athletes with LEA
and/or EDs/DE behavior (73%) [2]. Although a 7-day
dietary restriction in male judo players did not influence
changes in total, LDL or high-density lipoprotein (HDL)
cholesterols, it negatively influenced triglyceride and free
fatty acid levels [103]. Similarly, higher free fatty acid
concentrations were reported in exercising males when
subjected to 15 kcal/kg FFM/day for 4 days [35]. From the
evidence reviewed, it is probable that the type of sport
(endurance vs. weight class) and the length of time spent in
an energy deficient state may influence lipid levels.

8 Potential Impact of LEA on Sports Performance

The maintenance of dietary restriction for a long period
appears to detrimentally affect sports performance through
the depletion of glycogen stores. This, in turn, causes a
premature reduction in physical, psychological, and mental
capacity, including increased risk of dehydration and
higher circulatory lactate, both of which can produce
muscular pain, cramps, and/or a reduction in FFM, leading
to a reduction in muscular strength and aerobic
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performance [104, 105]. Thus, LEA can contribute to poor
sports performance due to the loss of fat and lean body
mass, electrolyte abnormalities, and dehydration [105]. A
decrease in performance by 9.8% was observed in swim-
mers with LEA in contrast to an 8.2% increase in perfor-
mance in those with adequate EA [23]. These results
support previous literature that indicates that long-term
energy restriction in athletes increases their risk of com-
promised sporting performance [106-108].

9 Nutrition Interventions to Improve Health
Issues Associated with LEA

As consensus statements have previously addressed the
treatment and return to play of athletes with health issues
associated with LEA in great depth [4, 6], Table 6 goes
beyond this by exploring specific interventions conducted
to help minimize the deleterious effects of LEA on ath-
letes’ health and performance [62, 109—113]. Current data
on the nutritional practices of athletes highlight the need to
educate them about the suppressive effects of acute exer-
cise on food intake and its relationship with well-being.
The evidence for the effectiveness of interventions on
dietary pattern in athletes presents a mixed picture
(Table 6). Some studies have reported improvements
[62, 110, 111, 113, 114] and others no improvement [115]
in El. Furthermore, increased EI did not always translate
into improved EA [111]. The methods used to measure and
calculate EEE and, hence, to determine EA, may, at least in
part, contribute to the equivocal results reported [111]. It is
worth noting that solely educating athletes on nutrition may
not always translate into behavioral changes that optimize
El. Although improvements in nutritional knowledge were
observed in athletes with low and sub-optimal EA fol-
lowing six interactive nutritional education group sessions
which focused on the TRIAD and healthy body image, this
did not translate into increased caloric intake [115]. In
contrast, significant improvements in EI were reported
following individualized nutrition intervention [114]. The
educational strategies employed in these studies may also
contribute to the conflicting results reported. Nutritional
counselling, in combination with strength training, has
been recommended as a method of increasing lean body
mass or achieving weight gain as it appeared to minimize
some practical challenges, including planning and timing
of dietary intake and the appropriate amount of food nee-
ded to avoid excess body fat [109, 116]. Thus, EI as part of
a weight gain plan should be carefully considered to
increase lean body mass [109].

A 3-month dietary intervention did not achieve
resumption of menses in female athletes with menstrual
dysfunction [62], although resumption of menses was
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Table 5 Effects of short-term dieting/rapid weight loss and exercise training on immunological parameters

Study Sex Participants  Duration Study purpose Methods Outcomes
()
Randomized controlled trial
Abedelmalek M 11 judo 7-day CR Effect of CR on immune  Fitness testing: CR outcomes:
et al. (2015) and hormonal responses SIFT | BW, performance
88 .
[88] Blood biomarkers: testosterone
Hormones: growth hormone, T SIFT index, heart
testosterone, cortisol rate,' Ti\IF-cx, 11;1-6,
T t
Inflammatory mediators: IL- Iclor 1501, grow
6. TNF-o. ormone,
i macronutrient intake
White blood cells: .
ET outcomes:
leukocytes, lymphocytes, i
neutrophils 1 testosterone, cortisol,
growth hormone,
leukocytes,
neutrophils, TNF-a,
IL-6
Observational studies
Shimizu et al. M 6 judo Approx. Effects of WL on immune Illness symptoms: WL period:
(2011) [89] 1 month pre- function URTI symptoms | CD3*, CD4*, CD8*,
titi
cogn[ie dl ton Blood biomarkers: CD287CDA4 cell
an ay counts, (TLR-4)
post- Monocyte and T cell CDI14 cells
competition subpopulations: CD3,
CD4", CD8*, CD567CD3™,
CD287CD4 ™,
CD28%CD8™, (TLR-4)
CD14 cells
Tsai et al. M 16 Approx. Effects of prolonged Incidence of URTI | BW before
(2011) [94] tackwondo 1 month pre- intensive training and Salivary parameters: sIgA, competition
and post- RWL on immunological  ¢ortisol, lactoferrin, FRSA | sIgA intermittently
competition parameters and . . .
.. .. 1 Risk of infection
antioxidant activity
Tsai et al. F 10 Approx. Effects of prolonged Salivary parameters: sIgA, | sIgA levels and
(2011) [96] taekwondo 1 month pre- intensive training with/ cortisol, lactoferrin cortisol in RWC
5 RWC and post- without RWL on group before
5 nOn-RWC competition immunological competition
parameters Non-RWC showed |
lactoferrin after
competition
Kowatari M 18 judo Approx. Effects of WR as the result Blood biomarkers: Leukocytes,
et al. (2001) 2 weeks pre- of exercise training and Subpopulations of neutrophils, and
[91] and 1 week ]fER on neutrophil neutrophils: CD16, CD11b l);?qph(zici;tes“r;l({t
post- .. unction White blood cells: atfected by
competition No effect of ER on

leukocytes, lymphocytes,
neutrophils

PA and neutrophil oxidative
burst activity measured by
flow cytometry

oxidative burst
activity
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Table 5 continued

Study Sex Participants  Duration Study purpose Methods Outcomes
()
Case—control studies
Yaegaki et al. F 16 judo 20-day pre- Changes in capability of ~ Blood biomarkers: 1 ROS production in
(2007) [93] 8 WR competition ROS production by Blood leukocytes: both groups
8 controls period g\f;;trophlls following neutrophils, serum | PA in WR group
immunoglobulins, 1 SOA in controls
complement, myogenic
enzymes
PA, SOA, and ROS
production capability
measured by flow cytometry
Suzuki et al. F 16 judo Before and Effects of short-term WR  Blood biomarkers: | PA per cell in WR
(2003) [92] 8 WR immediately on neutrophil functions White blood cells: total group
8 controls after match leukocyte, neutrophil, 1 Rate of neutrophils
imd 8 days lymphocyte counts producing ROS/
t . .
ater PA and neutrophil oxidative ~ Oxidative burst
burst activity measured by activity per cell in
flow cytometry both groups
Imai et al. M 18 amateur 1 month Effects of WL on immune Blood biomarkers: 1 Natural killer cells
(2002) [90] wrestlers intensive function during intensive  white blood cells: total and T cells in both
9 WR training exercise training leukocyte counts, leukocyte groups
9 no WR subsets. | Anti-CD3 Ab-

stimulated
proliferation and
interferon-y
production of
lymphocytes in WR
group

Ab antibody, approx. approximately, BW body weight, CD type of white blood cell, CR calorie restriction, ER energy restriction, ET exercise
training, F female, FRSA free radical scavenging activity, /L interleukin, M male, PA phagocytic activity, ROS reactive oxygen species, RWC
rapid weight changes, RWL rapid weight loss, sIgA salivary immunoglobulin A, SJFT Special Judo Fitness Test, SOA serum opsonic activity,
TLR Toll-like receptor, TNF tumor necrosis factor, URTI upper respiratory tract infection, WL weight loss, WR weight reduction, 1 increase, |

decrease

attained in a 6-month intervention [110]. A continuous,
controlled dietary intervention, potentially greater than
6 months, may be necessary to allow for favorable men-
strual changes. This supports previous research that
showed non-pharmacological treatment (a sports nutrition
beverage providing an additional 360 kcal/day), in com-
bination with a reduced amount of exercise training, can
contribute to re-establishing the hormonal profile necessary
for resumption of menses [112].

Despite the lack of conclusive evidence, partially due to
the small sample size and variation in the type of inter-
ventions used, there appears to be sufficient support for
implementation of individualized dietary interventions, in
conjunction with appropriate exercise training. Such
interventions should increase awareness of the nutritional
practices necessary to meet energy needs [117]. Further
opportunities to improve athletic health and performance,
such as screening for symptoms associated with LEA, may
also be beneficial for the athletic population. Two research
groups have shown that screening active females for
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symptoms of LEA effectively identified those at increased
risk who would benefit from diet and exercise interventions
[39, 118]. The benefits of regular screening among female
athletes needs further exploration as does the development
of screening tools that can be used with male athletes.

10 Conclusion

This review highlights the impact of LEA on a range of
physiological functions that can potentially negatively
affect athlete health and sports performance. Athletes need
to be screened and educated individually by an appropriate
healthcare professional about EA and potential health
consequences associated with LEA. A recurrent theme in
the literature is the lack of standardized methods for
assessing EA in athletes. Small sample size in research
studies is compounded by ‘exercise’ and athlete groups
(e.g., performance level) being poorly defined, creating
difficulty and confusion when making comparisons
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Table 6 Intervention studies to improve health issues associated with low energy availability

Study Sex Mean age Participants Study length Change in mean Outcome measures Comments
(years) (n) (months) EA (kcal/kg
FFM/day)
Dietary interventions
Lagowska F 18.1 31 3 Baseline: 28 Dietary intake and body 1 EI, EA, LH and
et al. professional 3 months: 36 composition LH:FSH ratio
(2014) [62] athletes with Serum concentrations: No resumption of
menstrugl LH, FSH, 17-estradiol, = menses
dysfunction and progesterone Positive correlation
between EA and LH
Cialdella- F EU: 23.1 17 endurance 6 EU baseline: 38 VOomax 1 EL EA, and energy
Kam et al. ExMD: trained ExMD baseline: Fasting bloods: iron, balance (N/S)
(?(1)(1)4) 22.6 9 EU 37 vitamin B,, folate, ExMD resumed menses
[110] 8 ExMD ExMD 6 months: vitamin D ExMD for >8 months
45 Reproductive hormones: took longer to resume
estradiol, LH, FSH, menses/lower spine
prolactin, progesterone  and hip BMD
Bone health: BMD, bone Improvements in spinal
mineral content, bone BMD in 2 EXED
markers athletes
Muscle strength and Although N/S, POMS
power fatigue, and
POMS depression scores
were 15% lower and
8% higher in ExXMD
vs. EU
Guebels F EU: 24.6 17 endurance 6 ExMD EA when RMR 1 weight with +
et al. ExMD: trained EEE adjusted at  EA assessed using 4 360 kcal/day for
(2014) 22.6 9 EU 0 fmd 6 months different methods to 6 months
[111] 8 ExMD using 4 quantify EEE No change in energy
methods:

Month 0 6
Method 34 43

Diet, training, and nutritional counselling interventions

Garthe M NCG: 19.1
et al. ALG: 19.6
(2013)

[109]

39 athletes
from mixed
sports

I:
Method 28 39
2:
Method 34 44
3:
Method 37 45
4:

Nutritional N/A

guidance

given during a

2- to 3-month

weight-gain

period

BW, body composition

1RM, 40 m sprint,
counter-movement
jump

balance, EA, or RMR

Assessment of EA
varied (~30%) by
method used

1 EI higher in NCG vs.
ALG (3585 + 601
vs. 2964 + 884
kcal/day)

1 BW in NCG vs. ALG

FFM similar in both
groups

1 1RM in both groups
(6-12%)

| 40 m sprint in NCG
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Table 6 continued

Study Sex Mean age Participants Study length Change in mean Outcome measures Comments
(years) (n) (months) EA (kcal/kg
FFM/day)
Garthe M NCG:18.5  Athletes from Nutritional N/A BW, body composition  EI in NCG normalized
et al. F ALG:19.6  mixed guidance for after 12 months
(2011) sports: 2- to 3-m(?nth El in ALG unchanged
[116] 31 completed wel.gl:it—galn T BM more in the NCG
intervention perio vs. ALG
21 completed 1 FFM in NCG,
follow-up unchanged in ALG
NCG maintained T BM
and FFM after
intervention period
Diet and exercise training interventions
Kopp- F N/A 4 AM athletes 5 N/A Vitamin Bj,, folate, 1 EI and energy
Woodroffe zinc, magnesium, balance
et al. protein-bound 1 Micronutrient intakes
(1999) calcium, iron status of vitamin B, folate,
(117] parameters zinc, iron, and ferritin
Thyroid hormones: T3
and T4
Dueck F 19 4 endurance 15 weeks N/A Body composition, AM athlete:
et al. trained BMD, estradiol, 1 Energy balance:
(1996) 3 EU progesterone, LH, baseline (—155) vs.
[112] | AM FSH, cortisol week 4 (+683)

Nutrition education interventions

Day et al. F 19.5
(2015)
[115]

Molina- M
Lopez et al.
(2013)

[113]

229

25 division 1
track and
field runners

14 handball
players

6 interactive
sessions of
nutrition
education

Baseline: 31
After

intervention:

N/A

Week 0: 34
Week 8: 39
Week 16: 39

Body composition,
nutrition knowledge,
DE risk, menstrual
history, stress fracture
history

Blood glucose,
transferrin, albumin,
pre-albumin,
creatinine, HDL, LDL,
TG, TC, iron, nutrition
knowledge

1 Body fat by 6%; |
fasting LH and
cortisol

EU athletes:

Minimal loss BF

| Follicular phase LH

No change in cortisol

40% participants AM;
32% had history of
>1 stress fracture

1 Nutrition knowledge
post-nutrition
education program;
p = 0.001

No increase in EI

Post nutritional
intervention:

1 In total EI at weeks 8
and 16 vs. week 0;
p <0.01
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Table 6 continued

Study Sex Mean age Participants Study length Change in mean Outcome measures Comments
(years) (n) (months) EA (kcal/kg
FFM/day)
Valliantetal. F 19.5 11 volleyball 4 Baseline: 24 Body composition, Post-dietary
(2012) players Post intervention: nutrition knowledge intervention:
[114] 29 1 EIL carbohydrate,
protein

1 Sports nutrition
knowledge

IRM one repetition maximum, ALG ad libitum group, AM amenorrheic, BF body fat, BM body mass, BMD bone mineral density, BW body
weight, DE disordered eating, EA energy availability, EEE exercise energy expenditure, EI energy intake, EU eumenorrheic, ExMD exercise-
induced menstrual dysfunction, F' female, FFM fat-free mass, FSH follicle-stimulating hormone, HDL high-density lipoprotein cholesterol, LDL
low-density lipoprotein cholesterol, LH luteinizing hormone, M male, N/A not available, N/S not statistically significant, NCG nutritional
counselling group, POMS Profile of Mood States, RMR resting metabolic rate, T; triiodothyronine, 7, thyroxine, TC total cholesterol, TG
triglycerides, VO3, maximum oxygen capacity, 7 increase, | decrease

between studies and impairing clear demonstration of the
prevalence and consequences of the problem. Furthermore,
consideration of study design is vital as much of the current
research provides low-quality evidence. Nonetheless, an
association between LEA and unfavorable health and
sports performance outcomes is apparent. A standardized
method for measuring EA is a priority. The lack of infor-
mation on injury, illness, and CVD risk factors in a state of
relative energy deficiency, and on effective diet and exer-
cise interventions for use within this group, implies the
need for further research to ensure that athletes achieve
optimal health and sports performance.
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