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PREFACE

The purpose of this PhD project was to investigfageassociation between current energy availabil-
ity (EA), as well as reproductive function in femandurance athletes, and energy metabolism. The
aim was also to assess dietary characteristicsciasso with current low EA and oligomenor-
rhea/functional hypothalamic amenorrhea (FHA) imd¢e athletes without eating disorders (ED)
or disordered eating behaviour (DE). Furthermdre,durpose was to investigate the prevalence of
the Female Athlete TriadTriad), which links low EA, oligomenorrhea/FHA, danmpaired bone
health and related physiological aspects in Daargth Swedish female endurance athletes. Finally,
its purpose was to develop and validate a self-adtered screening tool called the Low EA in
Females Questionnaire (LEAF-Q), designed to idgriéfale athletes at risk for the Female Ath-
lete Triad (Triad) and to complement existing valetl DE screening instruments in order to enable
early detection and intervention of the Triad.

The clinical examinations and tests were carriddabthe Department of Health Sciences, Division
of Physiotherapy, at Lund University in Sweden, atdhe Endocrinological and Reproductive
Unit, Department of Obstetrics/Gynaecology, Hetttaspital, Faculty of Health and Medical Sci-
ences, University of Copenhagen, Denmark.

The study, which we called the LEA study, was ndisgiplinary, incorporating aspects of nutri-
tion, the spectrum of DE, energy and bone metamolendocrinology, reproductive function, car-
diovascular factors, immunology, function of theamomic nervous system, neuromuscular per-
formance, and the ability to recover between tragrbouts.

My PhD position was funded by a three-year graminfthe Faculty of Science, University of Co-
penhagen, and the LEA study was funded by the Wwitldge of Women Sports in Malmd, Swe-
den, and Arla Foods Ingredients in Arhus, Denmark.

This thesis is based on three scientific manusctit used data from the LEA study:

1. Energy Availability and the Female Athlete Triad in Elite Endurance Athletes. Melin A.,
Tornberg AB.Skouby S., Mgller SS., Sundgot-Borgen J., Fab&iddelmann J., Aziz M.,
Sjodin A. Scand J Med Sci Sports 2014 May 30. #10i1111/sms.12261.

2. Lower Energy Density and High Fibre Intake are Dietary Concerns in Female Endurance
Athletes. Melin A., Tornberg AB., Skouby S., Mgller SS., Faber Jndgwt-Borgen J.,
Sjodin A., in review.



3. The LEAF Questionnaire — A Screening Tool for Idigrdtion of Female Athletes with In-
creased Risk for the Female Athlete Triddelin A., Tornberg AB., Skouby S., Faber J.,
Ritz C., Sjodin A., Sundgot-Borgen J. Br J Sporesd\2014;48:540-545.

In addition to these three papers, | have writtea eview on ED/DE in aquatic sports and contrib-
uted to one article on neuromuscular performantave also provided three conference abstracts.
The following papers and abstracts are not includehis thesis:

Papers
1. Disordered Eating behaviour and Eating Disorders in Aquatic Sports. Melin A., Torstveit
MK., Burke L., Marks S., Sundgot-Borgen J. Int b8MNutr Exerc Metab 2014;24(4):450-9.

2. Decreased Neuromuscular Performance in Female BnceirAthletes with Secondary Func-
tional Hypothalamic Amenorrhea. Tornberg ABlelin A., Skouby S., Koivola F., Johans-
son A., Faber J., Sjodin A. In review

Conference Abstracts

1. Energy Availability in Female Endurance Athletesmpact on Energy and Bone Metabo-
lism as well as Health and Performance — Prelinyirfdesults from an on-going Study.
Melin A., Tornberg AB.Skouby S., Sundgot-Borgen J., Sjodin A. Abstraespnted orally
at the Scandinavian Congress of Medicine and SeienSports, Malmo 2012, and awarded
as the best oral presentation.

2. Energy Availability in Female Endurance Athletesldhe Impact on Energy and Bone me-
tabolism, Health and Recovery after Exercise. Riakry Results from an on-going Study.
Melin A., Tornberg AB.Skouby S., Sundgot-Borgen J., Sjodin A. Inter Jr&pNutr Exerc
Metab, 2013:3(23);3. Abstract presented orallyhatIhternational Sport and Exercise Nutri-
tion Conference, Newcastle, 2012.

3. Energy Availability and Reproductive, Bone and Gawdscular Health in Female Endur-
ance Athletes: Preliminary Results from an on-gofigdy. Melin A., Tornberg AB.,
Skouby S., Sundgot-Borgen J., Sjodin A. Med Scir&pbxerc 2013:45(5);S434. Abstract
and poster presented orally at a thematic posiseptation at the annual conference of
American College of Sports Medicine, Indianapolis.

Together with Monica Klungland Torstveit and MananMartinsen and with Professor Jorunn
Sundgot-Borgen as chair, | had the opportunityresent the clinical lecture ‘How to Win the Bat-
tle Against the Triad’ at the American College gfo&s Medicine in Indianapolis in 2013. Fur-
thermore | presented in the workshop titled ‘Eatidigorders and Relative Energy Deficiency in
Sports (RED-S)’ at the Nordic Eating Disorder Stci€onference in Stockholm in September
2014, together with Solfrid Bratland-Sanda, TherEséviathiesen, Monica Klungland Torstveit,
and Jorunn Sundgot-Borgen.



| was also invited to:

- The FINA sport nutrition expert meeting in LondionDecember 2013, as the expert and presenter
of the topic: ‘Eating Disorders and Disordered BgtBehaviour and Associated Triad Conditions
in Aquatic Sports’.

- The International Sports and Exercise Nutritioonférence in Newcastle in December 2013 to
present the lecture ‘Female Athlete Triad Updataether with Margo Mountjoy of the I0C medi-
cal commission.

- The Danish Sport Medicine Meeting in Kolling atige Swedish Sport Federation International
Sport Nutrition Conference in Stockholm in sprif@fl2 to give the lecture ‘Mechanism and Con-
sequences of Energy Deficiency’.

- The Danish Health Ministry working group whichdsveloping national clinical guidelines for
treatment of bulimia nervosa, as a representafivieeoDanish Society of Clinical Nutrition.

- The Olympiatoppen Nutritional Conference in Osi@utumn 2014 to give a series of lectures.
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SUMMARY

The Female Athlete TriafIriad), which links low energy availability (EAmenstrual dysfunction
(MD), and impaired bone health, is frequently re@dy especially in leanness-demanding sports,
making low EA a major nutritional concern for femalthletes. Most female athletes have a body
weight and body composition within the normal ragnigdependent of eating behaviour and repro-
ductive function. Body weight therefore seems tpteserved during long-term energy deficiency,
potentially involving several metabolic mechanismsch as a reduction in energy metabolism at
rest (RMR). Menstrual dysfunction is common amoeiéle athletes, but often ignored and even
regarded as a normal consequence of intense waidespite the fact that health consequences,
including premature osteoporosis, are well docusgeniRestricted eating behaviour and MD have
furthermore been associated with an increasedfigiuries, impaired performance, and potential-
ly also an increase in cardiovascular risk factbi@wvever, the prevalence of low EA among female
athletes has scarcely been investigated.

The overall aims of this PhD thesis were to ingzdg the association between current EA, repro-
ductive function, and energy metabolism in a grobi@wedish and Danish female endurance ath-
letes, and to identify dietary characteristics agged with current low or reduced EA and oligo-
menorrhea/functional hypothalamic amenorrhea (FHA}Bubjects without the manifestation of
eating disorders (ED) or disordered eating behav(®E). Another aim was to investigate the
prevalence of current low and reduced EA and Tredated conditions in this group of female en-
durance athletes and to construct and validatéeé duestionnaire (the LEAF-Q) that focused only
on self-reported physiological symptoms linked &rgistent energy deficiency, which could be
routinely used in order to identify individualsregk for the Triad.

The results (Paper 1) indicated that athletes witivent low and reduced EA, as well as those with
oligomenorrhea/FHA, had lower RMR compared to tha#@ either current optimal EA or eu-
menorrheic athletes. Furthermore, athletes witlorsgd&ry FHA had increased work efficiency
compared to eumenorrheic subjects, indicating aenppofound metabolic adaptation in female
athletes with clinical MD. All three Triad conditie were common in this group of athletes, despite
a normal BMI range and body composition. Furtheen@sues and physiological symptoms relat-
ed to current low and reduced EA and oligomenofftéA were not limited to impaired bone
health, but also included hypoglycaemia, hyperdietelemia, and hypotension. These findings
emphasize the importance of the implementationre¥gntion, early identification, and treatment
strategies, and that the findings of either onthe$e related subclinical and clinical featuresukho
necessitate careful assessments for the othertmordi

The results (Paper Il) further revealed that dietger in energy density, fat content, compact car-
bohydrate-rich foods and energy-containing drin&gether with higher fibre content, were associ-
ated with current low and reduced EA and oligomerea/FHA, and may constitute targets for
dietary intervention in order to prevent and trisise conditions. Even a slight increased drive to



lose or maintain a low body weight was associated gretary characteristics likely to increase the
risk of energy deficiency and oligomenorrhea/FHA.

The results (Paper lll) showed that the LEAF-Q hadeptable sensitivity, specificity, and internal
consistency, which indicates that it has the paétd be a useful self-reported screening tool to
complement existing validated DE screening instmisiéor the identification of female athletes at
risk for the Triad.



DANSK SAMMENFATNING

Den kvindelige idreetstriade (Triaden), der forbinide energitiigeengelighed, menstruationsforstyr-
relser og nedsat knogleteethed, er hyppigt forekomieisser inden for idraetsgrene hvor der er
fokus pa vaegt og kropssammensaetning. Lav enesggitifgglighed er derfor et af de starste
erneeringsrelaterede problemomrader blandt kvindediteter. De fleste kvindelige idreetsudgvere
er normalveegtige og har en normal kropssammensgetiaifimaengigt af deres spiseadfeerd, og om
de har udebleven eller regelmaessig menstruatiosagln til at kropsvaegten forbliver normal pé
trods af langvarig lav eller reduceret energitilgadighed, er sandsynligvis metaboliske mekanis-
mer, sdsom et nedsat hvilestofskifte (RMR). Meratamsforstyrrelser bliver ofte ignoreret inden
for idraetten og endda betragtet som et naturligtltat af hard treening, pa trods af de alvorlige
sundhedsmeaessige konsekvenser det kan medfgre dasotitlig knogleskarhed. Restriktiv
spiseadfeerd og menstruationsforstyrrelser er sambtevet forbundet med en @gget risiko for
skader og forringet praestationsevne samt kardioNaesk risikofaktorer. P& trods af de negative
konsekvenser forbundet med lav energitilgeengelighedorekomsten blandt kvindelige atleter
darligt belyst.

De overordnede formal med denne ph.d.-afhandlimgavandersgge sammenhaengene mellem en-
ergitilgeengelighed, reproduktion og energiomsaetmngen gruppe svenske og danske kvindelige
udholdenhedsatleter samt at identificere kostmadsiktorer associerede til lav energitilgeenge-
lighed og menstruationsforstyrrelser blandt udgwelen forstyrret spiseadfeerd. Et andet mal var at
undersgge forekomsten af lav eller reduceret etilgegngelighed og Triade-relaterede symptomer
i denne gruppe af udholdenhedsidreetsudgvere sakonatruere og validere et kortfattet spgrges-
kema (LEAF-Q), der kun fokuserer pa selvrapporterégiologiske symptomer forbundet med
energimangel, og som rutinemaessigt kan brugesitkatificere individer i risiko for Triaden.

Resultaterne viste, at atleter med lav eller regkicenergitiigeengelighed og udgvere med men-
struationsforstyrrelser havde lavere RMR end atleted optimal energitilgeengelighed og udgvere
med regelmaessig menstruation (Artikel 1). Vi faddsuden en gget arbejdseffektivitet blandt at-
leter med sekundaer amenorré, hvilket indikerer emenomfattende metabolisk adaptation hos
idreetsudgvere med en klinisk menstruationsfordgagréResultaterne viste ogsa, at lav og reduceret
energitilgeengelighed (oftest uden en spisefordsgje menstruationsforstyrrelser og nedsat
knogleteethed var almindeligt i denne gruppe af delige atleter, pa trods af et BMI inden for
normalomradet og normal kropssammenseaetning, sadet stindhedsmaessige problemer og fysiol-
ogiske symptomer forbundet med lav og reduceretgéiigeengelighed og menstruationsforstyr-
relser ikke var begraenset til nedsat knogleteetimesh ogsa omfattede lavt blodsukker, lavt blod-
tryk samt forhgjet kolesterol. Den hgje forekonfsT@ade-relaterede problemstillinger samt asso-
cierede kliniske fund understreger betydningennglementering af strategier for forebyggelse,
tidlig identifikation og behandling af atleter, samdviser de naevnte fysiologiske symptomer samt
at fundet af hvilken som helst af disse associesetkliniske eller kliniske fund bgr medfgre en
udvidet udredning for tilstedeveerelse af andreteedale Triade-symptomer.



Resultaterne vedrgrende kostfaktorer (Artikel iBte, at en kost med lavere energiteethed, et mere
restriktivt indtag af fedt, kompakte kulhydratritglevarer og energiholdig veeske samt et hgjt kost-
fiberindtag var associeret til lav og reduceretrgitégeengelighed og menstruationsforstyrrelser.
Disse kostfaktorer bgr der derfor fokuseres pa emderingsmaessig forebyggelse og behandling.
Vores resultater indikerede ogs4, at selv et fithet fokus pa vaegttab eller det at bibeholde en lav
kropsveegt var associeret til et kostmgnster, dedssanligvis @ger risikoen for lav og reduceret
energitilgeengelighed og menstruationsforstyrrelser.

Resultaterne vedrgrende udvikling og testning ahEE) (Artikel IIl) viste en acceptabel sensitivi-
tet og specificitet, hvilket indikerer, at LEAF-Qat potentiale til at veere et brugbart screen-
ingsveerktgj til identifikation af kvindelige atletened risiko for Triaden og kan supplere allerede
eksisterende screeningsinstrumenter vedrgrendéyri@ts spiseadfeerd for derved at sikre tidlig
opdagelse og behandling.
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ABSTRACT

Objectives The female athlete triad (Triad), links low enew@yailability (EA) with oligomenor-
rhea/functional hypothalamic amenorrhea (FHA) anddired bone health. The aims of this study
were to examine associations between EA, oligonteeafFHA and energy metabolism and to
investigate the prevalence of Triad-associated itiond in Swedish and Danish endurance athletes.
Furthermore, the aim was to describe dietary charatics of athletes with low/reduced EA and/or
oligomenorrhea/FHA but without disordered eatingJDFinally, the aim was to develop and vali-
date a screening tool designed to identify fem#iéetes at risk for the Triad.

Methods: Athletes (n = 84) 18-39 yrs. of age, trainirigtimes/week were recruited from national
teams, competitive clubs and a professional dancomgpany. They filled out the Low EA in Fe-
males Questionnaire (LEAF-Q), comprising questiggarding injuries, illness, dizziness, gastro-
intestinal and reproductive functions. Reliabilégd internal consistency were evaluated in a sub-
sample of female dancers and endurance athlete8Ti). Discriminant as well as concurrent valid-
ity were evaluated in endurance athletes from widiglaring endurance sports (n = 45), by testing
self-reported data against clinical examinatiorduiding gynaecological examination; assessment
of bone health (DXA); indirect respiratory caloritnmefor assessment of RMR and work efficiency;
diet and exercise measured 7-days to assess EAg ehsorder (ED)-examination; biochemical
markers. Subjects with MD other than oligomenorgiBelA (n = 5) were excluded when assessing
energy metabolism and Triad conditions as was tahleith ED/DE (n = 11) and low dietary-
record validity (n = 4) when assessing dietary ab@ristics.

Results Subjects with low/reduced current EA (n = 25;88kJ/kg FFM/day), had lower resting
metabolic rate (RMR) compared to those with optire#® (n = 15;>188 kJ/kg FFM/day)
(P=0.003), as did subjects with oligomenorrhea/ FiHA=(24) compared to eumenorrheic subjects
(n = 16) P£=0.040). Subjects with secondary FHA (n = 14) &ad increased work efficiency com-
pared to eumenorrheic subjed®=-0.017). 63% had low/reduced current EA, 25% EDjGiigo-
menorrhea/FHA, 45% impaired bone health, and 23&bdtahree Triad conditions. 53% had low
RMR, 25% hypercholesterolemia and 38% hypoglycaeiieere were no differences in energy
intake P=0.475) or current EAR=0.977) between oligomenorrheic/FHA and eumenocriseb-
jects. However, subjects with oligomenorrhea/FHArsd the same dietary characteristics as sub-
jects with low/reduced current EA with a lower epedensity P=0.012 and”=0.020) and fat in-
take P=0.047 andP’=0.027). Oligomenorrheic/FHA subjects had, furtherep a higher fibre intake
(P<0.001). The 25-item LEAF-Q produced an acceptablesitivity (78%) and specificity (90%)
for correctly classifying current EA and/or reprative function and/or bone health.

Conclusions Athletes with low/reduced current EA and/or ohgenorrhea/FHA had lower RMR

and those with secondary FHA also had increased efficiency, indicating a more profound ad-
aptation in female athletes with severe clinical MDiad-associated conditions were common in

11



this group of athletes, despite a normal BMI-rarigiets lower in energy density and fat content
together with higher fibre content, were associatét low/reduced EA and oligomenorrhea/FHA
and may constitute targets for dietary interventiororder to prevent/treat these conditions. The
LEAF-Q is brief and easy to administer, and mayded as a complement to existing validated DE
guestionnaires, when screening female athleteiskatar the Triad, in order to enable early detec-
tion and intervention.

12



ABBREVIATIONS

BD score
BMD
BMI

DE

DT score
DXA
EA

ED
EDE-16
EDI-3
EDNOS
FFM
FHA
FSH
GH
GnRH
IGF-1
LH

MET
MD
NEAT
PCOS
RMR
mMRMR
pRMR
RMRratio
T3

Triad
TSH
VOZpeak
WE%

Body dissatisfaction score (EDI-3)
Bone mineral density (g/fn
Body Mass Index [weight (kg) divided by heiggquared ()]
Disordered eating behaviour

Drive for thinness score (EDI-3)
Dual-energy x-ray absorptiometry

Energy availability

Eating disorders

Eating disorder examination, a semi-stmactuiagnostic interview
Eating Disorder Inventory-3

Eating disorders not otherwise specified
Fat-free mass

Functional hypothalamic amenorrhea
Follicle-stimulating hormone

Growth hormone

Gonadotropin-releasing hormone
Insulin-like growth factor-1

Luteinizing hormone

Metabolic equivalents

Menstrual dysfunction

Non-exercise activity thermogenesis
Polycystic ovary syndrome

Resting metabolic rate

Measured resting metabolic rate
Predicted resting metabolic rate
The ratio between measured and predicted RMR
Triiodothyronine

The Female Athlete Triad

Thyroid stimulating hormone

Peak oxygen uptake (L/min or mL/kg/min)
Work efficiency percentage

13



DEFINITIONS

BMD Z-score The number of standard deviations above lonwbidne mean for the pa-
tient's age, sex, and ethnicity

BMD T-score The number of standard deviations above etowbthe mean for a
healthy 30-year-old adult of the same sex and eitiyni

Clinical Triad conditions Low energy availabilityitw or without eating disorders, oligomenor-
rhea/functional hypothalamic amenorrhea, and ost@sis

Disordered eating Eating Disorder Inventory (EDkBpscale drive for thinness score>of
14 and/or a body dissatisfaction scer&9

Eating disorders Anorexia nervosa, bulimia nery@sal eating disorders not otherwise
specified (EDNOS) meeting the DSM-IV criteria andghosed by the
Eating Disorder Examination (EDE-16) Interview

EDI-3 Eating Disorder Inventory-3, a self-reporigagestionnaire that assesses
disordered eating behaviour

Energy availability Ingested energy remaining fdir acther metabolic processes after the
energy cost of exercise has been subtracted

Low EA Energy availability < 125 kJ (< 30 Kcal)/kg-M/day

Reduced EA Energy availability 125-187 kJ (30-44lkkg FFM/day

Optimal EA Energy availability 188 kJ £ 45 kcal)/kg FFM/day

Eumenorrhea Menstrual cycles of 28 days + 7 days

Functional Either primary amenorrhea, definedhasarche after 15 years of

hypothalamic age, or secondary amenorrhea, defisabsence of three or more

amenorrhea consecutive menstrual cycles

Hypotension Systolic blood pressure < 90 mmHg andi@stolic blood pressure < 60
mmHg

Low BMD Z-score of - 1 to - 2 in at least one of the meassited
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Low RMR Ratio between the measured (MRMR) and ptediresting metabolic
rate (PRMR) < 0.90

MRMR Resting metabolic rate measured by indiregpiratory calorimetry us-
ing a ventilated open hood system

Normal BMD Z-score > - 1 in all measured sites
Oligomenorrhea Menstrual cycles > 35 days

Orthostatic hypotension A fall in systolic bloodepsure > 20 mmHg and/or a fall in diastolic
blood pressure > 10 mmHg when moving from supinstanding posi-

tion
Osteoporosis Z-score < - 2 in at least one ohikasured sites
Polycystic ovary Enlarged ovaries with a volumeager than 10 mL and/or
syndrome at least one ovary demonstrating 12 oeradlicles in one plane, irreg-

ular menstrual cycle, and elevated androgen levetstherwise stigma-
tized androgen

pRMR Predicted resting metabolic rate usingG@heningham equation

Subclinical Triad Reduced energy availability wathwithout disordered eating

conditions behaviour, short luteal phase defeenmvulation, and low bone miner-
al density

The Female Athlete Triad Continuum of energy awliky with or without disordered eating be-
haviour, reproductive function, and bone healtfemale athletes

VOzpeak Maximal aerobic capacity measured as the peakexyptake during
an incremental exercise test

Work efficiency [Energy expended (kJ/min) 100WnelEgy expended (kJ/min) OW]
/ 100W * 100
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INTRODUCTION

Athletes need to maintain sufficient energy andiant intake in order to avoid fatigue and injuries
as well as illnesgurke 2001, Rodriguez et al. 2009f-emale athletes focusing on leanness, however, have
been reported to have an increased risk of devejopastricted eating behaviowfanore et al. 2007)
furthermore, disordered eating behaviour (DE) dingadisorders (ED) are frequently reported
among female athletesiobs et al. 2013a)LOwW energy availability (EA) with or without E¥ irelated to
oligomenorrhea/functional hypothalamic amenorrigdX) and impaired bone health, a syndrome
called the Female Athlete Triad (Triadttiv et al. 2007, De Souza et al. 201dylenstrual dysfunction (MD) is
reported to be common among female athletes, boftes ignored and regarded as a normal con-
sequence of intense training, despite the factrtbgative health consequences, including the fisk o
premature osteoporosis, are well documemaa et al. 2007, De Souza et al. 2014, Moungbyl. 2014) The hor-
monal synthesis and increased luteal phase themaegeare energy consuming processser
2004, and the energy metabolism at rest (RMR) changéds @0 percent during the menstrual cycle,
with peaks during the late luteal phase or theyefallicular phasegenry et al. 2003) Oligomenor-
rhea/FHA, therefore, may lead to lower energy nebtist female athletes with long-term energy
deficiency are reported to have a steady body weagld body composition within the normal
range, independent of their reproductive functf@aman and Loucks 2005)l herefore, several metabolic
mechanisms might be involved, such as a reductidRNIR and in non-exercise activity thermo-
genesis (NEAT)Redman etal. 20098S Well as in increased work efficiencydsmith et al. 2010)

Energy availability is defined as the ingested gneemaining for all other metabolic processes
after the energy cost of training has been sul@daciicks and Thuma 2003)EXperimental studies in sed-
entary eumenorrheic women have shown that five dafA less than 125 kJ/kg FFM/day reduces
blood glucose levels, suppresses the pulsatilitgafadotropin-releasing hormone (GnRH) and
hypothalamic-pituitary-axis hormones, like luteing hormone (LH) and triiodothyronine )T
elevates cortisolLoucks and Thuma 2003)and reduces biomarkers of bone formati@g and Loucks 2004)
(Figure 1). Several possible reasons for low EAeimale athletes have been suggested, such as
difficulties in eating enough during periods of higtensity training or an intentional restrictioh
food to obtain a low body weiglMativ et al. 2007) This behavioural pattern seems frequent; indéled 2
percent of female elite endurance athletes have bggorted as having DSM-IV diagnosed ED
(Sundgot-Borgen and Torstveit 2004-urthermore, restricted eating behaviour and Mehbeen associated
with an increased risk of injury, impaired performa, and may also potentially increase cardio-
vascular risk factors, gastrointestinal problenmsl enetabolic alteration®e souza et al 2014, Mountjoy et al
2014) The prevalence of low EA with or without ED/DE ang female athletes has, however, been
little investigatedaibbs et al. 2013a)
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Figure 1 Potential cause and effect diagram of lownergy availability in athletes

The figure illustrates examples of potential samjital, psychological, and behavioural causes wfdmergy availability (EA) and its physiologicaffedts in adult
athletes (Sundgot-Borgen 1994, Ihle and Loucks 2B@#ci et al. 2008, Sundgot-Borgen and Torst\ét,0, Gordon 2010, Warren 2011, Larson-Meyer e2@il2,
Barrack et al 2013). Abbreviation: GnRH: gonadoineqgleasing hormone; LH: luteinizing hormone; Ti@indothyronine; IGF-1: Insulin-like growth factdr, P1CP:
carboxy-terminal propeptide of type | procollagarserum; GH: growth hormone; PYY: peptide YY; GLPglucagon-like peptide-1
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BACKGROUND

The Female Athlete Triad and Related Conditions

Female athletes, especially athletes in sports foats on leanness, are reported to have an in-
creased risk of developing restricted eating behavand low EAmMmanore et al. 2007, Barrack et al. 2013yer-
sistent low EA, with or without an ED, is relateddligomenorrhea/FHA and impaired bone health,
which are all symptoms of the Female Athlete Tij@dad) (Nattiv et al. 2007, De Souza et al. 201A)he term
‘Female Athlete Triad’ was introduced in 1982ager et al. 1993)and the first Triad Position Stand from
the American College of Sports Medicine (ACSM) wablished in 1997 and revised ten years later
(Nattiv et al. 2007) The Triad is described as developing along a naotn of severity from optimal EA,
eumenorrhea, and normal bone mineral density (BEijugh subclinical conditions, such as re-
duced EA with or without DE, subclinical MD (shduteal phase defect or anovulation), and low
BMD (Z-score of -1 to -1.9) until it ends with severeniclally overt conditions associated with low
EA (< 125 kJ/kg FFM/day) with or without an ED, gdimenorrhea/FHA, and osteoporosis (Z-score
< -2) (Nattiv et al. 2007) MOSt research on the Triad has been performegbang adult female athletes,
and there are great variations in the reportedgbeece of subclinical and clinical Triad conditipns
depending on the sport investigated, the competigvel, and the methods and clinical definitions
used. Between 16%—60% of the investigated athletes been reported to exhibit one Triad condi-
tion, while 3%—27% have been reported to have twadTconditions. The reported prevalence of
athletes who exhibit all three Triad conditiongsslow as 0%—16%Gaibbs et al. 2013a)Energy metabo-
lism (Harber 2004, warren 2011@Nd the cardiovascular Syste@Waren et al. 2011, Rickenlund et al. 20daave been
reported to affect athletes with MD and restriceading behaviour. Athletes with MD have also
been reported to have an increased risk of mudcaelktsil injuriesrauh et al. 2010, Thein-Nissenbaum et al.
2012) Since adequate nutrition is essential, especiatiyife development and accumulation of bone
minerals during adolescengarrack et al. 2013)prevention and early intervention of the Triad eés-r
ommended (Nattiv et al. 2007, De Souza et al. 2014)

In 2014, a Consensus paper on the diagnosis aauntat of the Triad was published by the Fe-
male Athlete Triad Coalitiofe Souza et al. 2014)n both the ACSM 2007 Position Stand and the recent
Triad Coalitions Consensus Paper, other medicaésselated to the components of the Triad were
mentionednattiv et al. 2007, De Souza et al. 201d)hese include cardiovascular issues (impaired é&edam-
dependent vasodilatation and lipid dysfunction)pamed perfusion of working muscles, impaired
skeletal muscle oxidative metabolism, problems whih gastrointestinal system, and metabolic and
endocrine perturbations (Figure 1). Eating diswdard oligomenorrhea/FHA are regarded as seri-
ous clinical outcomes. Impaired bone health isréiqudarly serious outcome, since it is likely Hre
versible(Nattiv et al. 2007, De Souza et al. 201 2014, to addreshat low EA affects both men and women,

and that there are more aspects of physiological function, health, and performance affected than just
reproductive function and bone health, the International Olympic Committee (IOC) published their

new Consensus Statement (Mountjoy et al. 2014)to replace its previous statement concerning the Triad
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(Drinkwater et al. 2006) The IOC introducech new concept: Relative Energy Deficiency in Sport (RED-S)
and a risk-assessment and return-to-play model devdlapd utilized since 2012 by The Norwe-
gian Olympic and Paralympic Committee and Confettamaof SportS(skaaderud et al. 2012Because
RED-S was introduced after the LEA study was completed, the original Triad terminology is used

in this PhD thesis.

In summary, there are strong scientific evidence concernirgddusality between low EA and the
endocrine perturbation related to subclinical alwiaal MD and impaired bone health in women.
There is, furthermore, a growing body of eviderie tow EA and the subsequent endocrine altera-
tions have other health-impairing consequencedditian to oligomenorrhea/FHA and impaired
bone health, and that low EA also exists in matdetds with similar physiological consequences.
There is, however, no study that has simultaneanshstigated the association between subclinical
and clinical Triad conditions, including EA in felaaathletes, as well as their impact on perfor-
mance and multiple related medical issues suclysigpitlaemia, endocrine and metabolic altera-
tions.

Energy Availability in Sports

It has been suggested that EA is a physiologicedgful concept with regard to estimating the ener-
getic state in female athletes, as it reflectsréimeaining ingested energy for all metabolic proesss
after the energy cost of exercise has been subtiaséiicks et al. 1998, Loucks and Thuma 2003, Lowed4), N
contrast to energy balance, which is the relatignbletween energy intake and the total energy
expenditure. Total energy expenditure can be divideo RMR, which includes the energy costs of
basic physiologic functions, such as cellular menance, thermoregulation, growth, reproduction,
and immunity. Furthermore, total energy expendita@udes NEAT, energy expenditure during
exercise, and diet induced thermogenesis (DIT)tiRgsetabolic rate is mainly determined by fat-
free mass (FFM), but is also affected by energgriad and comprises 55%—-65% of the total ener-
gy expenditure in normal sedentary peoglgakmen and seiman 2003EXercise increases total energy
expenditureper se (westerterp et al. 1992Highly trained endurance athletes who are in gnéajance
have been reported to have elevated RMR post-eeetibat can be maintained at least for thirty-
nine hours after the last training sessiain et al. 1996) While athletes with MD have been reported to
have lower RMR compared to eumenorrheic subj@gtsson et al. 1991, Lebenstedt et al. 199d)herefore,
measuring energy balance in female athletes witheloergy intake and MD might result in a more
neutral energy balance than expected, due to nmetauaptationsioucks et al. 2011)

Clinical studies on eumenorrheic sedentary womere hraported that EA less than 125 kJ/kg
FFEM/day over more than five days causes a redudtiagiucose availability, LH-pulsatility, I
insulin, leptin, and IGF-1, as well as increasedisol, growth hormone (GH)Loucks and Heath 1994,
Loucks et al. 1998, Loucks and Thuma 20@Nd bone resorption markerg and Loucks 2004(Figure 1). Therefore,

low T3 and leptin, as well as elevated cortisol levetsjehbeen suggested as biomarkers to be used
when screening female athletes for the Tria€v et al. 2004, De Souza et al. 2014, Mountyal. 2014)(Figure 1
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and 2). Hypoglycaemia, clinically lowsTand elevated cortisol and total cholesterol leaeésmore
often seen in patients with anorexia nervegaen 2011),female athletes, and recreationally active
women with MD compared to eumenorrheic subjeeiser et al. 1998, De Souza et al. 2003, Rickehkt al. 2005, De
Souza et al. 2008)Furthermore, since an elevated cortisol to imstdtio is evidence of accelerated pro-
teolysis, and GH to insulin ratio with elevatednarketones are evidence of an accelerated lipolysis
(Loucks 2014)these might be potential biomarkers for persist@ntenergy and glucose availability in
athletes. The new Consensus Statement by the Coatitionsuggests that a BMI of less than 17.5
kg/n? in athletes over 18 years of age can indicate BE@wpe souza et al. 2014Most female athletes,
however, have been reported to have a body weightnwthe normal range, independent of their
reproductive functiomredman and Loucks 2005aNd athletes with ED have been found to be undghtye

at normal weight, or even overweigitrstveit and Sundgot-Borgen 2012] herefore, it is rare for female ath-
letes in most sports to be underweight and thisilshioe considered an indicator of severe, persis-
tent energy deficiency.

In eumenorrheic weight-stable sedentary womenateeage EA has been reported to be ~188 + 25
kJ/kg FFM/day(Loucks et al. 1998, Loucks and Thuma 20080d physically active women are recommended to
have an EA of at least 188 kJ/kg FFM/day to enadexjuate energy for all physiological functions
(De Souza et al. 2014SUbclinical EA has been suggested to be an EAtlemn 188/kg FFM/daggibbs et al.
2013a),and it is recommended that athletes aiming to bmsly weight or body fat follow a diet and
training regime that provides EA of 125-188 kJ/KgViFday (Loucks et al. 2011) NO study concerning
the impact of EA, however, has been performed de athletes, and no study has investigated
whether the same thresholds for EA are applicabkemore long-term perspective. When the LEA
study was initiated, only two studies had repotid in free-living recreationally active women

and female athlet@se souza et al. 1998, Hoch et al. 2008ince 2011, ten studies have been publigig@et
al. 2011, Schaal et al. 2011, Reed et al. 2011d Real. 2012, Gibbs et al. 2013b, Koehler et @3 Woodruff and Meloche 2013, Guebels et al.

2014, Van Heest et al. 2014, Lagowska et al. 2diBable 1), reflecting the growing interest in thipic. Five of
these studies have reported the prevalence of lAw7E% in professional female ballet dancers
(Hoch et al. 2011) 51% and 58% in female and male athletes from dhsg@rtSkonler et al. 2013) 20% In
female volley ball playergvoodruff and Meloche 2013)12%—33% in female elite soccer players, depending
on the time during the seas@aed et al. 2012and 6% in high school female athletes from mixaolts
(Hoch et al. 2009) In six of these studies, EA related to reproductunction have been reported souza

et al. 1998, Reed et al. 2011, Guebels et al. 2Ddgowska et al. 2014, Van Heest et al. 20@N0d the weighted mean EA from
these studies is 109 kJ/kg FFM/day in athletesraakationally active women with MD, compared
to the 127 kJ/kg FFM/day in eumenorrheic subjetable 1). There are, however, great variations
in the studies and overlap between the groupsearréported EA: 50-142 kJ/kg FFM/day in sub-
jects with MD, and 97-176 kJ/kg FFM/day in eumeheit subjects. In this thesis, optimal EA is
operationally defined as EA 188 kJ/kg FFM/day, reduced EA is operationallyirted as 125-187
kJ/kg FFM/day, and low EA is operationally defiresi< 125 kJ/kg FFM/day.

In summary, clinical studies on eumenorrheic, sedentary woheare reported that low EA defined

as less than 125 kJ/kg FFM/day over more thandews cause endocrine alterations in eumenor-
rheic women. Therefore, it is recommended that ighlly active women have an EA of at least
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188 kJ/kg FFM/day to ensure adequate energy foplatksiological functions. Few studies have
investigated the prevalence of low or reduced EfAemale athletes, and no study has investigated
the impact of EA on elite athletes or if the sameesholds for low EA are applicable in a more
long-term perspective.

Aetiology of Low Energy Availability in Female Athletes

Female athletes are reported to have similar on &@er daily energy intake compared to seden-
tary womenwiimore et al. 1992, Dueck et al. 1996iHOwWever, underreporting or under-eating are dettu-
mented behaviours during prospective dietary rengr@urke 2001, Jonnalagada et al. 208Md can therefore
explain some of the discrepancies between repertedyy intakes and energy needs in female ath-
letes, and hence a potentially false low EA. Tightprevalence of ED/DE and physiological symp-
toms of persistent low EA, such as oligomenorrhd&'land reduced RMR, however, indicates that
many female athletes ameadvertently failing to balance energy expenditwrth adequate energy
intake (Gibbs et al. 2013a, Nattiv et al. 2007, De Souzal.2014, Mountjoy et al. 2014)T he suggested aetiology of low EA
in female athletes with or without the presenc&DBfDE includes an intentional restriction of food
intake, especially of energy dense foods, or arease in energy expenditure in order to obtain and
maintain a low body weight. Low EA could also eneetgintentionally and be primarily expendi-
ture-driven, due to the difficulty of increasingofbintake sufficiently to meet energy requirements
during periods with large training volum@sibbs et al. 2004, Nattiv et al. 2007, De Souzd.€014) €specially on a
diet characterized by a low energy density.

Nutritional Recommendations and Dietary Intake in Female Endurance Athletes

Some endurance training programs have a predictatise energy expenditure of 2.9-4.2 MJ per
training sessioleurke 2001),but energy requirements for female endurance tathi@ay vary consid-
erably, with documented energy needs reachingdesfedround 20 MJ/day over several days, cor-
responding to a PAL of 3 6jsdin et al. 1996) The weighted mean energy intake in female eunmbaior
endurance athletes and endurance trained womeadfolm a number of studies, however, is only
9.2 MJ/day (164 kJ/kg body weight/day) and 8.4 My/(L52 kJ/kg body weight/day) in endurance
athletes with MD (Table 2) and, therefore, is santb the 8.8-9.4 MJ/day recommended to Nordic,
sedentary women aged 18—60 yeassiic Council of Ministers 2013) Underreporting or under-eating is a
potential bias in dietary surveys and studies @natcuracy of food diaries in the general popula-
tion, which are reported to underreport 20% of tenergy intakeschoeller 1990, Black 2000Burke have
reported that the following errors might occur @élfgseported food diaries in athletic populatioay:
alteration in the dietary intake during the peraddecording so that it fails to reflect the usual
take; b) inaccurate recording of the dietary intekenprove the perception of what they are eating;
and c) errors of quantification or description @cording the food intak@urke 2001y The high preva-
lence of physiological symptoms of energy deficief@und in female athletes, such as subclinical
and clinical MD and lowered RMEibbs et al. 2013a, Nattiv et al. 2007, De Souzal.€2014, Mountjoy et al. 2014)’ldi-
cates, however, that the discrepancy between emetajke and estimated energy needs reported in
these dietary surveys can only be partly explamednderreporting.
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Figure 2 Potential Endocrine Alterations due to Enggy Deficiency

The figure is modified from Loucks and Thuma 20B8nci et al. 2008, Gordon 2010, Warren 2011 anddaMeyer
et al. 2012 The arcuate nucleus in the hypothalamus containsones that coordinates the signals and contral foo
intake (orexigenic neuropeptide Y [NPY]/agouti-telh peptide (AgRP) and anorexigenic peptide praopianocortin
(POMC)/cocaine and amphetamine-regulated trans@ZpRT)). Leptin, ghrelin, glucagon-like peptidd@LP-1), and
peptide YY (PYY) are some of the hormones involiiedhe regulation of appetite. Leptin, mainly prodd in fat
cells, suppresses appetite. PYY and GLP-1 also haweexigenic actions while ghrelin is orexigenia astimulates
appetite. Energy deficiency reduces leptin levelsich enhances the release of NPY/AgRP and incseappetite.
However, elevated PYY and GLP-1generates an ovanaltexogenic effect and might, therefore, increhserisk of
energy deficiency. High intensity exercise has b&®wn to acutely suppress appetite and the effeghirelin, GLP-1,
and PYY in eumenorrheic female athletes. Insuffitiavailability of metabolic fuels, especially ghse, will be de-
tected by cells in the hindbrain, where NPY neurioiébit gonadotropin-releasing hormone (GnRH) ptilgy. The
suppression of GnRH reduces the LH-pulsatility #vel FSH production, which leads to a reduced prigluof oes-
trogen and progesterone and disruption of the faedinechanism. Ghrelin, leptin, and PYY might beirectly in-
volved in the suppression of GnRH pulsatility, ahdreby in the development of MD. Abbreviation: A€Tadreno-
corticotropic hormone; FSH: follicle stimulating dimeone; TSH: thyroid stimulating hormonej: Triiodothyronine.
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Table 1 Studies that have measured energy availabiliathietes and recreational active women

Methods

EA (kJ/ kg

Reference Subjects Remarks

Reproduc- FFM/day)
tive

function

Exercise
definition

Energy Exercise energy
intake expenditure

Recreational 3x7 days Menstrual
De Souza gmbnei_rs_; I prospective Sgr;)ultango_us:y estlmé:\t— Rttj]nnlng _arr:d history a:jnd EEE NA for SA or EA Sub.cgglcal
etal 1998 Subclinica dietary ed by activity logs an other weight- - repeate - for FEM MD:
' MD (n=29), records HR. bearing PA sex hor- EUM: 97
EUM (n=24) mones
Mixed fe- 3 days Athletes: 6%
male athletes . : . Menstrual low EA, 30%
Hoch etal. (n=80), prospective Slmultangqusly estimat- Sport participa-  EAT- history and reduced EA,;
weighed ed by activity logs and Yes EEE NA for SA :
2009 Sedentary dieta calculated using METS tion 26 sex hor- Controls: 4%
controls recorrc)i/ 9 ' mones low, 35%
(n=80) reduced EA.
Simultaneously estimat- Low/negative EA de-
Professional 3 days ed b acceleroymeters Menstrual fined as a negative
Hoch et al. female ballet prospective indiv)i/duall calibrated,at All PA EDE-Q history and Yes value. EEE NA for SA. 77% had low
2011 dancers dietary y ) " sex hor- EA NA for FFM. En-  EA
_ 2 self-selected intensities ) ;
(n=22) record of exercise mones dothelial function
' (FMD) determined.
Simultaneously estimat-
ed by activity logs, HR,
and intensity using the
Runners and 7rgas‘ysecﬂve 10-point RPE scale. EEE ¢ o 1 e mset';sr”:ﬂ g EEE NA for SA. Cate-
Schaal et triathletes; \F/)vei ‘r)]ed was estimated on the training verified EDE-Q dia ngsis ) colamines and BP MD: 75
al. 2011 MD (n=6), €19 basis of RPE and HR 9 g measured. POMS ques-EUM: 121
_ dietary . L by RPE verified by . .
EUM (n=6) during training to o tionnaire.
record . physician
matched @consumption
and RER during labora-
tory testing.
Recreation- HR and activity logs All purposeful EEE NA for SA. RMR
. 2 x 3 days . ; X . EDI, Menstrual :
Reed et al. ally actlye prospective durlng a 7- day period at exercise >10 min TEEQ, history and and satiety (PYY) MD: 121%*
women: . baseline. METSs for exer- with a HR >90 - measured. Food group i
2011 _ dietary : . . . psych-  sex hor- . EUM: 176
MD (n=12), records cise sessions without HR beats/min but not ologist  mones variety and energy
EUM (n=13) monitoring. SA 9 density estimated.
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Table 1
continued

Methods

EA (kJ/kg

Reference Subjects _ . Reproduc- Remarks FFM/day)
Exercise energy Exercise

expenditure definition ;alr?ction 40

Energy intake

Simultaneously estimat- Pre-season: 180
ed using HR during team Mid-season: 146
Female 3x3 days training sessions. HR andTeam training Post-season: 188
Reed et al. soccer play- prospective activity logs during indi- sessions and EDI Menstrual T. measured 12%—33% low
2012 ers (n:fg)y dietary vidual training. METs purposeful exer- history 3 EA, depending
records for exercise sessions cise sessions on the time
without HR monitoring. during the sea-
son
Gibbs etal. Exercising 3 days Simultaneously estimat- All purposeful TFE  Menstrual - RMR measured Dietary re-
2013b women; prospec-  ed using 7 days activity exercise, butnot Q history and straint: 150*
Dietary tive logs and HR. Individual SA daily sex Non-dietary
restraint weighed VOypeakvalues were used hormones restraint: 176
(n=30), non- dietary to compute EEE. METs (one cycle)
dietary re- record for exercise sessions
straint without HR monitoring.
(n=56)
Athletes 7 days pro-  Simultaneously esti- , Male endurance
; ; . ; g EA corrected with athletes (n=22):
from mixed spective die- mated using activity T
} ! ; . . age-specific factors 113, 58% low
Koehler sports; Men tary record records, including a list Exercise related . .
~ . . e - - - for EE. Leptin, IGF- EA, female
etal. 2013 (n=160), with 193 of exercise-related activities ; :
. o e 1, Tz and insulin endurance ath-
Women foods listed activities with different o,
- : . . measured. letes (n=18):
(n=185) with standard intensity levels and SA
. . 151, 51% low
portion sizes. and METSs. EA
Simultaneously as-
Woodruff, Volleyball 2%/ days sessed from accel- Volleyball prac-
prospective  erometers and METs, .. Menstrual
Meloche  players . tice, warm-ups, - hi - EEE NA for SA. 178
2013 (n=10) dietary rec- Igased on datgs and and games istory
ords times of practices,
warm-ups, and games.
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Table 1

continued
Methods
Reference Subjects Remarks Eél\/(lll(a]gl;%
Energy intake Exercise energy Exercise Reproductive BMD
expenditure definition function
1: All planned
exercise
2: All planned
Guebels {Ergic:]lérgmce pz);(gscplgﬁive Simultaneously as- exercise + Menstrual history
etal. 2014 . . sessed from activity  transport-related EEE NA for SA, MD: 142
women; MD weighed | | i fiviti and repeated sex - RMR measured EUM: 158
(n=8), EUM dietary rec- ogs, accelerometers, af: ivities hormones sure :
(n=9) ords and METs. 3: Exercise> 4
METs
4: Exercise > 4
METs
HR monitors for 3 days.
7 days pro- For (_each §ubject, the _
spective relationship betwee_n HR Menstrual history,
Mixed ath-  dietary rec- and \./Q was e_stabhsh_ed . L Sex hormones,_
Lagowska letes with ord using a for lying in supine posi- Exercise activi- and gynecological EEE NA for SA, MD: 118
etal. 2014 MD (n=45)  photographic tion, sitting quietly, ties ultrasound exami- RMR measured )
album of stangiing quietly, and nation
dishes continuous graded exer-
' cise on a cycle ergome-
ter.
7x3 days Prospective men- EEE NA for SA.
Female prospective 7 days training logs and strual cycle record Performance as-
Van Heest swimmers; weighed swimming specific EE Swimming train- during 12 weeks. sessed after 12- MD: 50*
etal. 2014 MD (n=5), dictary rec-  table ing Sex hormones at 0 week training pro- EUM: 125
EUM (n=5) ords ' and 2 weeks. gram. RMR, T,
IGF-1 measured.

Abbreviation: EEE: exercise energy expenditure;dflergy intake; EA: energy availability; MD: menstl dysfunction; EUM: eumenorrhea; PA: physicai\aiyt,
HR: heart rate; DE: disordered eating behaviour;:Nvat adjusted; SA: sedentary activities; N.Rt mported; RPE: ratings of perceived exertion; MEEtabolic
Equivalent of Task; FMD: flow mediated dilation; BX dual-energy x-ray absorptiometry; EAT-26: eatimgjtudes test-26; EDE-Q: eating disorder exanonat
questionnaire; TFEQ: Three-Factor Eating Questiman8P: blood pressure; POMS: profile of moodesaRMR: resting metabolic rate;: Triiodothyronine; IGF-
1: Insulin growth factor-1. P < 0.05 and **P < 0.01 compared to eumenorrheic or non-dietaryagstsubjects.

26



Some studies have reported a lower energy intakemiale endurance athletes with MD compared
to eumenorrheic athleteseison et al. 1986, Thong et al. 2000, Kaiseratieal.e1989, Tomten and Hgstmark 2008f an iN-
creased training volume and thereby a potentiallyel EA (Drinkwater et al. 1984, Harber et al. 1998, Coblale
2003) (Table 2). However, many studies have found singlzergy intakes and training volumes in

female endurance athletes with MD, as in eumenridit@leteSmarcus et al. 1985, Deuster et al. 1986, Myergon e
al. 1991, Snead et al. 1992, Wilmore et al. 19@2ighlin and Yen 1996, Perry et al. 1996, Lebenstedt. 1999, Pettersson et al. 1999, Gremion et

al. 2001, Schaal et al. 2011)

Adequate carbohydrate intake is important for tifeecéve restoration of liver glycogen to maintain
normal blood glucose levels and thereby facilitate pulsatility (Figure 2)Loucks et al. 1998, Loucks and
Thuma 2003, Loucks 2014)A sufficient carbohydrate intake is also impottamorder to replenish muscle
glycogen storage after training, since reduced atapthrate availability for the working muscles
limits performance during prolonged sub-maximalreise, as well as during repeated bouts of high
intensity exerciSe@ostil et al. 1973, Hawley and Burke 2010, Buekal. 2011) Therefore, the recommended intake of
carbohydrates is 5—7 g/day for athletes with a matdeexercise program of 1-1% h/day in order to
endure daily glycogen recovegurke et al. 2011) In female endurance trained athletes reportedrio
between 40 to 119 km/week or to train 6.4 to 10wlekk, the weighted mean intake of carbohy-
drates are 5.5 g/kg/day in athletes with MD anddgdkgy/day in eumenorrheic athletes (Table 2).
The recommended protein intake for female enduraticietes in energy balance is 1.2-1.7 g/kg
/day (pnilips and van Loon 2011)The weighted mean intake reported in athletes Mithis 1.3 g/kg/day,
and in eumenorrheic athletes, it is 1.4 g/kg/dagridels of low energy and/or carbohydrate intake
may increase amino acid oxidation and hence proggjnirements and 1.8—-2.0 g/kg/day of protein
is recommended during periods of energy deficianogrder to minimise the loss of FFM as well
as to optimise glycogen stora@&rke et al. 2011, Philips and Van Loon 2011)

A lower intake of fat is frequently reported in fal® endurance athletes with MD compared to eu-
menorrhoeic athletes, independent of any differemedotal energy intak@euster et al. 1986, Nelson et al.
1986, Kaiserauer et al. 1989, Laughlin and Yen 1886ber et al. 1998, Thong et al. 2000, Cobb.€2@03, Tomten and Hgstmark 20($Tab|e

2). In a study by Horvath et atoooy, ad libitum energy intake from a low-fat diet (17 E%) during a
month only provided 60% of the required energyfanale runners. The higher the contribution
percentage was of energy intake fat, the loweetiergy deficiency. The weighted mean fat intake
reported in female endurance athletes with MD i€£22 compared to 29 E% in eumenorrheic ath-
letes (Table 2), indicating that diets with a lovieer content might increase the risk of low/reduced
EA on a long-term basis.

In summary, most studies investigating EA, dietary intake, érahing regimes in female endur-
ance athletes have reported similar results in M® eumenorrheic subjects. It is, therefore, possi-
ble that the threshold of low EA established iralbokatory setting that predicts the decline in LH
pulsatility in eumenorrheic, sedentary womedicks and Thuma 2003nay be higher or may vary for
maintaining oligomenorrhea/FHA in free-living attde Gibbs et al. 2013b, Ciadella-Kam et al. 20145urther-
more, it is possible that specific dietary charasties reported in female athletes with MD, sush a
lower energy density, a low fat content, and a Hilgie intake might increase the risk of long-term
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energy deficiency at a degree large enough to maitlhe suppress of the hypothalamic-pituitary

axis and, thereby, lead to oligomenorrhea/FHA. &fuee, more studies assessing EA and dietary
characteristics related to reproductive functionaidarger population of free-living athletes are

needed.

The Disordered Eating Spectrum

Since weight influences performance in many spdots, EA could derive from an intentional re-
striction of food intake in order to obtain a lowdy weightattiv et al. 2007) Most DE typically begins

as a voluntary restriction of food intake, where tastricted eating behaviour progresses to chronic
dieting and weight fluctuation, with increasinglgtpological eating and weight-control behaviours
with/or without excessive trainin@undgot-Borgen and Torstveit 2010 he DE continuum ends with overt
clinical ED, where athletes struggle with abnormeating behaviours, distorted body image, weight
fluctuation, and extreme dieting, with the use afhwlogical compensatory strategies, such as fast-
ing, dehydration, purging (i.e. vomiting), laxatsyend weight loss drugsindgot-Borgen et al. 2013)

Predisposition to develop an ED is dependent orosoktural, demographic, environmental, bio-
logical, psychological, and behavioural fact@i@dgot-Borgen et al. 201gFigure 1). In addition to diet-
ing, personality factors such as perfectionismsguee to lose weight, frequent weight cycling, ear-
ly start of sport-specific training, overtraininigpjuries, and coaching behaviour seem to be im-
portant risk factors in athlet@Sindgot-Borgen 1994, Sundgot-Borgen and Torsgeto) Athletes considered to be
particularly vulnerable for the DE spectrum aresth@articipating in sports that emphasize lean-
ness: aesthetic sports (e.g., diving, figure sigatamd gymnastics), endurance sports (e.g., distanc
running, triathlon, and swimming), and sports tfejuire weight categories for competition (e.g.,
lightweight rowing and wrestlingpyme and McLean 2002, Sundgot-Borgen and Tors®@04, Torstveit and Sundgot-Borgen
2005a, Nichols et al. 2007 When using the DSM-IV criteria, 20% of Norwegifemale elite athletes were
reported as having overt ED, as compared to 9%gefmaatched controls, while the prevalence
among female endurance athletes has been repon&d24%sundgot-Borgen and Torstveit 2004)

The most frequently reported ED diagnosis amongaferelite athletes is an eating disorder not
otherwise specified (EDNOS, DSM-1V). Relatively faweet the criteria for bulimia nervosa or
anorexia nervosa, especially the lattefdgot-Borgen and Torstveit 2004, Martinsen amdgot-Borgen 2013)

There are several standardized, self-reported ignestires designed and validated to screen for DE
in the general population, such as the Eating ktgés Test (EAT) (Garner et al. 1982), the Three-
Factor Eating Questionnaire (TFEQ) (Stunkard andcgsdibk 1985), Eating Disorder Inventory
(EDI) (Garner 2004), Eating Disorder Examinatione®uonnaire (EDE-Q) (Fairburn et al. 2008),
and the SCOFF Questionnaire (Hill et al. 2009 SEhscreening tools, however, are not evaluated
in athletic populations; hence the resultant infation may not be accurate for athletes (Fairburn
and Beglin 1994).
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Reference

Drinkwater
et al. 1984

Methods Athletes
3 days food record.
Self-reported DE
excluded. Menstrual
history, sex hormones
(once a week x 4)

Runners

Reproductive

function

MD (n=14)

EUM(n=14)

Table 2Dietary intake in female endurance athletes diviojedeproductive function

Training

67 km/ week**

40 km/week

El
(MJ/
day)

6.8

BMI
(kg/m?)

Body fat
(%)

19.7 15.7

211 16.9 8.1

El
(kJ/kg
/day)

125

142

4.1

4.4

CHO Protein

(a/kg/  (g/kg/
day)

day)
1.2

11

Fat
(g/kg/
day)

1.0

Fat
(E%)

Fibre
(g/day)

32.6

1.437.6

Marcus
et al. 1985

3 days food record.
DE N.A. Menstrual
history, oestrogen

Runners

MD (n=11)
EUM (n=6)

93 km/week
93 km/week

18.6
21.5

10.0
111

5.3
7.2

107
133

1.0
1.3

Deuster
et al. 1986

3 days food record.
DE N.A. Menstrual
history, oestrogen
(oligomenorrhea
excluded)

Runners

MD (n=12)

EUM (n=33)

119 km/week

113 km/week

18.3 11.2 9.0

19.6 12.2 10.4

181

199

6.4

6.2

15

1.6

*1.429.00 9.0

91 363 7.0

Nelson
et al. 1986

3 days food record.
AN assessed and
excluded. Menstrual
history, oestrogen,
gynaecological exam-
ination, prim. FHA
excluded

Runners

MD (n=11)

EUM (n=17)

56 km/week

64 km/week

21.2 21.6 7.2*

20.2 19.7 9.4

126**

169

3.4*

4.4

0.7

1.0

0.6 334

0.8 33.5

Kaiserauer
et al. 1989

3 days food record.

DE N.A. Menstrual

history, oral temp (6- Runners
12 weeks). Prim.

FHA excluded

MD (n=8)

EUM (n=9)

63 km/week

50 km/week

18.8 11.8 6.6*

19.5 10.7 10.4

134~

193

4.5*

3.3

1.0*

1.6

.01 278

1.8 35.9

Myerson
etal. 1991

7 days food record.
EAT-26, self-
reported AN, BN
excluded. Menstrual
history, sex hor-
mones.

Runners

MD (n=7)

EUM (n=10)

84 km/week

83 km/week

19.4 14.6 7.2

195 15.0 8.1

141

158

4.6

5.3

1.0

1.3

1.0 712 64

13311 73

Snead et al.
1992

7 days food record.
EDI. Menstrual histo-
ry, sex hormones,
gynaecological exam-
ination.

Runners

MD (n=12)
EUM (n=19)

46 km/week
49 km/week

20.3 20.1 8.6

21.8 22.1 8.3

149

140

4.9

4.2

1.2

13

1.2 30.2

1.2 32.7
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Table 2
continued

Reference

Methods

INGQIEES

Reproduc-
tive function

Training

Body fat

(%)

El
(MJ/

El
(kd/kg/

Protein
(g/kg/

day)

day)

day)

3 days food & activi- MD (n=8) 18.4 10.8 74 145
Wilmore ty records. DE N.A.
etal 1992  Menstrual history, Runners _ N.A - - -
. sex hormones: once a EUM (n=5) 18.7 10.3 7.1 136
week x 4.
7 days food & activi- MD (n=8) 4.5 MJ/day 19.4 16.0 8.8 160 6.9 1.2 0.6 13.2% 25*
ty records, EDI. Self- RuUNners
Laughlin, reported ED exclud- triath- '
Yen1996  ed. Menstrual history, | EUM (n=8) 3.8 MJ/day 19.6 15.9 7.3 125 4.4 1.0 09244 17
sex hormones, prim.
FHA excluded
Perryetal, o daysfood record,  Runners, MD (n=6) 59 km/week  20.6 19.1 7.8 143 4.2 1.3 0.4 0.91
1996 " EAT-26. Menstrual triath- B -
history, oestrogen letes EUM (n=10) 63 km/week 21.0 18.6 8.5 156 5.9 1.3 0.7 17.0
Harber 4 x days food rec- Runners, MD (n=8) 10.4 h/week*  18.6* 13.9 8.9 176 6.7 1.4 01. 21.5* -
etal. 1998 ords. DE N.A. Men- cyclists,
strual history, sex triath-
hormones; EUM: 3 letes —
times/week during 1 EUM (n=11) 7.2 h/week 20.5 16.8 8.7 156 55 1.3 1.1 25.6
cycle, MD: once a
week x 4.
7 days food record. MD (n=10)  10.0 h/week 19.8 18.4 7.7 140 5.5 1.3 70 201 -
Pettersson et DE N.A. Menstrual
g Runners
al. 1999 history, sex hor- EUM (n=10) 9.0 h/week 21.2 23.6 87 151 6.4 1.2 1.0 25.9
mones.
7 days food record, Subclinical
Three-Factor Eating MD (n=12) 7.4 hiweek 21.0 25.9 10.0 166 4.5 1.2 1.4 33.7
Questionnaire. Self- Runners,
Iétegfnlsgtggt reported MD exclud- triath- -
' ed. MD assessed by letes EUM (n=21) 6.4 h/iweek 22.1 25.0 9.8 151 4.8 1.2 1.6 335

morning saliva pro-
gesterone (1 cycle).
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Table 2
continued

Reference

Thong et
al. 2001

Body fat El El CHO Protein Fat Fat Fibre

%) (MJ  (kJkg/ (g/kg/  (g/kg!  (g/kg/ (E%) (ol day)
day) day) day) day) day)

106 km/week  18.9 14.6 7.0+ 133* 55 1.0 70  17.0*

Reproduc-

Methods Athletes Training

tive function
MD (n=5)

7 days food & activity
records. Self-reported

ED excluded. Menstru-

al history, sex hor- Cyclists,

mones measured twice runners  EUM (n=8) 102 km/week  19.3 15.2 9.5 180 6.8 15 1.2 25.0
during 1 cycle. Oligo-

menorrhea, prim. FHA

excluded

Gremion
et al. 2003

2x5 days food record. MD (n=11) 86 km/week  18.8 12.3 96 188 7.1 1.7 1.4 28.1
Self-reported DE.

Menstrual history, sex Runners -

during 3 cycles.

Cobb et al.
2003

MD (n=58) 63 km/week* 21.1 22.7 9.3 160 15 0.6* 15.3* 32.0
Food frequency ques-

tionnaire, EDI. Men- Runners _ -
strual history. EUM (n=33) 53 km/week 21.5 23.9 9.4 160 1.5 0.8 718.28.1

Tomten,
Hgstmark
2006

3 days weighed food _ - - o 24.0(
records. Self-reported MD (n=10) 7.5 h/week 20.7 19.8 9.7 164 5.7 15 1.0 » i

. Runners
DE. Menstrual history, EUM (n=10) 6.7 hiweek 200  18.1 123 217 70 17 7 1. 300

sex hormones.

Schaal
etal. 2011

7 days food records. MD (n=6) 62 km/week  19.0 14.0 8.9 160 5.4 1.2 1.1 8.02
EDE-Q. Menstrual RUNNErs

history, oligomenor- triath- )
rhea/FHA verified by | EUM (n=6) 56 km/week  20.4 17.0 9.2 156 4.7 1.4 1.1 28.0
physician. Prim. FHA

excluded.

Weighted mean MD (n=217) 20.0 17.9 8.4 152 5.5 1.3 0.9 21.9° 26.0

EUM ( n=240) 20.6 18.2 9.2 164 5.4 1.4 1.3¥ 290 1673
Only studies comparing dietary intake between maaktysfunction (MD) and eumenorrheic (EUM) encam athletes are included. Abbreviation: AN: an@ex
nervosa; BMI: body mass index; BN: bulimia nervaS&O: carbohydrates; EDE-Q: eating disorder quastdre; EDI: eating disorder inventory; El: enengtake;
EEE: exercise energy expenditure; EUM: eumenorrREd: fat-free mass; FHA: functional hypothalamimenorrhea; N.A: not assesseB®<9.05, (*) P=0.05,
** P<0.01 compared to EUM subjects. In the calculatibweighted mean, the following number of subjewtse included: carbohydrat§®=134),2(n=190), protein
3(n=209),%(n=235),fat (n=198),%(n=229), and dietary fibré$n=84),8(n=85).
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Several DE screening tools targeting female athletach as the Athletic Milieu Direct Question-
naire (AMDQ) (Nagel et al. 2009) the Female Athlete Screening Tool (FASNMguutty et al. 2001) the Col-
lege Health Related Information Survey (CHRIS-73) (Steiner et al. 2003)the Athlete Questionnaire (Hinton

and Kubas 2005)and the Brief Eating Disorders in Athletes Questaire (BEDA-Q)Martinsen et al. 2014)
have also been developdflowever, in order to diagnose clinical, overt EBself-report question-
naires should be complemented with in-depth petsotexviews that use a semi-structufeemat,
such as the Eating Disorder Examination (EDE) inésv, which is considered to be the gold
standard methOd:airburn and Beglin 1994, Sundgot-Borgen 2004rdemh et al. 2008, Martinsen and Sundgot-BorgerdpoXur-
thermore, Black et al. (2003) developed the Physiological Screening Test (PST), a combined self-
reported questionnaire regarding physiological symptoms (dizziness, gastrointestinal problems, and
menstrual cycles per year) with measurements of skin folds, waist and hip ratio, standing diastolic
blood pressure, and enlarged parotid glands.

Torstveit et al(008) evaluated the predictive power of three diffenmaidels with regard to the de-
tection of ED in female athletes. Model one was posed of self-reported ED using the EDI-2
questionnaire; model two included a self-report& Bw BMI (< 18.5 kg/m), EDI-2 drive for
thinness score (DT-score)15, EDI-2 body dissatisfactions score (BD-scardy, and the use of
pathological weight control methods (diet pillsnger-repressive pills, laxatives, diuretics, or vom
iting); and model three was made up of a self-rgbMD, as well as stress fractures, in addition to
all the variables of model two. Torsteveit et@ks)found that model one raised the probability of a
clinical ED diagnosis among athletes in non-leaarggorts, while model three, which comprising
all the Triad components predicted ED in the whyylgup of athletes as well as in athletes in lean-
ness-demanding sports

It has been suggested that an elevated EDI driveghianess score (DT-score), using a lower
RMR a0 @s confirmation of energy deficiencies in the greufh an elevated DT-score, is an indi-
cator of energy deficiency in recreationally activemenibbs et al. 2011) Several studies have found
that athletes with subclinical MD and FHA are mékely to have an elevated DT-score or in-
creased dietary restraint than eumenorrheic athi@benstedt et al. 1999, Warren et al. 1999, Cotzh. €003, Gibson et

al. 2004, Nichols et al. 2006, Reed et al. 201hbsiet al. 2011) Therefore, an elevated DT-score might be a useful
screening tool to identify female athletes at fiaskED/DE andMD. Even though the prevalence of
low EA is assumed to be high in female athletes asglmed to exist without the presence of
ED/DE (Nattiv et al. 2007, Gibbs et al. 2013a, De Souzt.€014, Mountjoy et al. 2014there are no screening tools current-
ly developed to detect self-reported physiologgyahptoms of the Triad without ED/DE.

In summary, athletes participating in sports that emphasizereas are considered to be particular-
ly vulnerable for ED/DE; for example, the reporfg@valence among female endurance athletes is
24%. There are screening tools developed to idebDif in female athletes. However, since low EA
is reported also to exist without ED/DE, screertmg)s designed to detect self-reported physiologi-
cal symptoms of the Triad without ED/DE are, theref needed.
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Low Energy Availability without Disordered Eating B ehaviour

Low/reduced EA could emerge unintentionally, beeaosthe difficulty of increasing food intake
sufficiently to meet energy requirements duringigus with a high training volume and/or high
intensity exercisestubbs et al. 2004, Nattiv et al. 2007 ertainly lifestyle and the effort required tatab and
prepare food can also make it difficult to incre#ise energy intake during times of with a high
training volume, including the inhibitory effect &tigue and fewer opportunities to participate in
food-related activities on days in which a substhmumber of hours are devoted to exercise. It has
been reported that ad libitum energy intake in fienahletes does not compensate for increased
exercise energy expenditure, even after 27—48 @ayah et al. 2000, Whybrow et al. 20pggSpecially among
female athletes eating bulky fibre-rich foods am-fat dietSHorvath et al. 2000)

Appetite Regulation

The regulation of body weight is partially conteall by signals processed in the hypothalamus that
reflect long-term energy balance and modulate dayaty energy intake as well as energy expendi-
ture (Huda et al. 2006) The arcuate nucleus in the hypothalamus containssubsets of neurones that
coordinate the signals and control food intake; grmip contains neurones that express the orexi-
genic peptides, neuropeptide Y (NPY), and agoudited peptide (AgRP), and the other expresses
anorexigenic peptides derived from pro-opiomelantico(POMC) and cocaine-amphetamine-
regulated transcript (CART®ing et al. 1996, Schwartz et al. 200d)\Vhen one group of neurons is activated,
the other is inhibited, and thereby either an iaseeor decrease in energy intake is promgteekt:

et al. 2000, Druce et al. 2004L_eptin, ghrelin, glucagon-like peptide 1 (GLP-anhd peptide YY (PYY) are
some of the hormones involved in the regulatioapdetite (Figure 2). Therefore, a combination of
endocrine, behavioural, and psychological aspacitsviolved in controlling energy intakguda et al.
2006, Valassi et al. 2008, Warren 2011, Hirschi2&xR)

Leptin is a small anorexigenic polypeptiteat suppresses appetite andniginly produced in fat
cells (valassi et al. 2008, Fuqua and Rogol 2q1@Nd the blood levels are proportional to fat S@t@re et al. 2000)
Low EA reduces the levels agtin (Loucks and Thuma 2003, Donato et al. 291wyhich enhances the release of
NPY and AgRP, and increases the motivation tomeadto et al. 2011) Lowered levels of leptin have
been reported in patients with Elaren 2011, singhal et al. 2018nd in recreationally active women with
MD (De Souza et al. 2004, De Souza et al. 2007, Sthetedl. 2009) Leptin receptors are expressed in many different
organs and tissues, including the anorexigenic Pxtducing neurons as well #se orexigenic
NPY and AgRP-producing neurons, which are thought ¢aliate most of the effects of leptin on
food intake, energy expenditure, and reproductivetionwarren 2011, Donato et al. 2011)

While PYY and GLP-1 are primarily secreted by endwx L cells of the intestine in response to
intraluminal nutrientgealantyne 2006that have anorexigenic actionsda et al. 2006) ghrelin secreted
from the stomach is orexigenic and stimulates ajgpand food intake. The levels of PYY and
GLP-1 increase after food intake and promote Satieiit et al. 1992, Keire et al. 2000, Huda e2a06) Elevated
levels of PYY have been reported in athlet@h MD (russell et al. 2009aNd in recreationally active
women with MD(pe Souza and Williams 2004, De Souza et al. 28@fineid et al. 2009)and, along with elevated levels

33



of GLP-1, have also been reported in in patienth @wnorexia NervoS@arren 2011, Singhal et al. 2014)N-
creased PYY and GLP-1 generates an overall anoesiogffect, and therefore might increase the
risk for low EA due to a reduced appetitarren 2011)

High intensity exercise has been shown to havecateauppressive effect on appetit@on-meyer et

al. 2012) rather than the converse. Hubert et@@hbs) showed that short-term food deprivation in-
creased hunger in exercising women, but the samemeficit produced by exercise energy ex-
penditure did not. King et af1997) demonstrated that a substantial increase in erexggnditure
due to intense exercise does not automatically feadcreased hunger or energy intake within 48
hours in healthy young men, and therefore a notrdi challenge for athletes could be that there is
no strong drive to automatically match energy iaték exercise energy expenditure. The acute re-
duction of appetite after exercise is probably @by the same complex changes in the appetite-
regulating hormones as energy deficiency, sincelghPYY,andGLP-1 have been reported to be
increased in eumenorrheic female athletes aftengawun for one hour at0% of their VQmax (Lar-

son-Meyer et al. 2012)

Energy Density

Energy density is the amount of energy (kJ) exgeger weight of food and is mainly influenced
by the macronutrient composition and water contérihe diet. The energy density of a food or a
meal is more influenced by the content of fat tharbohydrates and protein, due to its higher ener-
gy density (38 kJ/g fat versus 17 kJ/g for carbohigs and protein) than water content, since water
lowers the energy density of foods, due to its gbation to weight, but not to energyoiis 2009) Ad-
ditionally, adding bulky fibre to a diet will alseduce energy densitytavin 2009) Exercising women
with MD have been reported to eat diets charaadrlkzy a lower energy density than the diets of
eumenorrheic womereed et al. 2017)and elite female soccer players with low EA hbeen reported

to eat lower energy dense dinners than soccer iglayiéh EA greater than 125 kJ/kg FFM/dayked

et al. 2014) The energy density of foods and meals affecigtgatvhich refers to the effects of food
intake after eating has ended, as well as to gatiavhich only refers to the process that leads to
the termination of a meatols 2009) Rolls et al. have demonstrated the associatibnwdasm energy
density and satiety in several studies, showin@%-120% lower energy intake in a test meal after
eating a low energy density pre-load meal, suclarasipple (15%)riood-Obbagy and Rolls 2002)SOUP
(20%) (Flood and Rolis 20070r a large salad (12%qolis et al. 2004) @S compared to consuming no pre-load
meal.

Some dietary fibres, such as pectin (found in $raind potatoes) and grains (found in oats, barley,
rye, and wheat), form a gel-like substance in tbenach and delay the rate of food-emptying into
the duodenum, which results in increased satiaiwha prolonged feeling of satiety. Hence, these
dietary fibres limit the intake of energy in a meal well as delay the initiation of hunger, and
thereby postpone the next meak 2006) Other types of fibres, such as cellulose and beliniose
(found in vegetables and cereal bran), are notstegein the small intestine and bind with water in
the large intestine, which may have a laxative afiepton et al. 2006and cause gastrointestinal dis-
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comfort, a common problem among endurance ath{etes 2006y Gastrointestinal problems due to
a high fibre intake might potentially further dease the motivation to eat, and therefore increase
the risk for low/reduced EA by several mechanisAithough Lloyd et al(1987y, Warren et al@99a),

and Laughlin and Yenpoos) identified a high fibre intake as a potential rtidnal concern in female
athletes with MD more than two decades ago, mostiest investigating food intake in female en-
durance athletes have not assessed the intaketafydfibres (Table 1). However, studies of seden-
tary premenopausal women have reported a negaseeiation between fibre intake and oestrogen
levels Laugnlin et al. 1998, Aubertin-Leheudre et al. 0Gaskins et al. 2009)T he presumed mechanism involves oestro-
gens binding to fibre in the colon, which redudes teabsorption of circulating oestrogeimertin-
Leheudre et al. 2008gNd hence increases the excretion of oestrogetieifaeces. Oestrogen excreted
from bile needs to be hydrolysed before it candabsorbed. An additional presumed oestrogen-
lowering effect of fibre is linked to reduc@eglucuronidase activity in the colon, which leadghe
reduced reabsorption of oestrog&mertin-Leheudre et al. 2008)

In summary, low EA could occur intentionally in athletes whdend to lose weight or maintain a
lower body weight; that is, female athletes havenbesported to avoid compensating for increased
exercise energy expenditure, especially those fermhletes eating a diet with a low energy densi-
ty. Low EA could also emerge unintentionally inlaths, since energy deficiency, as well as high
intensity exercise, seems to generate similar emdoalterations that generate an overall anorex-
ogenic effect. An excessive intake of dietary fdhoowuld, by several mechanisms, potentially in-
crease the risk for low EA and oligomenorrhea/FN&ry few studies, however, have reported
dietary characteristics associated with EA anda@ypctive function in female athletes.

Potential Impact on Performance

Endurance training increases the fatigue resistahcentracting skeletal muscles during prolonged
submaximal exercise by enhancing the maintenanogetdbolic controlsurke et al. 2011, Hawley and Burke
2010) and circulatory effects, and by increasing theagje capacity for glycogen and lipids in the
skeletal musclecostil et al. 1973) These adaptations include a shift towards maréeéamg oxidized
during submaximal exercigeawley and Burke 2010) Trained, eumenorrheic, weight-stable women seem
to have similar changes in substrate utilisationindumoderate and high intensity exercise as
trained menromin; et al. 2000) Carbohydrate availability is regulated directhy relation to exercise
intensity; furthermore, low muscle glycogen concatibns (both diet and exercise induced) are
associated with fatigue during prolonged, submakendurance training (< 85% peak oxygen up-
take (VQpeay lasting more than two hougsurke et ai. 2011) Blood glucose levels have been shown to
influence athletic performangeostil et al. 1973, Bangsbo et al. 1992aNd low levels of blood glucose have
been reported in patients with Earen 2011yand in female athletes with MRaughlin and Yen 1996)
Therefore, persistent low energy and carbohydreddadbility also seem to promote a shift in the
working skeletal muscle’s selection of metabolielfufrom glucose to fatty acid oxidation; fur-
thermore, as EA declineBsoxidation of fatty acids in the liver produces 3t€o0A faster than the
tricarboxylic acid cycle can accept, and the exdsssonverted to ketone bodies (primarfly
hydroxybutyrate and acetoacetate), released irtdokhod, and made available to be oxidized by
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the brain (Figure 2). Another potential glucoregoig mechanism is an increased hepatic glucone-
ogenesis, especially from amino acids, which haenbobtained from the breakdown of skeletal
muscle, accelerated by an increased cortisol/imngatlio. Insulin and GH, along with the catechol-
amines, regulate the cycling of fatty acids in adgptissue, and therefore the GH/insulin ratianis a
index of lipolytic drive, which is accelerated lynt EA (Loucks 2014) T3, which stimulates mitochon-
drial ATP production and effects neural functiokeletal muscle protein turnover, fibre type ex-
pression, and Ga uptakewrutniak-Cabello et al. 2001)S also lowered by chronic low glucose availapilit
(Loucks 2014) Through these mechanisms, lowI&vels reduce the ability for skeletal muscle to-p
duce mechanical workoucks 2014)

There are few studies to date that have investigiie effect of MD on performance. Harber et al.
1996) reported that athletes with MD had a lowerl@vel and slower creatine phosphate recovery
rates than eumenorrheic athletes, implying thatékevery rate of skeletal muscle might be altered
in athletes with MD and influence their ability perform repeated bouts of exercise. Recently, Van
Heest et alo14) reported a 10% decline in the performance of yoelitg swimmers with chronic
ovarian suppression and metabolic and hormonalietion, which was secondary to energy defi-
ciency, during a 12-week competitive season; irtrest, there was an 8% improvement in the per-
formance of the eumenorrheic group.

In summary, low energy and glucose availability and the apgmant endocrine alterations are like-

ly to influence substrate utilisation and performamf female athletes. Only two studies have in-
vestigated the association between oligomenorritaénd performance, and both studies indicate
that oligomenorrhea/FHA have negative effects.

Assessing Energy Availability

Loucks et al. have recommended that EA should brileded by subtracting exercise energy ex-
penditure from the energy intake adjusted for Ffdvtks et al. 1998, Loucks and Thuma 2003, Louekal. 2011)
Furthermore, that exercise energy expenditure shonlly represent the amount of additional ener-
gy that has been expended as a result of exerclis&\a Thus, the energy cost of daily living dur-
ing the period of exercise should be subtractech fthe estimates of exercise energy expenditure
(Loucks et al. 1998) There are, however, several methodological diffies involved in estimating EA,
such as timing of the assessment in order to dalgresentative data of the athletes’ habitual EA.

Some studies that have estimated EA have useee: tbr seven-day food diary to estimate energy
intake (Table 1)Hoch et al. 2009, Hoch et al. 2011, Schaal €2@d1, Gibbs et al. 2013b, Koehler et al. 2013, ke et al. 2014)aNnd
some studies have performed repeated estimategeafyeintak@pe souza et al. 1998, Reed et al. 2011, Reed et al
2012, Woodruff and Meloche 2013, Guebels et al42@/an Heest et al. 2014EStimated energy intake and exercise energy
expenditure are examined simultaneously in almbbstfahe studies, though the method used to
estimate exercise energy expenditure varies. Fample, a few studies have used activity logs and
heart rate monitors, and have estimated exercisgygmexpenditure during training on the basis of
heart rate in relation to {xonsumption and the respiratory exchange rationguaboratory testing
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(Schaal et al. 2011, Gibbs et al. 2013b, Logawsla 014) Accelerometers monitoring bodily movements hagerb
used in other studies in order to assess exensege expenditur@ioch et al. 2011, Woodruff and Meloche 2013,
Guebels et al. 2014)although accelerometers have been reported torestdeate exercise energy ex-
penditure at more rigorous exercise leuelsqui and westerterp 2007, Nichols et al. 20#) frequently used
method, although less precise, is the use of pobispeactivity logs to calculate exercise energy
expenditure from the corresponding Metabolic Eqentof Task (MET ainsworth et al. 20000r other
tables of exercise energy expenditwesouza et al. 1998, Hoch et al. 2009, Koehlet.€2013, Van Heest et al. 2014)¢hile
some studies have used a combination of activgy bind heart rate monitors and/or accelerometers
(Reed et al. 2011, Reed et al. 2012, Guebels 20ay The recommended adjustment of exercise energgnekjoire

for the energy expenditure of sedentary activithjolw would have occurred instead of exercise,
(Loucks et al. 19981as only been used in a few of the studies et al. 2012, Gibbs et al. 2013b, Koehlet. €013)

Another methodological issue when assessing EAve to define exercise. In the existing litera-
ture, different terminology and definitions haveebeused, such as all sport or exercise ses-
SiOI’lS/aCtiVitieSHoch et al. 2009, Schaal et al. 2011, Reed @0dl1, Koehler et al. 2013, Van Heest et al. 20 golwska et al. 2014)&”
physical activityHoch et al. 2011) all weight-bearing physical activitye souza et al. 199l physical activ-

ity except daily living activities (e.g., cleaninige house or walking the dogked et al. 2012, Gibbs et al.
2013b),0r as all physical activity > 4 MEEBuebels et al. 2014)corresponding to moderate activities, such
as playing golf or vigorous housekeepimgsworth et al. 2000) Logically, an athlete working full time in

a physically demanding trade, (e.g., as a physiafiigt), is likely to have a higher level of NEAT,
and thereby an increased total energy expenditurgoared to an athlete who is a full time student
or a professional athlete. Therefore, a physioklgpurposeful definition for exercise energy ex-
penditure when estimating EA is needed.

Four studies have assessed EA in female athket@s et al. 2011, Woodruff and Meloche 2013, Viaest et al. 2014,
Lagowska et al. 2014)It Should be noted that two of these studies tsagample size of five and six sub-
jects in each grougchaal et al. 2011, Van Heest et al. 2014) the study by Lagowskao14) forty-five MD sub-
jects, but no eumenorrheic subjects, were investifjan contrast, Woodruff and Meloch®13)
examined ten eumenorrheic, but no MD subjects. &laee several methodological diversities in
the assessment of EA between these studies anchavaedjusted exercise energy expenditure for
sedentary activities as recommended by Loucks &ein@(2003)

In summary, no study assessing EA has used gold standardbdseth diagnose subjects with ED.
Only two studies with small sample sizes have asst&A in female athletes as related to their
reproductive function, and none of these have usedmmended methods when calculating EA.
More studies assessing EA using the recommenddtbaetre therefore needed.
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Reproductive Function

The menstrual cycle is regulated via cross-talkr alve hypothalamic pituitary ovarian axis (posi-
tive and negative feedback). The concentrationeafsteroids changes during the menstrual cycle
(Figure 3), and the feedback mechanism is regulayethe interplay between GnRH in the hypo-
thalamus and changes in the circulating pituitasgaglotropins, in the LH and follicle stimulating
hormone (FSH), and in the gonadal hormones (oestragd progesteronejarer 2004 )(Figure 2).
Over the period of one cycle, oestrogens increageimenorrheic women, peaking between day 12
and day 14 (end of the follicular phase), and ggatira lower level, between day 19 and day 24
(mid luteal phase) (Figure 3). Concomitantly, thusptility of LH increases from 65 to 80 per mi-
nute during the follicular phase to 185 to 200 pwnute in the luteal phase, and then decreases
again(Harber 2004)
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Figure 3 The menstrual cycle

The figure illustrates the menstrual cycle dividedhe follicular and luteal phases, the time feulation, and the uter-
ine cycle divided into the menstruation, prolifémat and secretary phases. Furthermore, it illtesréhe fluctuations of
sex hormones and body temperature during the nuathstycle.

Menstrual Dysfunction

The continuum of reproductive function in femalbletes linked to EA ranges from eumenorrhea,
to subclinical MD issues such as luteal phase tefaad anovulation, to clinical MD issues such as
oligomenorrhea (menstrual cycle longer than 35 Jdaysl FHA (primary amenorrhea: menarche
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after 15 years of age, and secondary amenorrheanad of bleeding for at least three consecutive
menstrual CyC|€3)lattiv et al. 2007, De Souza et al. 2014, Moungowl. 2014)

The estimated prevalence of MD ranges from 2%—46%ng athletes, depending on the method-
ology used for assessment, the sport, and the asigrdefinition used, as compared to 2%-5% in
non-exercising women; furthermore, the reported/gde;nce of MD has been shown to be similar
among competitive and recreationally active worneas et al. 2013a)In sedentary women, polycystic
ovarian syndrome (PCOS) is reported to be the nfosguent reason for oligomenor-
rhea/amenorrhe@olomon et al. 2002)and is also reported to be frequent among feeldakeathletes with
MD (Hagmar et al. 2009)Although MD is common among female athletess bften ignored and regard-
ed as a natural result of intense train@gis and Meyer 2007)despite the fact that health consequences
are well documented and include lower bone mingeaisity with an increased risk of premature
OSteopOFOSiﬁlonstantini and Warren 1994, Nattiv et al. 200&,3duza et al. 2014, Mountjoy et al. 2oﬂmd an increased risk of
developing cardiovascular diseases, in terms of £&&mon et al. 2002)

Aetiology of Menstrual Dysfunction in Female Athlees

Exercise or other physiologically distressing coiodis per se, such as sleep deprivation, have been
demonstrated not to disrupt reproductive functisioag as the energy intake is not restrictedxs

et al. 1998, Fried! et al. 2000While persistent limited availability of metaboluels has frequently been re-
ported to be the primary cause of the developmeatigomenorrhea/FHALoucks et al. 1998, Cumming and
Cumming 2001, Loucks and Thuma 2003, Wade and R0@$) Hormonal synthesis, follicular development, endom
trial proliferation, and luteal phase thermogeneses energy consuming procesgeser 2004) and
experimental studies on healthy women have shoanBRA of < 125 kJ/kg FFM/day for five days

is enough to disrupt the pulsatility of LH and ealuce oestrogen and progesterone levels in healthy
sedentary womefoucks and Thuma 2003)The LH pulsatility is reported to be more sensitio low EA

in young women with a gynaecological age (time simenarche) < 14 years of age, as compared
to women with a gynaecological age > 14 years efiagtks 2006a)

Energy Availability and Menstrual Dysfunction

Insufficient availability of metabolic fuels, espaity glucose, will be detected by cells in thedin
brain, where neurons producing NPY and catecholarfmoradrenalin and dopamine) project to the
forebrain where they inhibit GnRH pulsatilitpediated by the corticotrophin-releasing hormone
(CRH) (wade and Jones 200nd gamma-amino butyric acid (GABAbrdon 2010, warren 2001The suppres-
sion of GnRH reduces the LH-pulsatility and the F@tdduction in the pituitary glands, which
leads to a reduced production of oestrogen andegtegpne in the ovaries, and to a disruption of
the feedback mechanism (Figure 2). Liver glycogam(t 80-1209) is the principal store of glu-
cose available to the brain, but it is only a oag-dupply, and half is depleted during the overnigh
fast (Loucks 2014) Loucks and Thuma (2003) reported in their studgedentary eumenorrheic women
that, as EA during five days of testing were redute 84 kJ/kg FFM/day, the effects on plasma
glucose were minimized by multiple neuroendocrihegregulatory mechanisms. However, when
EA was further reduced to 42 kJ/kg FFM/day, thécohydrate intake was reduced to ~155 g/day,
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of which skeletal muscle oxidized ~85 g/day dumxgrcise. The remaining carbohydrate availabil-
ity was only ~70 g/day, and within five days, tlset glycogen stores became depleted, and the
body’s mechanisms were unable to maintain nornzsmph glucose levels.

Ghrelin and leptin have also been suggested tmdiesctly involved in the suppression of GnRH
pulsatility, and thereby in the development of Mblzinet et al. 1999, Schneid et al. 2009, De @10, Donato et al.
2011, Fuqua and Rogol 2013JN rodent models, high PYY levels have been regbto decrease GnRH-
mediated LH secretiofemandez-Fernandez et al. 2005, Pinilla et @7g0and higher PYY has been reported in
exercising women with MD than in eumenorrheic edséng womenschneid et al. 2009)

Assessing Menstrual Dysfunction in Athletes

Menstrual dysfunction is common among female entteathletes, indeed a prevalence of 63%
has been reporte@oliock et al. 2010) AS previously described, PCOS is also reporteteimale elite
athletesHagmar et al. 2009) The aetiology of PCOS is not related to low EAd daherefore a clinical
diagnosis of oligomenorrhea/FHA requires a pertiremluation of sex hormones and ultrasound
examination by a skilled gynaecologist in ordeestablish if the origin of the MD is due to a sup-
pression of the hypothalamic pituitary ovarian amiSsouza et al. 2014jMany studies, however, have

used only self-reported menstrual hist@®kerauer et al. 1989, Deuster et al. 1996, Rstba et al. 1999, Cobb et al. 2003,
Torstveit and Sundgot-Borgen 2005b, Nichols e2807, Pollock et al. 2010, Rauh et al. 2010, RB&ret al. 2011, Woodruff and Meloche 2013)

or a combination of menstrual history and a singkasurement of sex hormon@sicus et al.198s,
Myerson et al. 1991, Wilmore et al. 1992, Lauglalid Yen 1996, Perry et al. 1996, Harber et al. 1B@®h et al. 2003, Warren et al. 2003, Gibson

et al. 2004, Rickenlund et al. 2005, Tomten andtiviagk 2006, Hoch et al. 2009, Hoch et al. 2011,ekatan et al. 2011yvhen diagnosing
MD in female athletes and recreationally active wamA few studies have included a gynaecolog-
ical ultrasound examination in the diagnostic aS$®E$t(Nelson et al. 1986, Snead et al. 1992, Hagmat. €089,
Schaal et al. 2011, Lagowska et al. 2q19yhile many studies have included, instead, reqgateasurements of
sex hormones in blood, urine, or saliva during oneore menstrual cyclesinkwater et al. 1984, De Souza

et al. 1998, Lebenstedt et al. 1999, Thong etl02Gremion et al. 2001, Schneid et al. 2009, Re¢edl 2011, Guebels et al. 2014)

In summary, the causal link between low energy and glucosalahility and the endocrine pertur-
bation related to oligomenorrhea/FHA, especiallyaung women, is well documented. Nonethe-
less, oligomenorrhea/FHA is common among femalelemdte athletes it is often ignored, despite
the fact that the increased risk of premature g&tessis is documented. Since there are different
types of MD, clinical diagnosis requires a pertinemaluation of sex hormones and ultrasound ex-
amination by a skilled gynaecologist in order ttabksh the origin of the MD.

Impact on Energy Metabolism

Most female athletes are lean, but have a bodyhweigd body composition within the normal
range, independent of their reproductive functi@fman and Loucks 20057 Stable body weight, howev-
er, might be an unreliable indicator of sufficiamtergy intake in female athletes. When energy in-
take is inadequate for maintenance of all basasiplygical processes, the allocation is prioritized
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to those processes that are essential for immediatgval (wade and Jones 2004B0dy tissue might
therefore be preserved during long-term low EA bstabolic adaptations, such as a reduction in
RMR, by reduced NEAT, or by increased work efficgrms reported in overweight subje¢igiman

et al. 2009, Goldsmith et al. 2010)

Some studies show that RMR changes up to 10% dthiegnenstrual cycl@olomon et al. 1982, Meijer et al.
1992, Henry et al. 2003)With an increase in the last part of the lutdzge (7—10 days before menstrua-
tion), followed by a sudden drop in the early falliar phase (the first days of bleeding), with a
gradual return to normal levels within 7—10 daysmon et al. 1982)aS seen in Figure 3. The change in
RMR is suggested to be mediated by the changegepterongsolomon et al. 1982)additionally, Dal-

vit (1981) reported that the increased energy expenditutieeiduteal phase is compensated for by an
increase in food intake during the 10 days follayyim the follicular phase. Biedleman et @dos)
reported a higher RMR in female eumenorrheic atkleéhan in eumenorrheic sedentary women;
otherwise, studies have found similar RMR in eunndreac women independent of the level of
physical activity(Mulligan and Butterfield 1990, Myerson et al. 19@Donnell et al. 2009) Patients with anorexia nervosa
have MD, since it is one of the DSM-IV diagnostiitaria (American Psychiatric Association 2013further-
more,many studies have reported a higher RMR in eumbkamriathletespyerson et al. 1991, Lebenstedt et
al. 1999, Schneid et al. 2009, Van Heest et ap@S Well as in eumenorrheic recreationally activenen, e souza

et al. 2008, O’Donnell et al. 2009, Reed et aI.]Z)Oflhan in MD subjects, (Table 3) Only Guebels 612&14) have
reported a higher RMR in recreationally active wamnagth MD than in eumenorrheic subjects. The
reported mean RMR pooled from these studies ingcttat RMR is ~130 kJ/kg FFM/day in (sed-
entary eumenorrheic women as well as athleteseardationally active women) compared to ~118
kJ/kg FFM in athletes and recreational active wonvéh MD, while RMR is reported to be ~110
kJ/kg FFM/day in patients with anorexia nerv@sate et al. 20000 Most RMR measurements in eu-
menorrheic women have been performed in the fddlicphase, suggesting a higher mean RMR
during the whole menstrual cycle in eumenorrheionen, and that the energy preserving effect, as
a result of MD, could therefore be as high as 0.5MJ/day with a FFM of 45 kg.

The ratio (RMRyi0) between the measured RMR (MRMR) and the prediRigdR (pRMR) has
also been reported to be low in patients with axiaraervosa (0.60 to 0.8@atte et al. 2000, Marra et al.
20020 AN RMRti0 < 0.90 has been used in some studies with reoredlly active women as an indi-
cator of low E