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Abstract

The Female Athlete Triad has recently been suggested to be a threat to male athletes. This review aims to examine the
evidence, and associated effects, of low energy availability (LEA) in male athletes. A comprehensive search of
PubMed and SportsDiscus was performed. Three RCT and seven CS studies were included that measured energy
availability and included well trained males. Clinical LEA (<30 kcal’kg LBM/ day) or subclinical LEA (36 + 6
kcal’kg LBM/day) was evident within all CS studies, documenting 25% of middle and long distance runners and race
walkers and 70% of cyclists with LEA. Two out of three RCTs and three out of seven CS studies reported disrupted
endocrine functioning, particularly reduced testosterone levels, in association with LEA. One CS study reported that
up to 40% of cyclists with LEA had low BMD. One CS study assessed metabolic health, reporting those with
suppressed levels spent more time in a severe energy deficit. This review highlights that LEA appears prevalent across
male athletic populations, in particular endurance and weight class athletes, and is a potentially serious threat to bone,
endocrine and metabolic health. Future larger scale longitudinal studies, using appropriate study designs, should be

undertaken to confirm these threats.

Keywords: exercise physiology; sports nutrition; bone health; endocrine function; metabolic health, energy

availability

1. Introduction
Adequate nutritional intake, balanced with appropriate training stress and recovery, is critical to optimising sport
performance.'> Over the past number of decades a substantial body of scientific research has been published on
female athletes, investigating the Female Athlete Triad.>¢ The Female Athlete Triad is a condition typically observed
in exercising females, to include low energy availability with or without disordered eating, menstrual dysfunction and
low bone mineral density.” Female athletes identified with this condition often present with one or more of the three

components, and immediate intervention is necessary to prevent the onset of more serious conditions such as clinical
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eating disorders, amenorrhoea and osteoporosis.® Although research has primarily focused on female athletes, there is
reason to believe that male athletes may present with similar symptoms? as a result of reduced energy availability. In
2014 the International Olympic Committee (IOC) published a consensus statement on relative energy deficiency in
sport, communicating that low energy availability was no longer limited to female athletes, but also included male
athletes.® Additionally, this position stand expanded the Triad conditions to include more than reproductive
functioning and bone health, by including aspects such as cardiovascular and metabolic health, where energy
availability is still the determinant for optimal functioning. This new spectrum was coined “Relative Energy
Deficiency in Sport” (RED-S).° Furthermore, a more recent update of this position stand has reported additional
potential areas of concern for athletes such as haematological, gastrointestinal and exercise performance.'® The
suggestion to replace the Female Athlete Triad with the newly termed RED-S was refuted by the Female Athlete Triad
Coalition, who felt evidence supporting the RED-S model is still in its infancy. It has, however, been agreed that
further research is warranted in these additional areas and expanded to include male athletes.'!

Energy availability (EA) is defined as the amount of dietary energy remaining for all other metabolic processes after
the energy expended in exercise (EEE) has been subtracted from energy intake (EI) '? and is calculated as:

EA = EI - EEE (adjusted for RMR)/kg LBM/day

Optimal levels of EA are difficult to determine in the athletic population, however, according to Loucks and Thuma!3,
for young and healthy sedentary females, energy balance equals 0 kcal/day- when EA = 45 kcal/kg FFM/d (FFM = free
fat mass). Research has shown subclinical EA of 44 — 30 kcal/kg FFM/d poses no serious threat to physiological
responses in female athletes.!* At present there is no definitive number to determine LEA and contrary to what has
previously been accepted, recent research from Lieberman et al'> has shown that EA <30kcal/ kg LBM/ day does not
predict menstrual disturbances such as luteal phase defects, oligomenorrhea, and anovulation. This study also reported
that suppression of estrone -1-glucuronide (E1G) and pregnanediol glucuronide (PdG), proxy indicators of estradiol
and progesterone, occurred independent of EA status. Moreover, a review from Burke et al'® clearly highlights the
issues surrounding the current methods and calculations used to determine EA. Firstly, the initial establishment of the
LEA threshold of <30kcal/ kg LBM/ day was identified without considering inter-individual differences between the
subjects such as gynaecological age.!> Secondly, this review suggests that various systems within the body respond
differently to EA reductions. For example normal pulse frequency of luteinising hormone is apparent until EA
decreases below 30kcal/ kg LBM/ day, whereas insulin, leptin, and procollagen I C-terminal propeptide are
immediately reduced as EA starts to decrease.!¢ Finally the linear scaling of EA relative to LBM has been questioned
and it was concluded that a threshold of 30 kcal/ kg LBM/ day is not appropriate across different body sizes, due
individual differences in metabolic rates of skeletal tissue and vital organs. However there is evidence to suggest a
linear relationship between menstrual disturbances and EA <30kcal/ kg LBM/ day, with subjects being 50% more
likely to experience disruptions.'> Furthermore, when energy availability is less than 30 kcal/kg FFM/d reproductive
functioning, bone health!3 and metabolic health!” were observed to be negatively affected. 40 kcal’kg FFM/d for
recreationally active males'® appears to be a threshold for physiological function. Recently, EA classifications for both

male and female athletes have been proposed as guidelines, rather than diagnostic tools (Table 1).14
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Hormonal disturbances, including reduced testosterone,'?° appetite suppressing hormone leptin, saticty hormones
ghrelin,?! and impaired bone health are amongst some of the consequences of LEA in male athletes.?”>* The majority
of studies which examined the associated consequences of reduced EA have involved female athletes.?>?7
Nevertheless, there is a growing body of evidence which suggests male athletes are also at risk of the negative
sequelae of LEA, in particular those involved in high volume training,>®* aesthetic based competition,*® or weight
category sports.3! Specifically, research in male athletes has documented an increased disruption of hormone
levels'®3? with endurance trained male athletes significantly affected by lower testosterone levels across various sports
such as skiing,® cycling,** and triathlons.** There is evidence to support the threat that LEA poses for bone mineral

density (BMD) in male athletes,??2* but significant gaps still remain in the scientific literature.

Therefore, the primary objectives of this systematic literature review were to investigate prevalence of LEA in male
athletes from cross-sectional studies, in addition to evaluating the associations and consequences of LEA in male
athletes from both cross-sectional and randomised control studies. Furthermore, the review sought to outline and

critically appraise the methods used to assess the prevalence of LEA and its effects.

The primary outcomes included the effect of LEA on bone health, reproductive health, metabolic health and endocrine

functioning in male athletes.
2. Methods
2.1 Search strategy

The Cochrane Collaboration Prisma protocol3® was used to complete this review. A specific research question was
established as part of the search strategy, this supported the identification of key search terms. The online databases
PubMed, Sports Discus and individual manual searches were used to search for appropriate articles relating to the key
terms until the final search in November 2018. Medical Subject Headings (MeSH) terms were primarily used in the
PubMed database, followed by other relevant key terms where appropriate. Sports Discus was searched using
individual search terms and a search history of generated records for each key term from each database was created.
The Boolean logic was employed to search and filter through relevant results, terms including “OR” which identified
any articles containing one or more of said terms, “AND” which combined different terms. The search terms used to
generate articles included ‘athlete’ OR ‘male athletes” AND ‘exercise’ OR ‘endurance sports’ OR ‘physical exertion’
OR ‘running’ OR ‘cycling’ OR ‘swimming’ OR ‘jockeys’ OR ‘boxing’ OR ‘rowers’ AND ’bone health’ OR ‘bone
metabolism’ OR ‘metabolic health’ OR ‘endocrine health” AND ‘energy availability’ OR ‘energy intake’ OR ‘energy

metabolism’. Only studies published in English and in human participants were included in the review.

2.2 Eligibility Criteria
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Eligibility criteria for subject inclusion were: male athletes who had trained in their respective sports for more than
one year;3’ were free from injury or illness; measured EA, as opposed to energy balance;!? suitable study design to

assess prevalence and/or effects of EA (cross — sectional, cohort or randomised control trials).
23 Data extraction

Articles generated as a result of the search in each online database were exported into an Excel spreadsheet. The titles
and abstracts of each retrieved article that resulted from the search strategy were screened based on the inclusion
criteria. Manual searching of the references within relevant articles were also screened to ensure no critical articles
were omitted. Journal article data was extracted to include: author and date, experimental design, study duration,

population, outcome measures and significant findings.
2.4 Quality Assessment

Articles using cohort and cross-sectional study designs were quality assessed using the NIH Quality Assessment Tool
for Observational Cohort and Cross-Sectional Studies Randomised control trials were evaluated for quality using the
Physiotherapy Evidence Database (PEDro) scale.3®* The cross sectional and cohort studies extracted were evaluated
and categorised into three categories based on the eligibility criteria: low, medium or high.*® All studies were
included, with limitations discussed for those that rated low in quality. The PEDro scale rated the randomised

controlled trials from O to 10, with 6 representing the cut-off score for high-quality studies.®
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3. Results

A total of 2626 articles were identified from the online databases PubMed (n = 724), and Sports Discus (n = 1902)
(Figure 1). After the removal of duplicates, 2580 articles remained. Titles and abstracts were screened resulting in a
total of 45 RCTs and 49 CS studies considered eligible. No cohort studies were deemed appropriate for review. After
further evaluation, a total of 9 studies (RCT = 3; CS = 6) were included. Both RCTs and CSs were quality assessed
and included in the review. Manual screening of the bibliography of the 9 chosen studies was also performed to ensure
no relevant articles were excluded (n= 280). One CS study was extracted from these references. A final total of 10

studies (RCT = 3; CS = 7) were included in this review.
3.1 Characteristics of the Studies

The studies selected included a total of 275 adult participants (n = 200 males; n = 75 females) from various sporting
backgrounds (n = 27 jockeys; n = 208 endurance athletes; n = 12 wrestlers; n = 28 trained individuals). The sample
size of studies ranged from 6 — 59; with the RCTs having between 6 and 22 participants and the CSs having between 9
and 59 participants.

3.2 Study Quality

Quality assessment procedures were applied to both the cross-sectional and randomised control trials respectively. All
of the 7 cross-sectional studies achieved >7 out of 13, categorising them as medium quality.** None of the cross-
sectional studies justified the choice in sample size or measured exposures of interest prior to outcome measure. One
of the cross-sectional studies assessed the different levels of exposure i.e. throughout the competition season. None of
the outcome measures or assessors were blinded. Two out of 3 RCT studies achieved a total of 7, with the remaining
study scoring 6. Concealment of allocation is not entirely relevant in studies of this nature because, given the nature
of energy intake and expenditure methods and sample selection used; it is difficult for researchers to limit
transparency for both themselves and participants. Blinding of subjects and researchers was also not applicable. Six

out of the seven CS studies tested participants for >3 days, one CS study assessed participants for up to 1 day.2¢
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33 Methods of Assessing Energy Availability

Table 2 summarises the methods of assessing energy availability used across the cross sectional studies. Energy
intake was measured via food frequency questionnaire*' or 3 — 7 day food diaries using household measures*? or
weighed records.?6#*5 One study measured energy intake 3 days per month.*® Exercise energy expenditure was
assessed by training logs,*!434446 heart rate monitoring?®* or through use of the Sensewear armband.*> Four out of
seven studies (57%) derived resting metabolic rate (RMR) from predictive equations,*>#446 two studies (29%)
measured RMR using a ventilated canopy hood system?%*> and one study did not report any measurement of RMR.#!

All studies used dual energy x-ray absorptiometry (DEXA) to determine lean body mass (LBM).
3.4 Prevalence of Low Energy Availability

From the studies examined, 3 out of 7 CS studies and 1 out of 3 RCT studies included female participants, but the
results of male only athletes are considered within this review. Clinical LEA (<30 kcal/kg LBM/ day) or subclinical
LEA (36 + 6 kcal/kg LBM/day)'# was prevalent in all of the cross-sectional studies (Table 3). Participants included
jockeys,*? wrestlers,*” cyclists,* endurance athletes.***> Dolan et al*? investigated the nutritional and lifestyle factors
in 27 jockeys, 21 of these submitted written food diaries and results indicated that all of those who recorded their
energy intake were in a state of LEA (12 kcal’kg LBM/day). McMurray et al*’ explored the effects of calorie
restriction on 12 male wrestlers. The habitual energy intake of these athletes was 21 kcal’kg LBM/day, indicating the
presence of LEA prior to partaking in any exercise or training. Similarly, Viner et al*® reported the mean EA of male
cyclists (n = 6) across the competition season was 20 kcal/kg LBM/day. More recently, Heikura et al** noted that 25%
of male distance runners had LEA status (<30 kcal’kg LBM/day). Furthermore, it has recently been documented that
male endurance athletes presenting with higher exercise dependency scores demonstrate positive associations with

subclinical EA and higher cortisol levels.*’

35 Associations and Consequences of Low Energy Availability
Two of the RCTs induced low energy availability (<30 kcal/kg LBM) in study participants.'®4¢ The remaining RCT
assessed the effect of high versus normal carbohydrate diets on wrestlers who were already in a state of low energy

availability*” (Table 4).

3.5.1 Endocrine Function

All 3 RCTs assessed the effect of low energy availability on endocrine function. Additionally, 3 CSs assessed the
association of LEA with hormonal status. Koehler et al'® manipulated energy intake and expenditure such that each of
the six participants completed two conditions of low energy availability (15 kcal/kg LBM/day) and two conditions of
normal energy availability (40 kcal’kg LBM/day) for 4 days. Leptin, insulin, ghrelin, triiodothyronine (T;),

testosterone and IGF-1 alterations were assessed. It was reported that LEA induced through dietary restrictions
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resulted in significant decreases in leptin and insulin, but no changes in IGF-1, ghrelin, testosterone or free T; in
recreationally active participants. Contrary to these results, evidence from cross-sectional studies by Heikura et al*
and Hooper et al*! suggest significantly lower testosterone levels is associated with LEA (21 kcal/kg LBM/day) in
both middle and long distance runners and race walkers. Additionally, McMurray et al*’ reported elevations in human
growth hormone (HGH) and significant decreases in IGF-1 in wrestlers under conditions of LEA (<30 kcal/kg LBM/
day). Papageorgiou et al*® implemented two randomised, crossover studies to investigate the effects of low EA, (15
kcal/kg LBM/day) for 9 days, through combined energy restriction and exercise, on IGF-1, leptin, insulin, T3 and
ghrelin in recreationally trained males and females. Similar to Koehler et al'8, a significant decrease in leptin levels

was observed, however unlike Koehler et al'8, Papageorgiou et al*® also reported increases in ghrelin.
3.5.2  Bone Health

One RCT*® investigated the effects of LEA on bone health. In addition to this, 2 CSs***¢ also assessed the correlation
between LEA and bone health. A recent RCT by Papageorgiou et al *® examined bone mineral density (BMD) via
dual energy x-ray absorptiometry (DEXA) and bone turnover markers, both in terms of resorption using -carboxyl-
terminal cross-linked telopeptide of type I collagen (B-CTX) and formation using amino-terminal propeptide of type 1
procollagen (PINP), in recreationally trained males and females when LEA (<15kcal’kg LBM) was induced for a
period of 9 days. No significant difference in BMD or bone marker concentrations were seen in the male participants

when in LEA.

In contrast, a longitudinal, cross sectional study by Viner et al* investigated the prevalence of LEA across a
competition season in cyclists and the potential impact on bone mineral density (BMD) via DEXA scanning at 0
months, 5 months and 10 months. Over 70% of cyclists reported LEA (<30 kcal/’kg LBM/day) across the season, with
40% of participants having low BMD at the lumbar spine and 10% with low BMD at the femoral neck (Z score <-1).
Similarly, Heikura et al** examined the incidence of LEA (<30 kcal’/kg LBM/day) and its effects on BMD in
Olympian athletes (middle and long distance runners, racewalkers) during a 3 — 4 week training camp using DEXA.

However, no significant correlations were seen between incidence of LEA and low BMD in male participants.
3.53  Metabolic Health

Torstveit et al?%, to the author’s best knowledge, is the only study to investigate the effects of within-day energy
balance (WDEB) in male athletes with suppressed and normal resting metabolic rate (RMR). Sixty five % of the
participants (n = 46) were found to have suppressed RMR. However, whilst there was no correlation between the
presence of suppressed RMR and prevalence of EA or energy balance, it was clear subjects with lowered RMR were
more likely to have spent large parts of the day in energy deficit. Additionally, Koehler et al'® assessed the effects of
induced LEA on metabolic substrates glucose, glycerol, free fatty acids (FFA) and also fat mass (FM) and fat free
mass (FFM). When in a state of LEA (15 kcal’kg LBM/ day), athletes presented with reduced insulin, glucose and FM
and elevated levels of glycerol and FFA, FFM remained unchanged.
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4. Discussion

This systematic literature review investigates the methods used to determine the prevalence of LEA in male athlete
and examines its association with and effects on various health markers. This review is the first of its kind to
systematically review and critically appraise the current scientific evidence pertaining to this condition in the male
athletic population. The findings of the 10 studies included in the review suggest that LEA exists within males in
variety of sports, and the presence of LEA is associated with suboptimal bone health, endocrine functioning and
metabolic health. However, currently, no study exists which examines the effect of LEA on cardiovascular health in
male athletes. It should however be noted that there is currently no gold standard method established for measuring
EA, particularly in free living athletes. The scientific literature was rigorously reviewed using the PEDro scale. The
moderate scores (6—7), although undesirable, were unavoidable due to the nature of the studies i.e. blinding of the
subjects or testers. Therefore the quality of the studies should not be devalued. Whilst the scope of this review
spanned across all athletic groups, the only studies that have been conducted to date are in endurance and weight class

athletes, therefore results obtained may only be applied to these groups..

4.1 Methods of Assessing Energy Availability
4.1.1  Energy Intake

An assortment of EI measures have be used including food frequency questionnaires,*'weighed food records,** and
food diaries*® were implemented across each study, making dietary intake difficult to evaluate comparatively. Energy
intake via conventional methods has been shown to exhibit large discrepancies*** for a number of reasons, for
instance, food frequency questionnaires and nutrient databases often fail to provide adequate information regarding
sports nutrition supplements and ergogenic aids. Additionally, an athletes’ busy lifestyle renders it difficult to recall or
record and weigh seven day food records, as would be considered the optimal time frame’!. However two of the CS
studies were successful in retrieving food diaries for seven days during a training camp*>** or race week*2. For those
athletes whom such long training camps or racing weeks are not feasible, a three day weighted food intake monitoring
period is considered to provide reasonably accurate estimations of habitual macronutrient consumption®2.
Surprisingly, Viner et al* chose to instruct participating cyclists to only submit a one day food diary per month on
alternating days. Irrespective of the time frame, inaccurate reporting of food intake, particularly under reporting, has
been shown to reduce the accuracy of dietary records as a means of measuring energy intake>-4. This under-reporting
could be due to a number of factors including: inappropriate portion size estimation® or increased frequency of eating
occasions in endurance athletes’ and in particular males®®. Alternative methods of assessing energy intake, such as
digital photography>’, have been used to increase the validity and accuracy of energy intake estimation. However,
athletes have been known to change their habitual food intake or omit certain foods that they feel may be considered

“unhealthy” or that are difficult to measure>>3.
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4.1.2  Energy Expenditure
4.1.2.1 Exercise Energy Expenditure

Total daily energy expenditure (TDEE) is not needed in the calculation of EA, therefore expensive techniques such as
doubly labelled water are not warranted. Exercise energy expenditure (EEE), adjusted for resting metabolic rate
(RMR) is however required. Four of the studies (57%) included in this review recorded EEE by means of training
logs*!#43:4446 and estimated the calories expended based on metabolic equivalents (METs)*. A METis defined as
approximately 3.5 ml 02/kg/min for a 70kg individual®®. It should be noted however, that it is not possible to locate
the origin of the data on which the 1 MET constant is based, therefore it has been suggested that this may be an
arbitrary figure and not generalisable across other populations®. Objective proxy measures of estimating energy
expenditure in the form of heart rate (HR) monitoring was used in both studies by Torstveit et al?>*. Monitoring HR
can provide objective feedback regarding frequency, intensity, and duration of physical activity in free-living
situations, whereby energy expenditure is based on the assumption of a linear relationship between HR and oxygen
consumption throughout the majority of the aerobic work range®!. The HR at various exercise intensities can be used
to estimate oxygen consumption so energy expenditure during free-living activities can be computed®?. Furthermore,
in certain populations, such as lactating women, HR monitoring has been proven to be more reliable than the DLW
technique in estimating TDEE. The increased water turnover during lactation resulted in the slope of the isotope
disappearance appearing more similar, which inferred an error in estimates of energy expenditure, therefore indicating
the DLW method may not be appropriate for use in certain cohorts®. A recent meta analysis by Capling et al’® also
suggested that a similar error may occur in athletes when using DLW to measure TDEE due to the high water turnover
associated with physical activity. It is important to note, however, that the linear relationship between EE and HR is
unreliable at resting and at lower aerobic intensity workloads®. Therefore combined methods such as HR with
accelerometry have been suggested to more accurately estimate free living exercise energy expenditure®>%. Dolan et
al*? estimated exercise energy expenditure through the use of the SenseWear armband. This combined method of
measuring energy expenditure is worn over the tricep and combines accelerometry with heat production and skin
conductivity®’. Although it has been validated in different population groups at low and moderate intensities®®-79, it
has shown to be underestimate high intensity energy expenditure in athletes®””! and in particular male endurance

athletes”.
4.1.2.1 Resting Metabolic Rate

Resting metabolic rate (RMR) constitutes the largest proportion, 65 - 80% of TDEE and is defined as the rate of
energy expenditure at rest and reflects the minimum amount of energy required to carry out essential physiological
functions.” It is most accurately measured by indirect calorimetry immediately after a minimum of 8 hours of sleep
and 12 hours of fasting, with the individual lying supine.” Both of the studies conducted by Torstveit et al?64
included in this review used a ventilated hood canopy method to measure RMR via indirect calorimetry. Due to the
stringent conditions surrounding the indirect calorimetry method and the period of time needed to conduct the

procedure, predictive equations have been developed in its place’>7® and were chosen method used in the other cross
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sectional studies included in this review*> 444 The Harris Benedict formula” has been widely used in research,
however lean body mass (LBM) was not included in the development of the equation. Cunningham later updated the
formula to include LBM, although it was predicted and not measured, as this was considered the greatest contributor
to RMR.7® A recent review by Scholfield et al”® investigated the validity of using predictive equations of RMR in
determining EA status in athletes. It was reported that both the Harris Benedict and the Cunningham equations were
found to overestimate RMR by 5% and 14-15%, respectively, therefore it is difficult to accept either of these
equations in the estimation of EA. Mifflin?® later developed a new predictive equation to distinguish between males
and females. Both the Cunningham and Mifflin equations were used to estimate RMR in the remainder of the studies
in this review. Although there is evidence to suggest that these equations are the most accurate in predicting RMR in

athletes, both formulas are reported to over and underestimate RMR when compared to indirect calorimetry®®

4.2 Prevalence of LEA

Clinical LEA or subclinical EA were reported in all CS studies (Table 3), with 25% of middle and long distance
runners and race walkers and 70% of cyclists reporting with clinical LEA. However, accurate comparisons of
prevalence between studies is difficult due to the variability in measurement techniques and small sample sizes.
Furthermore, as stated earlier, there is currently no gold standard in assessing each of the elements of EA in free
living athletes. Moreover, the duration of data collection varied across all studies. Interestingly, only one study
measured EA longitudinally, across an entire season.*® Viner et al*® measured EA in male (n = 6) and female (n = 4)
competitive cyclists once per month across the cycling and training season. Although results indicated that 70% of
cyclists were in a state of LEA across the entire season, with male cyclists reporting a mean EA of 20 +/- 9.9 kcal/ kg
LBM/ day, these results only represent one day per month as opposed to the recommended 3-7 days.. The remainder
of the studies included assessed EA over one week,?64>45 or one day,*' rendering it increasingly difficult to make
explicit comparisons across the studies. Due to the cross sectional nature of the studies, it is unclear whether the
causes of LEA are intentional (disordered eating) or inadvertent (high volume training, lack of education).>? Either
way, LEA can contribute to nutrient deficiencies, in particular carbohydrates,* resulting in possible profound effects
on health and sports performance. Eating disorders (ED) and/or disordered eating (DE) behaviours are prevalent
across sports emphasising leanness such as endurance or weight class sports.8! Although EDs are more common in
female athletes, it was reported that twenty nine percent of male athletes competing in sports concerned with leanness
exhibit DE habits associated with distorted and dissatisfied body image.?! Although sparse, there is evidence to
suggest ED/DE behaviours may be associated with LEA. Recent research has indicated that male athletes presenting
with higher exercise dependency scores had more pronounced negative energy balance coupled with higher cortisol
levels, suggesting the body is in a catabolic state. This was further evident with reports of lower blood glucose, lower
testosterone:cortisol ratio and higher cortisol:insulin ratio, indicating protein breakdown.* This further highlights the
detrimental effects that LEA may pose to health, body composition and sports performance. The lack of

standardisation and consistency in measurement techniques and duration poses a challenge in determining the true
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actuality of LEA in the male athletic population. Albeit a controlled laboratory study measuring energy intake and

expenditure would be desirable, it would not be indicative of real life settings.!¢
4.2 Associations of LEA

The possible relationship between energy availability and endocrine health was investigated in all three RCTs and
three of the seven CSs (Table 4). The RCTs assessed this association in athletes who were in a state of LEA, either
artificially (through diet/exercise manipulation)!®#® or naturally (as part of their training and diet regime).*” Koehler et
al!® examined the effects of LEA through diet alone or diet and exercise on hormones and metabolic substrates. A
significant reduction in leptin, insulin and increase in FFA was seen in those with LEA through diet alone or through
diet and exercise combined. No significant difference was seen in IGF-1, testosterone, T3 or ghrelin which is in
agreement with the findings reported by Papageorgiou et al*®. It was suggested however by Koehler et al'® that the
insignificant findings for testosterone may not be a true reflection of what is really at play. Circulating concentrations
of binding hormones, such as sex hormone binding globulin may have reduced the bioavailability of testosterone and
therefore blunted the endocrine suppression during these studies. As these binding hormones were not measured in
either of the studies, it is difficult to speculate the true status of testosterone. It should also be noted that both of these
studies!®* were conducted over a short period of time (4-9 days) which may not represent an accurate time frame to
see robust changes in all areas of endocrine function. In contrast to these findings, a cross-sectional study by Heikura
et al** reported that 40% of world class middle and long distance male athletes had low testosterone levels and
furthermore, outlined that those with LEA had significantly lower total testosterone levels (P < 0.05; ES 1.40) than
those with moderate EA (30 — 45 kcal/ kg LBM/ day), in this population. In a similar population, Hooper et al*! found
that male long distance runners exhibiting exercise — hypo gonadal conditions had testosterone levels below the
normal threshold of 12 mmol/litre.3> Moreover, these athletes’ energy availability ranged from moderate to low
(27.2+/- 12.7 kecal/kg LBM/day). Interestingly, the findings from both studies also documented a stronger correlation
between using qualitative measures such as questionnaires in identifying high risk participants, than using objective
measures, such as food diaries and activity logs, which have been seen to both over and underreport energy intake and
expenditure. Sample size was further highlighted as a potential confounding factor as high individual variation in
follicle stimulating hormone and luteinising hormone results, suggesting possible hypogonadism for two out of the
nine athletes in the study by Hooper et al*!. It should be noted when reviewing the literature on endocrine function that
these outcomes are not entirely comparable with results derived from studies in females, particularly in reproductive
hormone levels due to female menstruation. A dose response relationship has been documented between energy
availability markers of hypothalamic pituitary gonadal function, such as reductions in luteinizing hormone pulse
frequency in females.'3#* However, no similar studies have investigated this effect in males. It has been proposed that
male endurance athletes may experience changes in the hypothalamic-pituitary-testicular axis that result in lower
testosterone levels® However, Hackney et al3* suggested that a peripheral mechanism is the root of these changes in
males, in contrast to the central dysfunction that occurs in females.?> Nevertheless, our current understanding of the
precise mechanisms of disruptions in male athletes is limited, as research in males have been through cross-sectional
studies or short term RCTs. Furthermore, unlike the seminal studies by Loucks et al® that investigated the effects of

EA on hormone pulsatility, studies conducted in males have assessed fasting hormone concentrations,*'*>* thus
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rendering it impossible to suggest that studies in male athletes have seen the same level of perturbation because they

have not investigated the same outcomes.

Three (2 CS and 1 RCT) studies in total examined the association and effect of LEA on bone health. Of these, one
cross-sectional study*® concluded that those in conditions of LEA had low BMD. In contrast, the other CS* and the
only RCT investigating bone health®® reported no association or negative effects of LEA on BMD or bone
metabolism. It should be highlighted that due to the dissimilarities between the duration of each of the above studies,
direct or definitive contrasts are difficult to make. In particular, changes in BMD have been suggested to take greater
than 10 months to be detected via DEXA scanning,*¢%7 therefore short term CS studies or RCT do not represent a
sufficient time frame for change. Furthermore, the methodologies used to assess bone health in these studies may be
questioned. Both Heikura et al** and Viner et al*® assessed bone health using only DXA scanning to measure BMD.
DXA has been widely accepted as a valid measure of BMD and bone mineral content (BMC) in athletes, accepting
certain limitations®-%°, However, according to Bolotin,”! DXA is an unreliable method of measuring BMD and in turn
bone health, because when it measures a site that contains any other tissue in addition to bone e.g. lean mass, fat mass,
the accuracy diminishes. It has been suggested that quantitative computed tomography (QCT) may be more sensitive
in assessing BMD.?> QCT measures pure trabecular bone volume (not cortical bone), where most of osteoporotic bone
loss occurs, whereas DXA measures both cortical and trabecular bone rendering a possibility for overestimation of
results.”?> Additionally, peripheral QCT also provides an indication of bone strength throught the use of calculated
“Strength Strain Index” %3%*and has been shown to predict fracture risk in non osteoporitic patients®>. Furthermore,
BMD alone provides insight into the quantity of bone tissue, which is insufficient as a measure of overall bone
quality,” therefore markers of bone metabolism such as bone formation markers, osteocalcin (OC) and PINP, and
bone resorption markers, CTX and NTX should be included in analysis of bone health. Papageorgiou et al*
investigated the relationship between deliberately induced acute LEA on markers of bone metabolism. Similar to the
findings of Heikura et al**, no associations were reported. Nevertheless, further research, perhaps longitudinal,

assessing both BMD and bone metabolism is warranted in this area.

One CS?¢ and one RCT!® study examined the possible relationship between energy availability and metabolism.
Torstveit et al?® assessed the within day energy deficiency in thirty one male cyclists, triathletes and long distance
runners. Sixty five % of the participants presented with suppressed resting metabolic rate (RMR) and these subjects
also spent more time in energy deficits exceeding 400 kcal. It was suggested by the authors these deficits could pose a
threat to both brain glucose availability and increase catabolic processes. This was further supported by the increased
cortisol and lower testosterone:cortisol ratio in this cohort, which could further lead to decrements in training
adaptations such increases in strength and lean body mass.”” However, this study only spanned 24 hours, therefore
investigations of a longer duration would be required to validate these findings. Although RMR was not directly
assessed, Koehler et al'® indicated that LEA offers extreme interruptions to metabolic substrates as illustrated by the

increased levels of FFA and glycerol and reduced insulin, glucose and body fat.

Although there is no evidence to establish the effects of LEA on cardiovascular health in athletes, it is well established

that significant structural, conduction, repolarisation and peripheral vascular changes to the cardiovascular system
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occur in patients with more severe LEA states such as anorexia nervosa.’® Furthermore, gastrointestinal complications
arising from this extreme energy deficiency such as delayed gastric emptying, interrupted intestinal transit and liver
abnormalities are also apparent.”® In athletic populations, immune function has been flagged as a high risk concern,
with recent evidence reporting LEA as a leading factor associated with impaired immune function in Olympic
athletes,'? however more stringent measures and distinctions between male and female athletes should implemented

to further support this claim.
4.3 Limitations

One limitation of this review is the small number (n = 10) of studies included. This is due in part to the very recent
expansion of the Female Athlete Triad to include male athletes and additional associations with LEA,? thus to date
evidence in this area is sparse. Furthermore, due to the stringent inclusion criteria, other studies were excluded as they
measured energy balance as opposed to energy availability, rendering the results inappropriate for the current review.
Although the studies included provide evidence that LEA exists in male athletic populations (Table 3), the sample
sizes remain relatively small throughout. Moreover, the studies included have used a varied range of protocols in
assessing the prevalence of LEA and establishing its associations. There is currently no gold standard measurement in
the assessment of EA, with a variety of techniques and methods used to measure each of the components that
constitute EA.'® Furthermore, EEE was assessed using a range of different measures such as training logs*'** or heart
rate monitoring, each with their own limitations.** Moreover, one study failed to adjust for RMR when assessing
EEE,* and those that did include RMR modifications used a variety of methods such as ventilated hood?® or
predictive equations*® rendering the adjustment inconsistent and possibly innaccurate. Due to the differences in
sampling techniques used to collect and measure data, the associations of LEA reported also lack consistency, with
some studies reporting references ranges of endocrine function to identify participants with “reduced’ or ‘low’

testosterone*!' and others stating the lowest quartile of results.*
4.4 Perspective

DE coupled with high training volumes places athletes at high risk of LEA and its effects, yet there is little evidence
pertaining to the severity of this problem. Despite the term RED-s being coined over 5 years ago, a  dearth of
conclusive evidence exists, indicating that this is a priority research area. This review highlights that LEA may be
evident across various male sporting populations and poses potentially serious risks to bone, endocrine and metabolic
health in male athletes.?>*>!01 Furthermore, although little or no substantial evidence exists at present, it has been
suggested that male athletes may be at risk of cardiovascular dysfunction,!?! impaired mental health,'® and immune
system impairment.'® Due to a limited number of studies conducted in this area at present, conclusions of this review
are limited to male athletes involved in endurance and weight class sports. Future larger scale studies in male sporting
populations should be undertaken, using appropriate study designs and for longer duration to confirm these potential.
Methods of measurements of both energy intake and expenditure should also be evaluated and perhaps the inclusion

of both qualitative and quantitative methods of data collection should be considered in future research. The limitations
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454 of each method of assessing EA should be kept in mind when implementing each protocol. This review has presented

455  the ‘tip of the ice berg’ in terms of potential areas for expansion.
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Figures & Tables
Table 1. Modified Classification of EA Levels
Classification Males Females
High EA > 40 kecal/kg LBM/day > 45 kecal/kg LBM/day
Optimal EA > 40 kcal/kg LBM/day > 45 kecal/kg LBM/day
Subclinical LEA 30 — 40 kcal/’kg LBM/day 30 — 45 kcal/’kg LBM/day
Clinical LEA < 30 kcal/kg LBM/day < 30 kcal/kg LBM/day
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Table 2: Methods Used in Assessing Energy Availability Components

Component

Method

Problem

Energy Intake

Exercise Energy Expenditure

Resting Metabolic Rate

Lean Body Mass

Food Frequency Questionnaire*!

3 — 7 day Weighed Food Record?6-4343

7 day Food Diary Using Household Measures*?

3 day/month Food Diary Using Household Measures or Scales*®

Training Logs?*!:434446

Heart Rate Monitoring based on regression equation derived from V2,204

Sensewear Armband*?

Predictive Equations*?-4446

Ventilated Hood?26:45

Dual Energy X-Ray Absorptiometry?6-41-46
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Significant amount of under-reporting or changing habitual eating habits

with all of these methods

METs data not be specific for athletes

Unreliable at rest and at lower aerobic intensity workloads

Overestiates EE at high intensities

Shown to under and over predict when compared to indirect calorimetry
Gold Standard

Gold Standard
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Table 3. Summary of the Incidence and Association of LEA Reported in Male Athletes

Reference Study Type Participants Study Design Duration Outcome Measures Key Findings

Heikura et al*} Cross-sectional n =27 females, age 26 + 3.2 years Prevalence of EA during 3 - 4 7 days Hb mass, sex hormones, EA 36 + 6 kcal/kg LBM/ day
n =21 males, age 27.2 + 4.1years wk training camp at altitude and BMD, injury/illness in male athletes, but no effect
Highly trained middle, long distance assess the association of EA on frequency, EA, body on Hb mass at altitude
runners and race walkers Hb mass and iron status composition

Heikura et al* Cross-sectional n =35 females, age 25 + 3.6 years (n  Examine EA via food records 7 days EI, EEE, metabolic and 25% of males (n = 6) had
= 22 eumenorrheic; n =13 and EEE via training records reproductive hormone LEA (<30 kcal’kg LBM/
amenorrhoeic) and investigate metabolic and levels, injury and illness day). Males with LEA had
n =24 males, age 27.1 + 3.9 years (n  reproductive function, injury rates, body composition low testosterone levels (14.8
= 10 low testosterone; n = 14 normal illness and body composition, + 3.6 nmol/l; P <0.05; ES
testosterone) during pre-competition training 1.40).
Highly trained/world class middle and camp 63% of males categorised as
long distance runners and race being low risk, 37% moderate
walkers risk of RED-s

Hooper et al*! Cross-sectional n =9 males, age 36.3 + 9.2 years, Establish EA in male distance 1 day Endocrine markers, EA (EHMC 27.2 £ 12.7 vs.

distance runners with EHMC n =8
male, age 30.8 + 6.3 years, non-

running, without EHMC

runners with EHMC vs non-
runners without EHMC.
Examine associated effects of
LEA in those with EHMC on

reproductive health

psychological markers,

EA

CONT 45.4 + 18.2 kcal/day;
P =0.029) and reduced mean
testosterone (EHMC 9.2 +
2.3 nmol/L vs. CONT 16.2 +
3.4 nmol/L; P <0.001)
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Torstveit et al? Cross-sectional n =31 males, age 34.7 & 8.1 years
Cyclists, triathletes and long distance

runners

Viner et al* Cross-sectional , n = 6 males, age 42.0 + 7.7 years

Longitudinal n =4 females, age 38.4 + 10.3 years

Competitive cyclists

Estimate and compare within
day energy deficiency in male

endurance athletes with

suppressed (RMRratio < 0.90, n

= 20) and normal (RMRratio >
0.90,n=11)

Examine EA of adult male and
female competitive cyclists
across the cycling training and
competition season. Study
eating behaviours that may
contribute to LEA. Compare

EA of male versus female

7 days

Once per
month across
season (10

months)

RMR, EA, body
composition, blood

analysis

BMD, EA

Suppressed and normal RMR
groups similar 24-hour EB (-
861 + 832 kcal vs —402 +
1056 kcal) and EA (37 £ 12
kcal/kg LBM/day vs 41 + 11
kcal/ LBM/day). Suppressed
RMR group more time in
energy deficits exceeding 400
keal (P = 0.023). Within day
energy deficiency was
associated with 1 cortisol
levels (r =-0.499; P =0.004)
and | testosterone: cortisol
ratio (r=0.431; P=0.015)
EA remained <30 kcal/ kg
LBM/day across the season in
70% of cyclists. Male cyclists
mean EA 20 + 9.9 kcal/kg
LBM/day. 40% low BMD at
the lumbar spine, 10% low

BMD at the femoral neck
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Dolan et al*? Cross-sectional n =27 males, age 27.3 + 6.8 years

National Hunt and Flat racing jockeys

Torstveit et al* Cross-sectional n =53 male, age 35.3 + 8.3 years
Cyclists, triathletes and long distance

runners

cyclists

Investigate diet and lifestyle 7 days
practices of professional

jockeys using 7 day food diary,
questionnaire. Calculate EA

Investigate associations 7 days
between exercise dependency,

EA and eating disorders

EIL EE, body comp,

weight loss practices

EL EE, Body
composition, exercise
dependency, blood

analysis

which remained constant

across the season

Mean race day EA=12+0.8
kcal /kg LBM/ day

30% of athletes presenting
with higher exercises
dependency scores reported
LEA (<30 kcal /kg LBM/
day). Significantly higher
cortisol levels in those with
higher exercise dependency
scores (549+120mmol/L) vs
lower exercise dependency
scores (455+109mmol/L)
(p=0.005)

LEA = Low Energy Availability; EI = Energy Intake; EEE = Exercise Energy Expenditure; EA= Energy Availability; RMR = Resting Metabolic Rate; FFA = Free Fatty Acids; BMD = Bone Mineral

Density; EHMC = Exercise-Hypo gonadal Male Condition; Hb mass = Haemoglobin mass; CONT = Control; EB = Energy Balance; vs = versus; 1 = increase; | = decrease; RED-s = Relative Energy

Deficiency in Sport
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Table 4. Summary of the Effects of LEA in Male Athletes

Reference

Study Type Participants

Study Design Duration

Outcome Measures

Key Findings

Papageorgiou et al*®

RCT

n= 11 males, age 26 £ 5
years

n =11 females, age 26 + 5
years

Recreationally active

Moderate — vigorous

Crossover RCT 2 x 9 days
2 x 9 day periods of either balanced

EA (45 kcal/kg LBM/day) or

restricted EA (15 kcal/kg LBM/day)

achieved through diet and exercise to

assess effects of restricted EA on bone

physical activity > 3 hrs per turnover

week

Body comp, B-CTX, PINP,
parathyroid hormone, IGF-1,

leptin, insulin, T3, GLP-2, minerals

Restricted EA (15 kecal/kg LBM/day) = | body
mass (-2.5 + 0.8%; P < 0.001) in males. Specific
values for hormones and blood markers not

reported in the results
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Koehler et al'8

McMurray et al4’

RCT

RCT

n =6 males, age 25.2 + 1
year

Recreationally active

n = 12 males wrestlers, age
20 £ 1 year

Wrestlers

Crossover RCT 4 days per Serum testosterone, free T;,

4 conditions: condition

LEA (15 kcal/kg LBM/day) +

insulin, IGF-1, leptin, ghrelin,
glucose, glycerol, FFA
exercise (equating to 15 kcal/kg

LBM/day)

LEA + no exercise

Normal EA (40 kcal/kg LBM/day) +

exercise

Normal EA + no exercise

Aim 1: Impact of controlled LEA on

metabolic hormones

Aim 2: Will effect differ if LEA

achieved through diet alone vs diet +

exercise

Parallel RCT
LEA (21 kcal/kg LBM/day) with
normal (NC) /high carbohydrate (HC)

7 days Acrobic and anaerobic
performance, IGF-1, growth
hormone

Aim: To assess the effect of energy

deficiency, with normal (50%) or high

(75%) carbohydrate composition, on

aerobic, anaerobic performance,

human growth hormone and IGF-1

Aim 1: Both LEA groups = | in body mass (2.1 +
0.35kg; P =0.016; 95% CI), | leptin (-53 to 56%;
P =0.018]), insulin (-34 to -38%: P =0.031) and
fasting glucose (-8 to -12%; P = 0.046; P =0.031)
and 1 glycerol (+88 to +167%) and FFA (+70 to
+112%) concentrations.

T;, IGF-1, ghrelin and testosterone not affected.
Aim 2: Effects not different when LEA was

achieved through diet alone or diet + exercise

LEA with HC or NC intake | in body mass (2.43 +
0.20 kg; P <0.05); |body fat % from 9.7 + 0.84 to
7.9+ 0.75% (P < 0.05); | post 8min run lactate
levels HC=13+£0.2t04.5+ 1.0 mM/l; NC=1.2
+0.1 £t0 3.2 £ 0.2 mM/1); resting hGH 1 (HC =
2.85 + 1.46 ng/ml; NC =2.85 + 1.47 ng/ml; P <
0.05), resting IGF — 1 levels | (HC =1.44 £ 0.76
U/ml; NC = 1.36 + 88 U/ml; P < 0.05)
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RCT = Randomised Controlled Trial; LEA = Low Energy Availability; EI = Energy Intake; PINP = total procollagen type 1 N-terminal propeptide; T; = Triiodothyronine; EEE = Exercise Energy
Expenditure; GLP-2 = Glucagon-like peptide-2; IGF-1 = Insulin-like growth factor 1; EA= Energy Availability; FFA = Free Fatty Acids; B-CTX = Beta Cross Laps X;; Kcal = kilocalorie; LBM =
Lean body mass; Kg = Kilograms; 1 = increase; | = decrease; hGH = human growth hormone; HC = high carbohydrate; NC = normal carbohydrate
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