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Agrip

Bakgrunnur: Tiltaeek orka visar til fjdlda hitaeininga sem eru filteekar fyrir almenna
likamsstarfsemi eftir ad orkunotkun vi& pjélfun hefur verid dregin fré peirri orku sem
feest daglega Gr mat og drykk. Verulegur eda langvarandi skortur & tiltaekri orku (e. low
energy availability, LEA) lei&ir il hlutfallslegs orkuskorts i ipréttum (e. Relative Energy
Deficiency in Sport, REDs). Porf er & betri skilgreiningum & magni og timalengd LEA
sem leidir til REDs og tengdra vandamala. Ad auki skortir frekari rannséknir & kynja- og
ipréttasértackum orsdkum og dhaettupattum.

Markmid: Doktorsverkefnid byggir & premur ritgryndum visindagreinum sem hoféu
bad ad markmidi ad 1) Meta tengsl atréskunarheg®unar, eefingapréhyggju og
vodvaskynjunarréskunar vid einkenni REDs medal islensks ipréttafélks ar fjslbreyttum
ipréttagreinum, 2) Bera saman naeringarinntdku, neeringarastand og einkenni REDs milli
ipréttakvenna med Slik mynstur ftiltaekrar orku og kolvetnainntéku og 3) Meta tengsl
fiolda LEA daga (tilteek orka <25 hitaeiningar/kg fitufrir massi 4 dag) vié
lifedlisfreedilegar breytur og likamsimynd hja karlkyns patttakendum.

Adferdir: Um var ad raeda pversnidsrannsékn sem fér fram i tveimur hlutum.
Upphaflega var afreksefnum og afreksfélki sem n&d haféi 15 &ra aldri bodid ad svara
rafreenum  spurningalista sem 16k til Iifedlisfraedilegra einkenna REDs. ipréttakonur
svorudu fislenskadri Gtgdfu af Low Energy Availability in Females Questionnaire
(LEAF-Q) og karlar Low Energy Availability in Males Questionnaire (LEAM-Q) auk
bakgrunnsspurninga. Alls uppfylltlu 122 konur og 90 karlar sem svérudu
spurningalistanum péattékuskilyréin og fengu bod um ad vera med i meelingahluta
rannsSknarinnar. Par af héfu 87 (60 konur, 27 karlar) maelingar. Likamssamsetning var
meeld med tviorku-réntgengeislagleypnimaelingu og hvildarefnaskipti med ébeinni
efnaskiptamaelingu. Horména- og neeringardstand var metid med blédprufu.
péatttakendur héldu matar- og aefingadagbék gegnum sméforrit i sjé samfellda daga, par
sem studst var vid myndir og vigtun & dllum mat og drykk. Prir stuttir spurningalistar
voru lagéir fyrir til a8 skima fyrir einkennum atréskunarhegdunar (Eating Disorder
Examination — Questionnaire Short, EDE-QS), aefingaprdhyggju (Exercise Addiction
Inventory, EAIl) og vd&vaskynjunarréskunar (Muscle Dysmorphic Disorder Inventory,
MDDI).

Nidurstddur: Svor vid rafraena spurningalistanum géfu til kynna ad einkenni & bord vid
Sfullnaegjandi endurheimt, lagt orkustig og likamsverki séu algeng medal islensks
ipréttafélks. Af dllum pétitakendum sem tku pétt i maelingahluta rannséknarinnar voru
8% (11% kvenna) yfir EDE-QS, 19% yfir EAl og 13% yfir MDDI vidmidunarskorum.
ibréttakonur metnar i haettu 4 REDs samkvaemt heildarskori LEAF-Q skorudu haerra &



EDE-QS, EAl og MDDI auk pess a& hafa laegra Z skor fyrir heildarbeinpéttni og leegri
hvildarefnaskipti en paer sem voru ekki metnar i hzeftu. Engin tengsl fundust milli styrks
testésterdns og einkenna REDs hja kérlum en hétt skor & MDDI var tengt lakari svefni og
einkennum & bord vid likamsverki og preytu. Einnig fundust jdkveed tengsl milli
testésteréns og jarnbulskaps. ipréttakonur med mynstur LEA og skertrar kolvetnainntéku
(LEA + LCHO) syndu fleiri dhaettupeetti og einkenni REDs en samanburdarhéparnir prir
sem héfdu annars konar mynstur. bar & medal syndi LEA + LCHO hépurinn fleiri
einkenni &tréskunarhegdunar, haféi leegsta hlutfallslega medalinntéku &  &llum
orkugefandi nzeringarefnum auk pess ad meta orkustig og endurheimt verr en hépurinn
med nzega tilteeka orku og kolvetnainntdku (SEA + SCHO). Ekki reyndist marktaekur
munur & neeringarastandi en helmingur LEA + LCHO hépsins var med lakan D
vitaminbiskap (<50 nmél/L) samanbori® vid engan SEA + SCHO patttakanda. Hja
kérlum fundust tengsl milli fjdldi LEA daga og leegri medalinntéku & heildarorku,
kolvetnum og jérni og &fug tengsl milli fjslda LEA daga og orkunotkunar vié pjélfun.
Fjoldi LEA daga var ekki tengdur lifeslisfraedilegum einkennum og skori 4 EDE-QS, EAI
og MDDI hja kérlum.

Alyktun: Einkenni sem gaetu gefid visbendingu um REDs eru algeng medal islensks
ipréttafélks pd  skimunarteki sem til eru i dag ofmeti liklega algengi pess.
Atréskunarhegdun, likamsimyndarvandi og skert kolvetnainntaka voru tengd auknum
likum 4 REDs medal ipréttakvenna sérstaklega. Misreemi milli pjalfunardlags og
nzeringarinntdku var einnig algengt med&al karla en veruleg véntun er & frekari
rannséknum sem meta kynjasértaek 4hrif LEA til skemmri og lengri tima.

Lykilord:

ibréttanaeringarfraedi — Tiltaek orka — Hlutfallslegur orkuskortur 7 ibréttum —
pjalfunarlifeslisfraedi - Neeringarastand



Abstract

Background: Relative Energy Deficiency in Sport (REDs) describes various health and
performance complications of problematic low energy availability (LEA). Sex and sport-
specific aetiology and risk factors, in addition to the degree of LEA resulting in REDs
remain to be adequately described.

Objectives: The PhD project consists of three peer reviewed research articles which
aimed to 1) Evaluate associations of disordered eating, compulsive exercise and muscle
dysmorphia with symptoms of REDs in Icelandic athletes, 2) Compare dietary intake,
nutrition status and REDs symptoms in females with different patterns of energy
availability and carbohydrate intake and 3) Evaluate associations between the number of
LEA days (EA <25 kcal/kg FFM/day) with physiological measures and body image
concerns in males.

Methods: This cross-sectional investigation was conducted in two parts. First sub-elite
and elite athletes from the age of 15 years old were asked to respond to an online
questionnaire consisting of the Low Energy Availability in Females Questionnaire
(LEAF-Q) or Low Energy Aavailability in Males Questionnaire (LEAM-Q) and
demographic questions. A total of 122 female and 90 male respondents were eligible
and received invitations to the measurement phase. Thereof, 87 (60 females, 27 males)
started the measurements. Body composition was assessed via Dual Energy X-Ray
Absorptiometry (DXA) and resting metabolic rate (RMR) with indirect calorimetry.
Venous blood samples were collected for evaluation of hormonal and nutrition status.
The athletes were asked to log their weighed food intake and training over seven
consecutive days via a photo assisted mobile application. Three brief questionnaires
were administered as part of the measurement phase: the Eating Disorder Examination
— Questionnaire Short (EDE-QS), Exercise Addiction Inventory (EAI), and Muscle
Dysmorphic Disorder Inventory (MDDI).

Results: Responses to the initial questionnaire indicated that symptoms such as
impaired recovery, energy levels and bodily pains are common among Icelandic
athletes. Of all athletes included in the measurement phase, 8% (11% of females)
exceeded the EDE-QS, 19% the EAIl, and 13% the MDDI cut-off. Females considered at
risk of REDs according to LEAF-Q scored higher on EDE-QS, EAl and MDDI in addition
to having lower Z score for whole body bone mineral density and lower absolute RMR
compared to those not at risk. No associations were found between testosterone levels
and symptoms of REDs in males, but high MDDI scores were associated with impaired
sleep and symptoms such as physical pain and fatigue. Positive associations were also
observed between testosterone and iron status. Females with patterns of LEA and low



carbohydrate intakes (LEA + LCHO) presented more risk factors and symptoms of REDs
compared to the three comparison groups. The LEA + LCHO group displayed more
symptoms of disordered eating, had lowest relative intake of all macronutrients, and
evaluated their energy levels and recovery worse compared to the group with sufficient
to optimal EA and carbohydrate intake (SEA + SCHO). Nutrition status did not differ
significantly between groups but a half of the LEA + LCHO group had insufficient to
deficient Vitamin D status (<50 nmol/L) compared to none of the SEA + SCHO
participants. In males, the number of LEA days was inversely associated with mean total
intakes of energy, carbohydrates and iron, and positively with exercise energy
expenditure. The number of LEA days was not associatied with physiological outcomes
and scores on EDE-QS, EAI and MDDI in males.

Conclusion: Many Icelandic athletes report symptoms that may indicate REDs, although
available screening tools likely overestimate the true prevalence. Disordered eating
behaviours, multifactorial body image issues and low or restricted carbohydrate intakes
were associated with increased risk of REDs in females especially. Mismatches between
training demands and dietary intakes were common, and more work is required to
understand potential sex-specific (short to long term) effects of LEA exposures.

Keywords:

Sport nutrition — Energy availability — Relative Energy Deficiency in Sport — Exercise
physiology — Nutrition status
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Preface

| remember sitting in a lecture room as an ambitious bachelor student and being
introduced to something called Relative Energy Deficiency in Sport (REDs). My eyes
widened and my ears perked up in excitement. | had heard about the Female Athlete
Triad before but the REDs models went further in defining challenges faced by many
athletes, irrespective of sex. As an athlete with teenage eating disorder and (as |
realised back then) REDs history | felt understood and curious. | had way more
questions in my head than could be answered at that time. We cannot even answer all
of them today — far from it. My scientific passion had been awakened and | soon
realised that it was impossible to put it to sleep. Just like that | kind of knew what |
wanted to do when | grew up.

After completing my bachelor's degree in nutrition from the University of Iceland, |
moved to the Netherlands for specialization in sport & nutrition within the program of
Human Movement Scienes at Maastricht University. It was the perfect preparation for
someone hoping fo do a PhD later. | moved back to Iceland after my graduation in
2018, started lecturing and earned more experience of working in the field. In 2020, |
was delighted with the news that | had received a grant to study energy availability and
REDs in Icelandic athletes as a PhD student. Oh-my-God. This really meant it was my
time to find answers to at least some of the questions that had piled up in my head.

Fast forward to this day, | have found some answers but new questions also keep
popping up. That is science and as | have learned it can leave you really confused and
even frustrated at times. | have also been fortunate enough to go on two Erasmus+
exchanges during my PhD: one at the Norwegian School of Sport Sciences and one at
the University of Copenhagen. My scientific network has exploded and | am grateful for
every single person that is already a part of it or will be so in the future. Moreover, the
last part of this PhD was worked on alongside my job as a research assistant at the
Psykiatrisk Center Ballerup/Center for Eating and feeding Disorders Research.

As | look back on this rather extensive journey | resonate deeply with my favourite
movie character Forrest Gump when he told us about the day he went out for a little run
and then just could not be stopped — he just kept right on going for a long time. |
guess academic brains work just like that and what a fortune it is to have one. Ten years
ago | published a book (Icelandic title: Molinn minn) on my own recovery, whose title
referred to Gump’s mother’s words that “life was like a box of chocolate — you never
know what you're gonna get.” My primary ambition today is to throw the REDs piece
out of as many boxes as possible, or at least mitigate the risk of athletes grabbing it.
Having the opportunity to do so is what makes all this work enormously meaningful to
me.
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1 Introduction

Athletes continuously strive for excellence in their sport, and challenge what is humanly
possible. Accordingly, the physiological demands of athletic excellence are high and
must be compensated by adequate nutrition and recovery (3). After often high exercise
energy expenditures (EEE) have been accounted for, the body relies on having
sufficient dietary energy left to support its basic functions. This remaining energy is
referred fo as energy availability (EA) and expressed in relation to fat free mass (FFM)
(4). To date, no universal EA reference values exist, but EA <30 kcal/kg FFM/day has
long been used to define low EA (LEA) in females. Males are proposedly more
physiologically resistant to energy deprivation and thus detrimental effects are likely to
occur at lower EA levels than in females or within a range of 9-25 kcal/kg FFM/day (5-
7).

Problematic LEA refers to severe and/or prolonged exposures to LEA, resulting in
disrupted functions of one or more body systems. Such disruptions can subsequently
impair sport performance. Relative Energy Deficiency in Sport (REDs) describes the
various health and performance complications of problematic LEA (5). Contrarily,
adaptable LEA refers to shortterm and/or benign LEA exposures that may stimulate
training adaptations without compromising health (5, 8). However, the very important
question regarding the magnitude of LEA resulting in physiological challenges remains
to be adequately adressed in the literature. Importantly though, several modifying
factors might play a role therein, including athletes’ body image and relationship with
food and exercise. Primary contributors of REDs can in fact be either intentional (e.g.,
restricted dietary intakes, disordered eating and clinical eating disorders) or non-
intentional (e.g., very high EEE, busy schedules with limited eating opportunities
and/or lack of routines) (5). Although rigorous training regimes are a staple in most
athletes’ lives it is pivotal to ensure that neither physical nor mental health is sacrificed
(5). Body image concerns, disordered eating behaviours and perfectionistic traits are
special risk factors of REDs as they modulate dietary intake and are often accompanied
by compulsive exercise (9-11). In addition, carbohydrate avoidance and adherence to
specific diets are also a common practice among athletes and may result in problematic
LEA if maintained over longer periods or if potential dietary restrictions are severe in
nature (5, 12).

The reported prevalence of REDs varies greatly between studies, or from 14 to 63%,
and so do the methodological approaches applied (13). Moreover, for a long time
females were considered to be at greater risk of REDs than males. The risk has also
been suggested to be highest in sports where body weight and composition is often
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valued highly in terms of performance and/or physical appearance. This has resulted in
greatest research focus placed on females and high-risk sports (e.g., endurance,
aesthetic and weight-class sports), thereby leaving the theoretically lower risk groups
largely understudied (14, 15). The same applies to research on body image concerns
and symptoms of eating disorders, with most of the available screening tools centered
around female specific symptoms and merely focused on drive for thinness and/or fear
of weight gain. Thereby potentially neglecting the contribution of other body image
facets (16-18).

Consequently, several knowledge gaps exist in terms of physiological aetiologies and
consequences of REDs (14, 15). Those gaps must be narrowed to enable further
developments of valid screening and treatment protocols, applicable to the greater
athletic population. The overall aim of this doctoral project was therefore to assess the
occurrence of risk factors and symptoms of REDs in Icelandic male and female athletes
from various sports. Subsequently, associations of those outcomes with EA, dietary
intakes, and patterns thereof were evaluated. Findings of this project may inform future
research and evidence-based practice, thereby bringing considerable scientific and
practical relevance to the field.



2 Background

“Probably the biggest thing around not training correctly is eating;
You've got to fuel your system correctly”
— Greg Rutherford, former long jumper and Olympic medalist

2.1 Athletes’ energy and nutrient requirements

In the world of elite sports, the smallest difference can separate winners from their
rivals, and even define who will make it to the top levels. Such differences can lie in
what athletes do or do not do when they are not training, including how much focus is
placed on nutrition and adequate fuelling (19). In general, the highest contribution or
around 60-70% of individuals' total energy expenditure (TEE) comes from basal
metabolic rate, which occurs irrespective of activity and dietary intake. The other
component of TEE is non-resting energy expenditure, which consists of activities of
daily life (non-exercise activity), exercise activity thermogenesis and thermic effects of
food (20). TEE of elite athletes can fluctuate vastly based on training periods/variation
in training loads and EEE. In periods of heavy training TEE can be manifold what it is in
periods of lower training loads (e.g. in recovery weeks, off-season and tapering) (21).
This is reflected in the literature on periodized sport nutrition, which accounts for
changes in energy requirements across training cycles. Therefore, energy requirements
are not constant, and athletes must be able to tailor their energy intake to the current
demands of training (8, 22, 23). The energy costly processes of puberty and growth is
an additional consideration for adolescent athletes (24).

A further consideration relates to fuel sources and nutrient availability. During rest and
low intensity exercise, the greatest part of energy comes from utilization of fat but as
intensity increases the body becomes more reliant on carbohydrates (25). Importantly,
carbohydrates from endogenous (i.e., stored glycogen) and/or exogenous (ingested
during exercise) sources, are primus motors for high intensity exercise and maximal
performance (26). This is depicted in findings showing a decrease in performance
during times of carbohydrate restriction, which have been supported by higher oxygen
cost of fat utilization (27, 28). Athletes must therefore ensure that their dietary intake
accounts for the energy cost of basic physiological functions, daily living, and training
sessions.
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The aims of adequate nutrition in sport also goes beyond energy demands. For
instance, sufficient protein intake is pivotal for recovery and training adaptation.
Therefore, athletes and physically active individuals have greater protein requirements
than non-athletes or sedentary people (29, 30), but rarely have difficulties eating
enough protein in total. However, many might benefit from considering protein
timing/distribution in relation to exercise and recovery (31). In times of energy
restriction and/or body composition manipulation, athletes should aim to maintain or
increase their protfein intake to avoid loss of FFM (29). Amount and/or ratios of
macronutrients (i.e., distribution of carbohydrate, fat, and protein) affect energy density
(energy or kcal in a given amount of food or meal) of the diet and are commonly
modified to meet the demands of training and/or achieve a certain goal (23). Athletes
do not only need to consider their macronutrient intakes as various micronutrients are
also vital for health and performance. Importantly, low energy and macronutrient intakes
can result in suboptimal intakes of essential vitamins and minerals as well (32).

2.2 Low energy availability: 30 years of knowledge acquisition

Persistent failure to meet energy and nutrient requirements can lead to plethora of
health and performance challenges. It is well acknowledged that challenges caused by
what is nowadays referred to as problematic LEA (i.e., prolonged and/or severe LEA
exposures) (5) are not limited to menstrual dysfunctions and bone health, as first
illustrated in the Female Athlete Triad, and later in a similar male specific syndrome
(33, 34). However, to keep progressing our understanding it is very important to
appreciate past research efforts. Accordingly, EA studies dating back to the early 1990s
have led to major scientific and practical advancements, and thereby directed the sport
nutrition field towards more holistic approaches (35). Although a distinction between
adaptable and problematic LEA was just recently made by the International Olympic
Committee (IOC) (5) those terms are used throughout this thesis for coherence, as
applicable.

2.2.1 Energy availability vs. energy balance

Although the two might be easily confused, EA is distinct from energy balance. In
contrast to EA which describes the available input of dietary energy intake to the body's
systems after accounting for EEE, energy balance is the outcome from subtracting TEE
from the energy intake (Figure 1). Moreover, as the body continously seeks towards
equilibrium, its metabolism adapts to either under- or overeating via metabolic and
hormonal changes and therefore individuals can be in energy balance without having
sufficient EA. Thus, potential reductions in body weight may stagnate as the body enters
an energy conservative mode. That also partly explains why REDs is not limited to
underweight athletes (35, 36). Daily EA is calculated by extracting only EEE from
energy intake and dividing the difference by FFM. In the early 2000s, laborative trials
on non-athletic females (37, 38) suggested that LEA (problematic), as evident by
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occurrence of menstrual dysfunctions, occurred at EA <30 kcal/kg FFM/day. Since
then, this has been cited as a cut-off for LEA, while EA of 30-45 kcal/kg FFM/day has
been deemed as sufficient and >45 kcal/kg FFM/day optimal (35, 39). However, using
more recent research findings as a rationale, the universal applicability of such
thresholds has been largely debated. Very few studies have attempted to define male
specific thresholds or ranges, but their results denote that males have more
physiological resistance to LEA exposures. Thus, the threshold where problematic LEA
occurs is hypothetically lower for males vs. females and is apparently also subject to
individual differences (6, 14). What also complicates cross sectional studies on EA and
associations of LEA exposures with markers of REDs is that EA is subject to vast day-to-
day fluctuations. Therefore, such fluctuations and not only average values deserve a
special consideration (40-42).

ENERGY BALANCE
Total energy intake Total energy expenditure

¢ Basal metabolic rate

6 1} e Exercise energy expenditure
Pﬁl' e Non-exercise activity
TAB8 m thermoegenesis

e Thermic effects of food

ENERGY AVAILABILITY

Total energy intake Exercise energy Energy available for
2 2 expenditure maintenance of basic
(0)E) Q 800 physiological function

e

=

Figure 1. The difference between energy balance and energy availability.

2.2.2 The (Female) Athlete Triad

As originally described by the American College of Sports Medicine in 1993 (43), the
Female Athlete Triad is a combination of disordered eating, functional hypothalamic
amenorrhoea (FHA), and osteoporosis in athletic females. It was stated that each of the
three disorders alone were alarming but in combination they were “potentially fatal.”
The statement also adressed performance and appearance pressure, and other potential
risk factors. A later update of the Triad consensus, published in 2007 defined it as a
spectrum of EA, menstrual (dys)function and bone mineral density (BMD) in female
athletes. Thereby, it was acknowledged that each of the three conditions could move
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independently along a spectrum ranging from optimal to suboptimal in response to
nutrition and exercise behaviours. Moreover, that problematic LEA might occur with or
without an eating disorder (44).

The notion that an analogue of the Triad might occur in males is relatively new (33). By
that it was endorsed that problematic LEA exposures could result in clinically low levels
of testosterone, reduced erectile function and sex drive, and exert negative effects on
BMD. However, the aetiology and underlying mechanisms of the male-specific Triad
symptoms were and are still not adequatly understood. In females, menstrual
disturbances resulting from problematic exposures to LEA are explained by
downregulations of the hypothalamic-pituitary gonadal (HPG) axis. Hypoestrogenism
and reduced luteinizing hormone pulsatility are among clinical indications of this
downregulation (37, 45). Similarly, low or reduced testosterone levels serve as primary
indicators of problematic LEA in males (5, 46) but can also stem from other factors
such as speficic training adaptations or the exercise hypogonadal male condition (e.g.,
in endurance sports) (47, 48). Oestrogens and androgens are key regulators of bone
metabolism, while suppression of those hormones increase the risk of osteopenia and
future osteoporosis (49).

2.2.3 Relative Energy Deficiency in Sport

2.2.3.1 Shift in focus: from the Triad to REDs
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Figure 2. lllustration of potential health (a) and performance (b) consequences of Relative
Energy Deficiency in Sport (RED-S) from the 2014 consensus (50). The red triad in Fig. 2a refers
to the Female Athlete Triad and is shown to indicate that potential outcomes of low energy
availability far exceed menstrual dysfunction and poor bone health in females. *Psychological
decrements can either precede or be a consequence of RED-S. Reprinted with permission from
the BM] Publishing Group Ltd. (License no. 5774760853465).
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REDs (or RED-S as originally abbreviated) was first infroduced in a consensus from the
IOC in 2014 and regarded as a comprehensive and sex-inclusive extension of the
Female Athlete Triad. This initial definition of REDs stated that prolonged LEA could
impair function of near all bodily systems and subsequently hinder training capacity,
adaptation, and recovery (Figure 2) (50).

The 2014 consensus was further accompanied by a clinical assessment model or RED-S
CAT (51), aimed to guide medical professionals in clinical evaluation and treatment of
REDs, and/or to be used as part of medical checks. The risk stratification followed a
traffic light system, with athletes defined as being at low risk (green), moderate risk
(yellow) or high-risk (red). Furthermore, it was suggested that athletes deemed at high-
risk should not be cleared to train nor to compete while those at moderate risk might be
cleared to do so if they adhered to a treatment plan and/or agreement. Accordingly,
high-risk athletes displayed signs of serious medical conditions, such as clinical
restrictive eating disorders (e.g., anorexia nervosa), severe psychological and/or
physiological implications related to problematic LEA, hemodynamic instability or other
lifethreatening symptoms caused by extreme weight loss approaches and associated
dehydration, and bradycardia/electrocardiographic abnormalities. Indicators of
moderate risk were more benign and included rapid weight loss, prolonged low body
fat levels, and attenuated growth/deviations from growth trajectories in adolescents.
Other suggested symptoms of moderate risk included menstrual disturbances in
females (particularly secondary FHA >3 months and delayed menarche), reduced BMD
(Z score <-1 or decrease between measures), history of stress fracture(s), disordered
eating symptoms, other physical/psychological abnormalities due to prolonged LEA,
lack of treatment progress, and negative influences on training partners (50, 51).

2.2.3.2 Recent advancements

The most recent REDs consensus update was published by the IOC in 2023 (5). This
update summarized the scientific advancement since 2018, with approximately 180
original REDs papers published in the five-year period. The estimated number of
athletes featured in those publications was approximately 23.800 but thereof only 20%
were males. Among key themes in the 2018 consensus update was the need for
enhanced scientific rigor to inform best practices in research and practice alike. In
addition, males, team sports, and Paralympic athletes were highlighted as understudied
groups (15, 52). Therefore, the male specific knowledge gap remains to date (5, 14).
Despite a few ambitious efforts to address this challenge in the Paralympic population,
more mechanistic studies in athletes with various disabilities are still needed for
Paralympic specific cut-offs and reference ranges such as for BMD to be generated (2,
5).

The 2023 REDs consensus introduced changes in terminology. First, to improve
comprehension and dissemination, the acronym was changed from RED-S to REDs. The
new update also made a distinction between what is referred to as problematic and
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adaptable LEA, with the former described as a culprit of physiological disturbances
while the latter entails a more benign or shortterm exposure to LEA and may in fact
stimulate training adaptations and improve exercise capacity (5), e.g., via periodized
nutrition strategies (8, 22, 23). The difference between the two forms of LEA is in other
words rooted in duration, magnitude, and frequency of the LEA exposure although
doses or cut-offs where a situation becomes problematic are still ill-defined (5, 53).
Importantly, the inferaction of potential moderating factors therein must be considered
as well. Examples of moderating factors include individual characteristics, medical
history, training loads and history, dietary characteristics, and stress. Such interactions
and associated physiological complexities were specially addressed by the
physiological model presented in the new consensus (53, 54). Of dietary
characteristics, low carbohydrate availability was highlighted as a factor that could
induce problematic LEA and magnify physiological consequences of REDs (5, 53). The
health and performance models first introduced in the 2014 consensus were changed
according to the current literature, with more body systems added to the health model
albeit the scientific evidence behind the different potential outcomes varies
considerably (Figure 3).

The updated clinical assessment tool, REDs CAT2, is considered as a three-step model
starting with screening via questionnaires or clinical inferviews. It is recommended that
the choice of initial screening tools should be based on the athlete population of
interest, with several options outlined by the consensus authors. Athletes who screen
'positive’ should then continue to more sensitive assessments in the second step and
the results from those assessments are to be used to quantify the risk and making
treatment decisions in the third step. Outcomes supported by the strongest evidence
are referred to as primary indicators while other are deemed as secondary (i.e.,
supported by some evidence) or potential (i.e., may be linked to REDs but missing
robust evidence) (5, 46). The occurrence and number of primary and secondary
indicators dictates the risk and severity, with varying individual needs for medical
follow-up and/or interventions. Importantly, REDs CAT2 comes with the authors'’
disclaimer that the tool is not meant to be used in isolation nor solely for diagnosis.
Moreover, that its reliability is reduced when it is not feasible to include all primary and
secondary indicators in the assessment (46). In accordance, it should be borne in mind
that REDs is regarded as a diagnosis of exclusion and therefore other causes of evident
symptoms (e.g., menstrual/hormonal disturbances not related to REDs related
downregulation of the HPG axis) must be ruled out (5, 50). Chapter 2.3 elaborates
further on the different indicators.

2.3 Physiological indicators of REDs

The scientific advancements that have occurred in the past decade are well depicted in
REDs CAT2, describing more than thirty possible indicators albeit supported by varying
scientific evidence (5, 46). Importantly, the evidence behind endocrine and bone
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repercussions of problematic LEA dates back to early days of the Triad research which
focused primarily on problematic LEA in relation to endocrine-/menstrual dysfunctions
and impaired bone health (43) while future research might move other indicators either
up or down in the evidence ranking. REDs CAT2 also provides more specific reference
values and/or cut-offs than the previous version, thereby giving medical professionals a
better guide in their assessments (46).

Decreased Cognitive
Performancel
skl

a)

Figure 3. The REDs health (a) and performance (b) conceptual models as presented in the 2023
consensus (5). Arrows changing from white to red indicate that the effects of low energy
availability (LEA) occur on a spectrum, with white colour linked to benign/short term LEA
exposure, termed adaptable LEA, and red colour pointing towards problematic LEA and its
negative implications. Reprinted with permission from the BMJ Publishing Group Ltd. (License
no. 5774760536571).

2.3.1 Primary indicators

A few of the the primary indicators in REDs CAT2 are deemed as severe, meaning that
they are allocated double points in the risk assessment/calculation. Those indicators
suggest a chronic state while other primary indicators point towards symptoms of
pathological development (Table 1) (5, 46). Severe indicators in females are primary
FHA (i.e., menarche after the age of 15 years) and prolonged secondary FHA (i.e., lack
of menstrual cycles for a year or more in absence of hormonal contraception) (55, 56).
Similarly, a testosterone level below laboratory reference range, referred to as clinically
low, is a severe primary indicator in males (46, 57).

More benign or shorter term hormonal/endocrine symptoms are among the other
primary indicators. These include secondary FHA for less than a year in females and
subclinically low testosterone in males (46). In accordance, an earlier publication from
the Male Athlete Triad Coalition cited a subclinical 'gray zone' when testosterone levels
were between 8-12 nmol/L (58). Low triiodothyronine (T3) appears to be a potent
biomarker of suppressed metabolism and energy conservation, with amenorrhoeic
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females and males with low testosterone reported to have lower T3 concentrations
compared to athletes with normal/optimal sex hormone levels (46, 59, 60). The
remaining physiological primary indicators are related to impaired bone health and are
described more precisely in REDs CAT2 compared to the initial RED-S CAT which did
not specify site specific outcomes (46, 51). The primary bone health indicators are
history of bone stress injuries in the past two years, site specific BMD Z score <-1,
and/or reduced Z scores between repeated testings (46, 60-62). Deviation from
growth trajectories in adolescent athletes could also indicate REDs (55). The final
primary indicator mentioned by REDs CAT2 is an elevated score on the Eating Disorder
Examination — Questionnaire (females >2.3, males, >1.68) (63) and/or clinically
diagnosed eating disorder (5, 46).

Table 1. Primary indicators of REDs in athletes from 15 years of age as defined by REDs CAT2.

Severe primary Primary

e  Females: Prolonged (>1 year) secondary e  Females: Secondary FHA for <1 year.
FHA.

e  Females: Primary FHA / menarche has e Males: Sub-clinically low testosterone
not occurred by 15 years of age. levels.

e Males: Clinically low testosterone levels. e  Low total or free T3.

e Bone stress injury: 21 high-risk (femoral
neck, total hip, sacrum, pelvis) or 22 low-
risk (other sites) or an injury causing
inability to train for 26 months in past two
years.

e Low site specific (femoral neck, lumbar
spine, total hip) BMD: Z score <-1 or
reduced between testings.

e  Elevated Eating Disorder Examination —
Questionnaire (EDE-Q) global score.

FHA: Functional hypothalamic amenorrhoea; T3: triiodothyronine; BMD: bone mineral density;
REDs CAT2: Relative Energy Deficiency in Sport Clinical Assessment Tool (version 2) (46).

2.3.2 Secondary indicators

The secondary indicators described by REDs CAT2 (46) are:

e Oligomenorrhoea (more than 35 days between menses/8 periods or less per
year)

e History of one low-risk bone stress injury in past two years and <6 months
inability to train due to that injury

e Elevated low-density lipoprotein or total cholesterol

e Clinical depression and/or anxiety

10
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Menstrual dysfunctions of hypothalamic origin occur on a spectrum (64) and the same
could be said about bone implications and injuries (65). Thus, small to moderate
changes in cycle characteristics or occurrence of low-risk stress injuries may also
indicate REDs or its onset (5, 46). Unfavourable lipid profiles are frequently reported in
individuals with anorexia nervosa (66, 67) and in physically active amenorrhoeic
females, which may increase the risk of atherosclerosis and cardiovascular
complications (68, 69). However, to date the short vs. long term effects of problematic
LEA on blood lipid profiles are inconclusive (46). Finally, it has long been known that
mental health deterioration can either precede or be a consequence of REDs.
Therefore, REDs could in some cases cooccur with depression and/or anxiety (5, 50).

2.3.3 Potential indicators

As outlined in Table 2 the list of potential indicators of REDs, including metabolic and
reproductive perturbations, is rather extensive. In fact, this list remains infinite since
REDs can impact most, if not all, body systems (5, 46). Among the potential outcomes
is low RMR or RMR ratio that was previously thought of as a potent marker. Although still
widely used in LEA and REDs research, the use of RMR/RMR ratio has been questioned
due to conflicting evidence. While some studies have reported associations of low or
reduced RMR and/or RMR ratio <0.90 with REDs (70, 71) others have not (57, 72).
However, the poor utility of low RMR as an indicator of REDs is likely largely pertained
to practical challenges, and the lack of both methodological rigor and athlete- and
sport-specific prediction equations (46, 73). That is further supported by the
documented link between RMR and the primary REDs indicator T3 (74). In addition,
different metabolic phenotypes may also contribute to the individual RMR responses to
LEA exposures (46, 73).

REDs CAT2 also elaborates on serious and sometimes lifethreatening medical
indicators previously used to identify high-risk of REDs: e.g., very low BMI, electrolyte
disturbances, bradycardia and other electrocardiographic abnormalities, orthostatic
intolerance, and medical malnutrition complications (51, 52). Such indicators are likely
observed in athletes with seriously malnourished athletes but lack sensitivity to be
included in assessment of REDs in the wider athletic population (5, 46).

1
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Table 2. Examples of potential indicators of REDs according to REDs CAT2.

Metabolic and endocrine

Resting metabolic rate (RMR) / RMR ratio | (<30 kcal/kg FFM/day or ratio <0.90)
Insulin-like growth factor 1 (IGF-1) |

Blood glucose |

Insulin |

Iron and haemoglobin status |

Cortisol 1

Reproductive (subjective)

Anovulation

Sex drive |

Morning erections |

Other

Urinary incontinence

Gastro-intestinal disturbances

Sleep disturbances

Subclinical psychological symptoms

Body mass index |

Electrolyte disturbances

Bradycardia and/or other electrocardiographic abnormalities

Orthostatic intolerance

REDs CAT2: Relative Energy Deficiency in Sport Clinical Assessment Tool Version 2 (46).
Low or reduced: |, High or increased: 1.

2.4 Performance complications

A body that is physiologically suppressed due to problematic LEA is not primed to
perform and/or sustain high training demands. Accordingly, REDs can have several
direct (e.g., measured decrements in exercise capacity) and indirect (e.g., impaired
energy metabolism, injury and illness, and subjective experiences) performance
consequences. Notably though, definitions of performance and how it is measured
varies enormously and accurately quantifiying the effects of REDs on the outcomes of
interest is far from easy (75). Moreover, even near perfectly controlled intervention
trials are challenged by human factors (e.g., motivation), risk of drop out from intense
EA reductions and/or time investments needed, and cognitive fatigue resulting from
repeated performance measurements (6, 76). Qualiative investigations are then
challenged by factors such as self-awareness and self-consciousness (77). A recent
narrative review from Melin et al. (75) summarizes potential direct and indirect
performance implications of REDs, with most of the high-quality evidence coming from
studies on endurance, weight-class and other high-risk sports. Although assessments of
LEA influences on direct performance in team and multimodal/intermittents sports

12
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(e.g., ball sports) adds an extra layer of complexity it is of utmost importance to address
potential sport-specific challenges through research in athletes from different sports (15,
52, 78).

A few intervention studies have measured the performance consequences of relatively
short exposures to LEA. A recent randomized controlled trial from Denmark found
reductions in muscle glycogen, repeated sprint ability, time-rial performance, and rate
of force development after 10 days of LEA (EA: 25 kcal/kg FFM/day) exposures in
trained eumenorrheic females. After a two-day recovery with optimal EA, their
performance also remained inferior compared to the group randomized to optimal EA
(EA: 50 kcal/kg FFM/day) (79). In another publication from that study, the 10-day LEA
intervention was found to impair myofibrillar and sarcoplasmic muscle protein
synthesis. This was further accompanied by mean reduction of 65 kcal in RMR, body
mass of 1.7 kg, FFM of 0.4 kg, urinary nitrogen balance of 1.9 g/day, and T3 of 0.3
nmol/L from pre to post intervention (80). Collectively, those findings suggest that
relatively shortterm LEA exposures impair exercise capacity and training adaptations in
females (79, 80). Similarly, in a small study on endurance trained males using a three-
step EA reduction (EA decreased by 25, 50 and 75% from baseline), performance
decrements occurred within EA range of 9-25 kcal/kg FFM/day. The 14-day stages
were separated by one month washout periods, with explosive power, self-reported
wellbeing, and lactate metabolism impacted already at the first stage. As EA was
decreased further, power output and hormonal markers were significantly affected as
well, albeit LEA resilience appeared to differ between participants (6).

One way of evaluating indirect performance effects of REDs is to apply qualitative or
mixed method approaches: i.e., by asking the athletes themselves to rate their
performance, training progression, recovery, motivation and other factors (75, 81). To
date, standardized, or valid methods to evaluate such outcomes do not exist. In
accordance, the 2023 REDs consensus and REDs CAT2 suggest choosing screening
instruments based on relevance to the sport(s) under study (5, 46). However, studies
have documented various subjective performance effects of REDs, including perceived
reduced energy levels and exercise capacity, and higher exertion ratings (82, 83).

2.5 Nutrient availability

Recent investigations suggest that the risk of REDs is more nuanced than previously
thought, and that availability of different nutrients is a key consideration therein. In
accordance, low fofal energy intake is generally concomitant with low availability of
some or all macronutrients (75). Low carbohydrate availability, with or in absence of
LEA exposures, has been associated with increased risk of REDs. Other macro- and
micronutrients may contribute directly or indirectly to REDs and/or its consequences

(5).
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2.5.1 Carbohydrates

LEA interventions commonly reduce carbohydrate intakes by 25-60% and the reduction
is likely greater in real-life scenarios. That is supported by evident carbohydrate fear,
the emphasis of protein during times of restricted energy intakes, and beliefs that
protein is the superior macronutrient for athletic performance and training adaptations
(5, 84). In terms of exercise capacity and performance, especially at high intensites,
carbohydrates are key energy substrates (85). Contrarily, low carbohydrate availability,
with and without LEA exposures, has been associated with direct and indirect
performance decrements and the current literature suggests that the negative
consequences of REDs are further amplified when problematic LEA is accompanied by
low carbohydrate availability (5, 75).

High intensity exercise and anaerobic metabolism relies on sufficient availability of
endogeneous (primarily muscle glycogen), and during prolonged bouts of exercise,
exogeneous carbohydrates (85). When these important energy reservoirs are depleted
and/or not adequately restored, perceived exertion tends to increase, thus making it
harder to sustain hard efforts and maximise performance. In addition to performance
decrements (28, 86-88), increased bone resorption, impaired immunity and iron
metabolism (89-91) are among reported consequences of low carbohydrate availability.
In accordance, sport nutrition recommendations highlight the importance of sufficient
carbohydrate intakes, especially during times of high training loads and when training
quality is key (12, 85). As for total energy requirements, carbohydrate needs are
subject to individual and training characteristics. Sport nutrition recommendations
therefore range substantially, or from 4-12 g/kg/day (26, 92-94). Moreover, low
carbohydrate availability has been defined as intakes <3.0 g/kg/day in the REDs
literature (5).

2.5.2 Protein and fat

Protein intake generally correlates well with total energy intake in athletes and the
general population alike (31). Depending on the sport and individual characteristics,
recommended protein intakes range from 1.2 to 2.0 g/kg/day (94, 95). Although
athletes displaying symptoms of REDs do not necessarily fall below those
recommendations, athletes with very low energy intakes and those who do not increase
their protein infakes to preserve lean mass during times of energy restriction may have
suboptimal protein intakes or patterns thereof (96, 97) Insufficient protein intake
impairs muscle protein synthesis and subsequent training adaptations, which makes it
an important consideration in REDs assessment and recovery (98, 99). In contrast,
negative correlation between protfein intake and energy density has been observed,
suggesting that excessive protein intake may contribute to the risk of REDs (100, 101).

The literature on dietary fat intake in athletes with or at risk of REDs is rather
inconsistent, which is partly owed to the fact that fat intake is often high or increased in
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low carbohydrate diets (28, 86-88). As fat is the most energy dense macronutrient,
athletes displaying disordered eating behaviors may limit their fat intake below 20% of
total energy intake (101, 102). In those cases, hormonal imbalance, impaired immune
function, nutrient absorption, and other indications of insufficient fat intakes are likely to
occur (101, 103).

2.5.3 Fibre

High intake of dietary fibres is among potential contributors to REDs and FHA in
females, especially when the overall diet is low in energy density (i.e., containing low
amount of kcal per meal or gram of food). Water-rich foods and/or meals with high
fibre content and low energy density promote early satiety and can limit athletes’ ability
to fulfill their energy requirements (101, 104). Fibre intake of female athletes with REDs
and/or FHA has been reported to be as high as 45-50 g/day (101) which could further
exacerbate gastro-intestinal distress caused by energy deficient diets (105).

It could be argued that low fibre intake (<25-30 g/day) is also a concern, given the
important role of dietary fibres, e.g., for digestion and the gut microbiota (105, 106).
In accordance, athletes are generally recommended to limit their fibre and fat intakes
around training hours, but rather choose easily digestible carbohydrates, to avoid
gastro-intestinal distress. Altogether the literature suggests that optimal fibre intakes in
athletes is a finetuned balance between eating enough at the right times and avoiding
excessive intakes (100, 101, 105).

2.5.4 Micronutrients and nutrition status

In addition to providing enough energy and macronutrients, athletic diets must be
adequate in various micronutrients. Foods and meals usually provide a combination of
different macro- and micronutrients, and thus low or restricted intakes of energy and/or
any of the macronutrients also increases the likelihood of low micronutrient intakes (32).
Accordingly, fruits, whole grains, and other foods rich in carbohydrates are also
excellent sources of several vitamins and minerals whilst low carbohydrate diets tend to
provide low or reduced amounts of nutrients such as fibres, potassium, magnesium, B,
C and E vitamins (107, 108). Similarly, suboptimal intakes of dietary fat and proteins
may result in low intakes of iron, vitamin D, calcium, and zinc to name a few (109).
Micronutrient insufficiencies/deficiencies are common among athletes, with low iron,
vitamin D, calcium, B vitamins (e.g. B12 and folate) being a special concern in relation
to REDs and its potential consequences. However, the theoretical causal vs.
consequential links between REDs and suboptimal micronutrient status remains to be
adequately investigated. Furthermore, non-dietary sources and factors influencing the
various nutritional biomarkers must also be accounted for (32).

Sufficient levels of iron are vital for optimal performance due to iron’s key role in
energy oxygen transport and other metabolic proccesses. The reported prevalence of
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iron deficiency is 15-35% in female and 3-11% in male athletes and has nonsurprisingly
been associated with a range of complications including fatigue, lethargy, impaired
exercise capacity and training tolerance (110, 111). Indeed, coexistence of REDs and
iron deficiency can make a bad situation considerably worse but the evidence for a
causal relationship between the two is inconsistent (112, 113). Importantly, several non-
dietary factors contribute to athletes' iron status, including haemolysis, haematuria, and
gastro-intestinal bleeding caused by sport-specific training impact (114). Some
menstruating females also loose significant amounts of iron through blood while their
amenorrhoeic counterparts do not (115). Furthermore, the iron regulatory hormone
hepcidin tends fo increase post-exercise which potentially impairs iron absorption from
foods eaten in close approximation to training and/or competitions. Accordingly, it has
been suggested that depleted levels of glycogen further stimulates hepcidin
production, which supports that energy and/or carbohydrate manipulations should
primarily be used around low intensity and/or short training sessions to not interfere
with iron status (112, 116).

Vitamin B12 or cobalamin is a water-soluble vitamin required for cellular metabolism,
normal production of erythrocytes and neural function. Another B vitamin, folate (B9), is
also needed for erythropoiesis and DNA production (117). Due to relatively low folate
storage capacity of the body, deficiencies can occur rather quickly while the
development of B12 deficiencies happens more slowly. Vitamin B12 and/or folate
deficiencies can cause megaloblastic anaemia due to impaired DNA synthesis and
erythropoiesis (118). Animal and B-12 fortified foods are potent sources, whereas
individuals with low energy and/or solely plant-based diets tend to be low in B12.
Those adhering to vegetarian and or/vegan diets are therefore recommended to take
supplements or eat foods fortified with B12 (119). Green vegetables, legumes, and liver
are rich sources of folate, but lower amounts are found in various different foods (120).
Primary causes of folate deficiency include diets characterized by low variety and
during times of elevated requirements (e.g., during pregnancy and lactation,
adolescent growth, and in conditions such as haemolytic anaemia where cell turnover is
elevated (118).

Among other critical nutrients, especially in terms of bone health, are vitamin D,
calcium, and magnesium. Vitamin D also plays a key role for immune function, skeletal
muscle, and several mechanisms that may be affected by REDs (121). During seasons of
limited sunlight, the risk of vitamin D insufficiency or deficiency is especially high as
requirements are rarely met through diet alone. General dietary guidelines of some
countries, including Iceland, therefore recommend supplementing vitamin D, at least in
the wintertime (122). In general, the prevalence of vitamin D insufficiency is high in
athletes, with a recent meta-analysis reporting a mean range from 27 studies between
33.5 and 114.5 nmol/L and pooled prevalence of insufficiency (25(OH)D <50 nmol/L)
~30% (123). Although low levels of vitamin D might be observed indepently of EA
sfatus, it is a special concern for athletes with REDs due to its implications for bone
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health and increased risk of overload injuries. Accordingly, Vitamin D levels of 80
nmol/L or higher have been recommended to support performance, as well as for
prevention and treatment of REDs (52, 121).

2.6 Adaptable LEA and periodized nutrition

Periodized nutrition or nutritional training refers to any strategic approaches combining
exercise and nutrition fo stimulate training adaptations and subsequently improve
performance. Such approaches commonly include tailoring energy intake fo training
demands, and often involves short term (e.g., training fasted, selected long training
sessions undertaken without using exogeneous carbohydrates, and reducing
carbohydrate intakes when training load is low) to long term (e.g., low carbohydrate-
high fat/ketogenic diets) limitations of carbohydrate intakes (8, 22, 23). Accordingly,
among novelties in the 2023 update of the REDs consensus are both the introduction of
the term 'adaptable LEA’ and an acknowledgement that low carbohydrate intake is a
special contributor to REDs or 'problematic LEA." However, between those two forms of
LEA is a relatively blurred line as the duration, magnitude, and frequency of LEA
exposures needed for it to become harmful remains largely unexplored (5, 53). Figure
4 summarizes potential mechanisms underpinning both adaptable and problematic LEA
and elaborates further on the suggested contributing and moderating factors. Exercise
training is initself a catabolic event which initiates a cascade of specific physiological
responses. An example of this is activation of metabolic regulators such as AMP-
activated protein kinase (AMPK) resulting in elevated expression of genes like PGC-1a
and subsequent stimulation of mitochondrial biogenesis and other adaptations in
response to endurancetype exercise (124). Training adaptations are also reliant on
sufficient availability of energy and nutrients intakes, as those are key substrates for the
recovery processes (125). Contrarily, there is evidence that strategic and appropriately
timed reductions in energy and/or nufrition intake (i.e., adaptable LEA and/or low
carbohydrate availability) may further induce the training stress/response for greater
stimulation of training adaptations (126, 127). Such approaches could also be applied
to modify body composition, which is sometimes reasonably desired or needed in
favour of sport performance or to meet weight-class criterias (128).

Studies evaluating real life patterns of EA and dietary intakes indicate that many athletes
display vast day-to-day fluctuations in energy and macronutrient intakes (40-42). Such
fluctuations may be intentional or unintentional. Intervention studies demonstrate that as
little as 1-2 weeks of LEA is needed to induce decrimental health and performance
consequences (79, 80). However, to what extent such controlled scenarios are
reflected in reallife is unknown as most crosssectional investigations have only
reported average EA and dietary intakes (i.e., not day-to-day variations).
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Figure 4. Graphical illustration based on the Relative Energy Deficiency in Sport (REDs)
physiological model (5, 53) and the literature on periodized nutrition. Adaptable low energy
availability (LEA) is a benign or shortterm LEA exposure with no negative impact on physical
function. On the contrary, it may further induce mechanisms needed for specific training
adaptations. An example of this is increased activation of AMP-activated protein kinase (AMPK)
and/or other cellular energy sensors, resulting in elevated expression of genes like PGC-1a in
response to endurance-type exercise, and subsequently increased training adaptations. Adaptable
LEA may also be used as part of periodized nutrition strategies to optimize body composition.
Problematic LEA describes a prolonged and/or severe LEA exposure resulting in impaired
physiological function and eventually impaired sport performance. The degree, i.e., duration,
magnitude, and frequency of LEA needed for it o be problematic remains to be elucidated but is
evidently influenced by various modifying factors. FFM: fat free mass, BMD: bone mineral

density.

2.7 Body image and disordered eating

In general, food behaviours occur on a spectrum with optimized nutrition on one end,
clinical eating disorders on the other end, and disordered eating behaviours situated
inbetween. Optimized nutrition supports athletes’ health and performance while
disorderead eating behaviours are characterized by regular engagement in compulsive
dietary behaviours without meeting criterias for clinical eating disorders (10). The
prevalence of eating disorders is higher in athletic vs. non-athletic populations, with
reported incidence ranging from 0-19% in male and 6-45% in female athletes (11, 129).
This has been attributed to several athlete-specific pressures, which can be either
internal (e.g., based on athletes’ perceived ideals, perfectionism traits or other personal
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characteristics), or external (e.g., power imbalances between coaches and athletes,
peer influences, social media, and media attention) in nature.

Body image describes the individuals’ perceptions of their physical selves, and may be
divided into different components such as perceptual (i.e., visual judgement of ones
physical dimensions) and attitudinal (i.e., feelings about ones body shape and/or size)
body image (10, 130). Body image may also depend on the context (e.g., sport vs.
daily-life or social situations) (131, 132). Moreover, both internal and external pressures
shape athletes’ body image and may subsequently result in disordered eating and
training behaviours (10, 133). Such behaviours are a special risk factor for REDs (5,
50). Importantly though, prevalence quantifications are challenged by the fact that body
image assessments are often largely focused on drive for thinness and fear of weight
gain while neglecting other facets of body image concerns (17, 18, 134). In
accordance, recent publications have suggested that body image problems in males
and sports where body weight is rated less important for performance is often
overlooked (16). Muscle dysmorphia, indicated by drive for muscularity and physique
anxiety, might in fact be a more prevalent problem than restrictive eating disorders in
some populations. Also of interest is that restrictive eating disorders and muscle
dysmorphia share selected traits, including not feeling lean enough, fearing body fat
gain and engaging in extreme dietary and/or exercise behaviours. In other words, the
two are not mutually exclusive (135, 136). As the scientific field calls for more sex and
sport inclusive research it is very important to gain better understanding of multifaceted
body image challenges in athlete populations, and their potential contribution to REDs
(14, 54).

2.8 Opveriraining and compulsive exercise

Enormous amount of training is needed to become an elite athlete and continue to
excel in a particular sport. Therefore, feeling fatigued in the hours or a few days after
hard sessions is a part of the story, and calls for sufficient recovery to enable training
adaptations and progress. Such balance between high training loads and recovery has
been referred to as functional overreaching. However, an imbalance between those
parameters results in non-functional overreaching, and if it continues over time it can
lead to overtraining syndrome and longterm decrements in training capacity and
associated symptoms (137). Inferestingly, recent publications have addressed
similarities of REDs and overtraining symptoms and diagnostic complexities. It has been
speculated that in some cases symptoms thought to be caused by training-
overload/overtraining are more linked to un-/misdiagnosed REDs. More specifically,
while sufficient dietary intakes enable training adaptations problematic LEA results in
REDs. If dietary factors are not considered, such cases may be misdiagnosed as
overtraining (138). Furthermore, overtraining can be rooted in compulsive exercise
and/or otherwise complex relationship with training (139). When exercise becomes a
compulsive behaviour, individuals prioritize exercise over other important things in life
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to a stage where physical, mental and social limitations occur (139, 140). Recent
studies suggest that compulsive exercise, especially in coexistence with disordered
eating or eating disorders, can increase the risk of REDs, making it a potential factor to
screen for (141-143).

2.9 Methodological considerations

The scientific developments that have occurred in the past decade go beyond
enhanced understanding of the physiological and psychological mechanisms of REDs.
Indeed, the current knowledge on REDs has accumulated from a plethora of studies
employing different study designs and methodological approaches (5). The lack of
standardized protocols has also been a limiting factor, e.g., when comparing findings
from different studies. The chosen study design will always bring its strengths and
limitations, and those different strengths are needed to bring the knowledge forward
(46, 144). While well controlled intervention studies are celebrated for providing
stronger evidence on causal mechanisms, observational (e.g., cross-sectional) and
qualiatative studies provide valuable insight info scenarios and challenges faced by
athletes on a day-to-day basis. However, standardized methodological approaches to be
used in the different study designs is a key area for improvement. Accordingly, a recent
narrative review (144) from a subgroup of the 2023 IOC consensus summarized best
practice methods, which were further defined as either ’preferred’, 'used’ and
'recommended’, or potential. Nonetheless, they also acknowledged that validity and
feasibility of given methods and/or screening tools depends on the spori(s) of interest
and other factors, in addition to varying availability of more expensive tests and tools in
research settings. It is out of scope for this thesis to elaborate precisely on the evidence
base of the various preferred to potential approaches, but a few aspects are of special
relevance for the project aims.

2.9.1 Assessing EA and dietary intakes

The use of EA calculations/evaluation for research purposes has been questioned and
even deemphasized by some. The rationale for that primarily pertains to the risk of
errors when assessing each of the EA components, in addition to such evaluations
being time- and resource-demanding (144, 145). To calculate EA an assessment or
estimation of energy intake, EEE as well as measurement of FFM and preferably RMR is
needed (4, 60, 146). Dietary intake in real life situations can be evaluated via different
methods, including food records, 24-hour recalls and dietary history. There are pros
and cons to each method and potential sources of errors must be considered (147).
Misreporting of dietary intake is a well known challenge in nutrition research, and can
either be in the form of under- or overreporting (148). Among factors that have been
proposed to contribute to misreporting are poor memory, self consciouseness, social
expectations, disordered eating behaviours, sex, and socioeconomic status (149, 150).
Furthermore, the more a person eats the more reporting is to be made, thereby
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increasing the risk of bias. In accordance, individuals with high energy expenditures
have been reported to be more likely to misreport than others (157). It is therefore
important to ensure that the reporting method is both easy and accessible for
participants. Nowadays, digital, and mobile applications, sometimes with additions of
photographs, have begun to replace traditional or less practical approaches. In other
words, fechnology is being used to aid quality of the reporting, i.e. limit misreporting
and participant burden, and increase ecological validity (152-154). Recommendations
for EA estimation in real-life situations are available (60) and suggest the use of four to
seven day, preferably weighed, food records to ensure compliance and reflection of
habitual energy intake and dietary habits. An estimation of EEE can then be made
based on information retrieved from training logs and the use of metabolic equivalents
(MET), albeit not as accurate as direct and more resource demanding measurements.
Finally, accounting for non-exercise energy expenditure (i.e., RMR) allows for a more
precise estimation (60, 146).

EA is presented in relation to FFM, due to its highly metabolic function (4). In research,
quantification of FFM is commonly acquired via Dual Energy X-Ray Absorptiometry
(DXA) scans, although other methods might also be fit for the task (60). DXA is based
on transmission of X-rays through the body at two distinct energy levels and can
discriminate between body compartments due to their different X-ray attenutation
properties. Accuracy of FFM measurements via DXA is largely dependent on how the
scan is executed, i.e. that standardized protocols are followed (155, 156). When all
criteria is fulfilled, the accuracy of DXA can be close to that of magnetic resonance
imaging and computed tomography, which are considered 'gold standard’ for muscle
mass/quantity assessments (155).

Taken together, it can be said that all parts of the EA equation require that a strict and
coherent protocol is followed throughout, and that detailed information is provided to
participants to ensure compliance and accurate reporting of dietary intake and training.
All of this of course calls for well trained professionals and availability of necessary
equipment. Indeed, it could be argued that when those requirements are fulfilled,
assessments of EA and patterns thereof might still provide valuable information on the
contribution of reallife situations to the risk and onset of REDs. Moreover, as for other
methods used in REDs research, rigid yet practical approaches for EA assessments may
pave the road towards more standardized approaches (46, 144).

2.9.2 Assessing objective and subjective REDs symptoms

The various possible indicators of REDs can be assessed via objective and/or
subjective measurements. Assessments of many clinical indicators such as those
included in REDs CAT2 requires collection of biological samples and other
physiological testing, adhering to best-practice and standardized methods as applicable
(46, 144). Irrespective of methodology, choice of tests and screening tools must be
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relevant for the group under study. Accordingly, validity of most questionnaires used
for screening might depend on age, sex, and sport-specific factors. In absence of a
single validated questionnaire that can be used across all sports, the I0C has provided
examples of pofentially relevant instruments. Thereby it was also highlighted that
researchers hold the responsibility to akcknowledge limitations of the screening tools
used (5, 46).

The Low Energy Availability in Females Questionnaire (LEAF-Q) is an excellent example
of a screening tool with good validity when used to screen for physiological symptoms
of REDs in female endurance and aesthetic athletes but less in other sports (157, 158).
LEAF-Q was initially validated in a study on endurance athletes and concerns injuries,
gastro-intestinal function, and menstrual function/dysfunction and use of hormonal
contraceptives (159). The varying validity of LEAF-Q is largely explained by the
enormous variability in sport-specific physiological demands, in addition to the frequent
use of contraceptives confusing assessments of menstrual dysfunctions (157, 158).
Stress fractures and other overuse injuries that may be associated with inadequate
nutrition and/or imbalance between training and recovery are common problems in
endurance sports (49, 160). Athletes in contact and/or odd-impact sports are often
more prone to acute injuries, for example due to tackling, hitting an opponent or doing
repeated bouts of high intensity exercise on sometimes challenging surfaces or turfs
(161). While it is important to consider the role of nutrition and EA in onset of injuries,
not all are linked to REDs. An athlete reporting frequent or long time away from training
or competition due to any kind of injuries can score close to the LEAF-Q cut-off by
responding tfo the injury part alone. Aftention must thus be given to types of reported
injuries or challenges, and whether it could be related to REDs or not (157).

Recently, development and validation of a male-specific questionnaire or the Low
Energy Availability in Males Questionnaire (LEAM-Q) was attempted in a study
conducted on 18-50-year-old elite and sub-elite male athletes from various sports in
Australia and three Nordic countries (162). The initial version of LEAM-Q was based on
questions derived from LEAF-Q, Androgen Deficiency in Aging Males questionnaire
(163), the Recovery Stress Questionnaire (164), literature review and expert
consultations. The resulting questionnaire concerned dizziness, gastro-intestinal
function, injury and illness, wellbeing and recovery, sleep, and sex drive. lts validity
was assessed against various clinical markers but the only outcome able to adequately
distinguish athletes presenting symptoms of problematic LEA from those who did not
was low sex drive (162). Importantly, further development and validation of LEAM-Q
and/or other male-specific screening tools relies on increased understanding of
aetiology of REDs in male populations (14). In conclusion, both LEAF-Q and LEAM-Q
have several limitations and may therefore be more suitable for ruling out the risk of
REDs rather than relied on as a risk assessment or diagnostic tools (157, 162).
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2.10 Background summary

Hundreds of research publications have contributed to our current understanding of the
challenges posed by severe or prolonged LEA in athletic populations. More precisely,
what started as a concern regarding menstrual dysfunctions and bone health
decrements induced by problematic LEA in females has developed into the extensive
and sex-inclusive field of REDs research. Despite those very important developments
there is still a considerable amount of work to be done. Among key areas deserving
further scrutiny are sex- and sport-specific aetiology and risk factors, in addition to the
degree of LEA and dietary manipulations resulting in health and performance
decrements.
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3 Aims

The main aims of the doctoral project were to:

1) Assess occurrence of risk factors and symptoms of REDs in Icelandic male
and female athletes from various sports.

2) Evaluate associations of the identified risk factors and symptoms of REDs
with EA, dietary intakes, and patterns thereof.

Specific aims and corresponding research questions of each paper are summarized
below.

3.1 Paperl

Aim: Assess occurrence of disordered eating, compulsive exercise, and muscle
dysmorphia in male and female athletes from various sports. Secondly, to evaluate
associations of all three outcomes with markers and/or symptoms of REDs.

Research questions:

e What proportion of athletes exceed cut-offs on instruments screening for
disordered eating, compulsive exercise, and muscle dysmorphic symptoms?

e Irrespective of calculated total and subscores on administered questionnaires,
what is the prevalence of various disordered eating and/or exercise
behaviours? This was investigated by evaluation of responses to individual
questionnaire items.

e In females: Do the physiological measures differ between females considered
at risk of REDs (i.e., LEAF-Q total score =8) compared to those at low-risk?

e In males: Is serum testosterone associated with objective and subjective
symptoms of REDs? Moreover, are any of the LEAM-Q derived scores
associated with_scoring on the Eating Disorder Examination — Questionnaire
Short (EDE-QS), Exercise Addiction Inventory (EAI) and/or Muscle Dysmorphic
Disorder Inventory (MDDI)?

3.2 Paperll

Aim: Compare dietary intake, nutrition status, and occurrence of REDs symptoms,
between groups of female athletes displaying different patterns of EA and carbohydrate
intake over seven days: sufficientto-optimal EA and sufficientto-optimal CHO intake
(SEA+SCHO), SEA and low CHO intake (SEA+LCHO), low energy availability and
SCHO (LEA+SCHO), and LEA and LCHO (LEA+LCHO).
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Research questions:

e Do diefary intake and nutrition status differ between the four groups?
e Does the occurrence of REDs risk factors and symptoms differ based on
patterns of EA and carbohydrate intake?

3.3 Paperlll

Aim: Assess occurrences of LEA exposures in male participants over seven days.
Subsequently, the associations of the number of LEA days with dietary intake,
physiological outcomes, and body image concerns were evaluated.

Research questions:

e Is the number of LEA days asscociated with average EA, energy and dietary
intake intake, and exercise energy expenditure?

e s the number of LEA days associated with impaired physiological function and
nutrition status?

e Do athletes with greater number of LEA days present more body image
concerns than those with no or few LEA days? Are scores on EDE-QS, EAI, and
MDDI associated with the number of LEA days?
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4 Materials and Methods

4.1 Study design and recruitment procedures

The RED-l research/PhD project is a cross-sectional investigation, with data collected
from Icelandic male and female athletes in 2021-2022. To be eligible for participation,
athletes had to be 15 years or older and defined as sub-elite or elite by the NOC and
National Paralympic Committee of Iceland (https://www.isi.is/afreksithrottir/
afreksstefna-isi/) and their sport federation:

e Elite athletes: individuals/teams meeting the elite criteria defined by their
sport federation (e.g., meeting international standards/competing at the
highest possible level in their sport).

e Sub-elite athletes: individuals/teams not yet defined as elite but believed to
have the capacity to become elite with continued training.

The study was carried out in two parts, as shown in Figure 5. Athletes were invited to
respond to an online questionnaire in the screening phase (July-December 2021). The
NOC shared the initial invitations with 23 of their sport federations, which were asked
to forward it to athletes >18 years and parents/legal guardians of athletes <18 years of
age. Ballet is not under NOC and therefore main ballet schools were contacted
separately. The study website (https://redi.hi.is/) and social media platforms were also
used fo reach out fo eligible participants. Those who fulfilled the eligibility criteria and
had complete/near-complete screening were thereafter invited by the research team for
further participation in the measurement phase. That phase was initiated in April 2022
and all measurements were completed in September.

Athletes were categorized based on sport groups: Ball (football, handball, basketball,
volleyball, badminton, table tennis), Endurance (middle to long distance running,
cycling, swimming, triathlon), Aesthetic (ballroom dancing, gymnastics, figure skating,
ballet), Weightclass (powerlifting, weightlifting, wrestling, judo, taekwondo, Brazilian
jiu jitzu), Technical (golf, horse riding, archery), and Power (sprinting, throwing and
jumping events, alpine skiing) sports, based on definitions by a previous study (165).
Equal or near equal participation of males and females was strived for, and invitations
were sent to eligible participants living in all parts of the country, although
measurements could only be conducted in the capital area of Reykjavik.
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Figure 5. Study design and overview of measurements.

4.1.1 Ethics and collection of informed consents

The  research  protocol was approved by the Icelandic  Ethics
Committee/Visindasidanefnd on (VSNb2021050006/03.01). All participants were
thoroughly informed of their rights to withdraw from the study at anytime, rejecting to
participate in selected measurements and/or not answering questions they might have
perceived as uncomfortable. Collected data was identified with participation ID but
without all identifiable information such as names or social security numbers, and
therefore kept both anonymous and untraceable.

As this study included both adolescents and adults, different approaches were required
when obtaining informed consents for their participation:

e Adolescents (15-18 years old)

For adolescent athletes, parents/legal guardians were initially asked to fill out an online
form where they provided basic contact information and thereby requested further
information about the study. They subsequently received an information letter sent via
Dokobit (https://www.dokobit.com/) and a request to provide their informed consent
with electronic signature. Up to two reminders were sent to parents/legal guardians
who did not respond to the initial request. After the informed consent was obtained the
adolescents received a link to the questionnaire via email. The adolescents who
participated in the measurement phase provided written informed consents themselves
upon arrival to the laboratory.
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Of the 129 parents/legal guardians that filled out the contact form 123 received the
informed consent request while six athletes were excluded at that stage due to not
meeting the age criteria. A total of 103 informed consents were collected and 79
adolescents responded to the online questionnaire. Finally, 22 (59% females) started
the measurement phase (initial lab visit completed).

e Adults (218 years old)

For athletes aged 18 years or older, completion of the online questionnaire equaled
approval for participation in the screening phase. Those recruited to further
participation in the measurement phase provided a written informed consent upon
arrival fo the laboratory. In total, 139 completed the online questionnaire and 65 (72%
females) started the measurement phase (initial lab visit completed).

4.2 Data collection: Screening phase

The online questionnaire was composed of the LEAF-Q for females (159) and LEAM-Q
for males (162), and additional demographic questions. Authors of LEAF-Q and
LEAM-Q provided approval for translation and use of the lists in the current study. The
questionnaires were translated to Icelandic by two researchers and backtranslated to
English by other two researchers before agreeing on final versions (166).

As the newly developed LEAM-Q includes questionnaire categories that are not in
LEAF-Q, these categories were added to the female version of our online questionnaire
form, with the purpose of increasing similiarity and collecting valuable information on
fatigue, sleep, recovery, and energy levels for both sexes. English versions of LEAM-Q
and LEAM-Q can be found as appendices to the validation papers by Melin et al. (159)
and Lundy et al. (162).

For females, total LEAF-Q scores were calculated and proportion of athletes scoring
above the established cut-off (>8) assessed. The cut-offs for the three LEAF-Q subscales
are >2, >2 and >4 for injury, gastro-intestinal and menstrual function subscales,
respectively (159). Definitions of menstrual function and use of hormonal contraceptives
were based on responses to LEAF-Q. Those who reported <9 menses in the past one
year, and did not use hormonal contraceptives, were identified as having menstrual
disturbances. Athletes currently using hormonal contraceptives were defined as such
but not excluded from analyses (167). In males, the prevalence of low sex drive, as it is
currently the only part used in scoring of LEAM-Q (162) was evaluated. In addition,
scores for other LEAM-Q categories were calculated based on the initial scoring key,
with higher scores indicating negative/worse outcomes, and responses to the different
items evaluated separately for more qualitative insight fo the collected data. Detailed
description of the LEAF-Q and LEAM-Q subscales were included in a supplementary file
to Paper | (see Paper |, Table S2).
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4.3 Data collection: Measurement phase

The measurement phase consisted of two separate visits, approximately two weeks
apart. This arrangement was partlly due to practical reasons as required
equipment/facilites were not all in the same location. In addition, participants were
asked to log their dietary intake and training for seven consecutive days between the
visits. The second visit therefore also served as a follow up (i.e., opportunity to address
any practical or technical issues with the food and/or training logs). Athletes were
instructed to arrive at both lab visits in the morning in a rested and fasted state.

4.3.1 Initial lab visit

4.3.1.1 Body composition and anthropometrics

Body composition was measured with a whole body DXA scan by radiological
technologists with GE lunar iDXA (GE Medical Systems, Belgium). Before running the
DXA scans, height was measured to the nearest mm with a stadiometer (Seca model
217; Seca Ltd.), and body weight was measured to the nearest 0.1 kg with a calibrated
scale (Seca model 812; Seca Ltd.). Main parameters analysed from the DXA scans were
levels of body fat and FFM, and whole-body BMD Z-scores. FFM index (FFMI) was
calculated by dividing total FFM by squared height (m2). All 87 participants had a
complete DXA scan.

4.3.1.2 Blood samples

Venous blood samples were collected in 3.5 mL serum separating tubes (Vacuette
SST®) by registered nurses, spun down and cooled until analyzed. Apart from one
female participant, all had a blood sample taken. Table 3 shows the various nutrient and
hormone markers analysed from the blood samples, in addition to reference ranges
used by the lab and information on analysing methods. The protocol was identical for
the sexes apart from oestradiol measured in females and testosterone measured in
males only. In addition to reporting occurrences of measures outside the lab's
reference ranges, the prevalence of Vitamin D insufficency (25(OH)D <50 nmol/L),
Vitamin D deficiency (25(0OH)D <30 nmol/L) (122) and Vitamin D below athlete
recommendations (25(OH)D <80 nmol/L (52, 121) were documented specially.

In addition fo evaluating the different iron markers (serum iron, ferritin, and total iron
binding capacity (TIBC)) percentage transferrin saturation (TSAT) was calculated by
dividing serum iron by TIBC and multiply with 100. TSAT <20% is considered low
(117).

The number of male athletes in the suggested ’‘gray’ or sub-clinical zone for
testosterone (8-12 nmol/L) (58) and those with clinically low levels (below lab's
reference ranges) were assessed. In eumenorrheic females, there are normal
fluctuations of oestradiol and other hormones throughout the menstrual cycle (64), and
therefore a reference range for oestradiol is not applicable.
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Table 3. Blood analysis.

Reference range

Parameters Analysing method Females Males

Fe (pmol/L) Cobas 702 / Colorimetric assay based ~ 10-32 10-32
on the FerroZine method without
deproteinization.

TIBC (pmol/L) Cobas 702. The test principle for 40-70 40-70
measuring UIBC was direct
determination with FerroZine. The sum
of the serum iron and UIBC represents
the TIBC.

Ferritin (pg/L) Cobas 801 / 15150 30-365
Electrochemiluminescence binding (*12-95) (*23-210)
assay / Sandwich principle.

Vitamin B12 (pmol/L) Cobas 801/ 142-725 142-725
Electrochemiluminescence binding
assay / Competition principle.

25(OH)D (nmol/L) Cobas 801 / 50-150 50-150
Electrochemiluminescence binding
assay / Competition principle.

Creatinine (pmol/L) Cobas 702 / Enzymatic method. 50-100 60-110

(*35-90) (*35-95)

Calcium (mmol/L) Cobas 702 / Calcium ions react with 2.152.6 2.152.6
(NM-BAPTA) under alkaline conditions
to form a complex. This complex
reacts in the second step with EDTA.

The change in absorbance is directly
proportional to the calcium
concentration and is measured
photometrically.

Magnesium (mmol/L) Cobas 702 / Colorimetric assay. 0.74-0.99 0.74-0.99

TSH (mU/L) Cobas 801 / 0.4-4.0 0.4-4.0
Electrochemiluminescence binding
assay / Sandwich principle.

Albumin (g/L) Cobas 702 / Colorimetric assay. 36-50 36-50

IgA (g/L) Cobas 702 / Immunoturbidimetric 0.7-3.7 0.7-3.7
assay.

CRP (mg/L) Cobas 702 / Particle-enhanced 0-10 0-10
immunoturbidimetric assay.

ALP (U/L) Cobas 702 / Colorimetric assay. 35-105 35-105

(*120-540)  (*120-540)

Testosterone (nmol/L) Cobas 801/ NA 9-37
Electrochemiluminescence binding (*7.6-27.7)
assay / Competition principle.

Oestradiol (pmol/L) Cobas 801/ NA NA

Electrochemiluminescence binding
assay / Competition principle.

Fe: iron, TIBC: Total iron binding capacity, TSH: Thyroid stimulating hormone, IgA: immunoglobulin A,

CRP: C-reactive protein, ALP: Alkaline phosphatase, * Adolescent range.
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4.3.1.3 Questionnaires: EDE-QS, EAIl, and MDDI

All 87 participants had a complete response to the Eating Disorder Examination —
Questionnaire Short (EDE-QS) (168), Exercise Addiction Inventory (EAI) (140), and the
Muscle Dysmorphic Disorder Inventory (MDDI) (169). The three questionnaires were
translated to Icelandic using the same approach as for the LEAF-Q and LEAM-Q
translations described earlier (see chapter 3.2) (166). Authors of all questionnaires
provided approval for the translations. The cronbach’s alpha was 0.878 for EDE-QS,
0.749 for EAI, and 0.824 for MDDI.

EDE-QS is a brief version of the EDE-Q (63), with 12-items instead of 28 (168) and
reported to have good psychometric properties (i.e., perform similarly to EDE-Q). EDE-
QS has a four point-scale to assess symptoms of disordered eating in the past seven
days. A cut-off score of 15 was proposed by Prnjak et al. (170) and has been applied in
both athletic and non-athletic populations (171).

EAl is a 6-item instrument developed by Terry et al. (140). EAl is based on a five-point
likert scale with statements rated from 'Strongly disagree' (=1) to 'Strongly agree' (=5).
This brief questionnaire has been shown to have good psychometric properties in
athletes and non-athletes alike, with its scoring being easily calculated (141, 172, 173).
Individuals are defined as being at risk of exercise addiction, referred to as compulsive
exercise throughout this thesis as suggested by others (174, 175), if they score between
24-30. A score of 13-23 is deemed as 'some symptoms’ and 6-12 'no symptoms’ (141,
172).

MDDI is a 13-item questionnaire and uses a five-point likert scale ('Never' to 'Always').
The MDDI screens for symptoms of muscle dysmorphia: drive for body size,
appearence intolerance, and functional impairment (169). This instrument has
predominantly been used in research on bodybuilders, power- and olympic lifters, and
gym-goers. The MDDI cut-off score is 39 (176).

4.3.2 Dietary intake and training records

Between the two lab visits, athletes were asked to log their dietary intake (food, drinks
other than still water, dietary supplements and ergogenic aids) and training for seven
consecutive days via the study’s mobile application. The app is in Icelandic and was
originally created for a study on food behaviours in children and their parents/next to
kin (177), but later adapted to fit the needs of the RED-I study: primarily by adding a
training record and making the food log more precise. The app's interface is shown
with English translations in Figure 6. The athletes received encoded login information
and were asked to install the app at the end of the initial lab visit. All were verbally
instructed on how to use the app and given a written manual. Kitchen scales were
provided as needed (i.e., if participants did not have access to one at home).
Participants were also thoroughly informed about the aims of the recording and asked
to refrain from modifying their dietary intakes and/or training behaviours due to
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participation in the study. In short, weighed amounts of all foods were recorded, in
addition to before and after photographs of the food/meals (taken directly from the app
or uploaded from phone gallery). The app provided no feedback nor calcuations to
participants. They logged their training for the same seven day period by providing
information about each training sessions, its duration and perceived exertion using the
Borg rating scale (178). Those who used a training watch or global positioning system
(GPS) were asked to report the highest heart rate reached during that particular training
and how it was measured (e.g. via chest strap or watch/wrist). The app sent automatic
daily reminders during the registration period. Of all 87 participants, 76 (52
females/24 males) started the registration and 64 (44 females/20 males) had at least
five days registered in the app.
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Figure 6. The mobile application used for recording dietary intake and training.

4.3.3 Second lab visit (RMR measurement)

The second lab visit was to the University of Iceland’s Research centre for sport and
health sciences where RMR was measured. The athletes were instructed not to do any
high intensity or strenuous exercise the day before the measure, as well as to abstain
from caffeine, alcohol and stimulating supplements for 12 hours before the visit.
Participants rested for 10 minutes prior to the RMR measurement. Oxygen consumption
(VO,) and carbon dioxide production (VCO,) were measured for 30 minutes using
indirect calorimetry/ventilated hood (Vyntus CPX). Using the protocol described by
Compbher et al. (179), the last 20 minutes of steady state data were used for assessment
of RMR. RMR was predicted using the Cunningham formula (1980); 500 + (22*FFM
[kgl) (179) and the RMR.ic (measured RMR/predicted RMR) was subsequently
calculated. Of all 87 athletes, 83 athletes showed up for the RMR measurement but 14
(7 females/7 males) did not arrive in a fasted state, resulting in invalid measurements.
In addition, one measure (female) was invalid due to technical issues. Therefore, a total
of 68 athletes had a valid RMR measurement.
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4.4 Calculations and data curation

4.4.1 Dietary intake

The energy and nutrient intake calculation process is described in Figure 7. All food
logs were coded by the same researcher, with each item in the records assigned an
identifying code for linkage with the ICEFFOD calculation programme. ICEFOOD is
based on the Icelandic food composition database (ISGEM) and has been used for the
Icelandic national diet survey and for research purposes (180, 181). As part of the
coding and dafa entry process, both the registered weighed amounts and food
photographs were evaluated (182). The coding was thoroughly checked by two
researchers before the data was transported to ICEFOOD. When complete, all
calculations were checked, and potential errors corrected. The prevalence of sport
food and supplement use, and contribution of such products to total intakes, was
manually derived from the food logs. The description/categorization of sport foods and
supplements was based on a publication from the I0C (183).
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Dietary registration Coding Dietary
(Athlete) (Nutritionist) intake calculated
(ICEFOOD/
ISGEM)

Figure 7. The dietary intake calculation process.

4.4.2 Exercise energy expenditure

EEE was estimated from data registered in the training logs, using a method proposed
elsewhere (60). EEE calculations were performed by one research assistant who had
been specially trained for the task, and all training records and EEE estimations were
checked by one researcher (the PhD candidate). More specifically, the estimations were
based on ftraining descriptions, duration, intensity and/or perceived exertion.
Subsquently, each training session or session parts were assigned a MET score (184)
and the MET scores multiplied by duration of that particular session/activity for
calculation of total EEE. RMR, measured (if a valid measure was available) or estimated,
was then subtracted from the total EEE to yield energy cost of the activity alone.
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4.4.3 Energy availability
After calculations of energy intakes, EEE were complete, EA was estimated by the

following formula (4):

_ Energy infake (kcal) -EEE (kcal)

EA FFM (ko)

In addition to calculating average values, individual graphs were created for all to
assess day-to-day fluctuations in both EA and its components, and relative macronutrient
intakes. Those graphs can be found in the supplementary files for paper Il (females)
and lll (males).

4.5 Statistical analyses

Statistical analyses were conducted using IBM SPSS (V.28/29) and GraphPad Prism
10, with significance set to a<0.05. For all three manuscripts, data was checked for
normal distribution, linearity, and presence of potential outliers. Parametric variables
were presented as mean * standard deviations (SD), and nonparametric as medians
with the 25 and 75 interquartile (IQR) range. Categorical outcomes were assessed by
crosstabulation and Pearson Chi-Square statistics. Below is a summary of analyses
conducted for each manuscript separately, but more details are provided in the
methods section of each paper.

Due to the highly explorative and pragmatic nature of this research project, in addition
to cutoffs and/or clinical diagnoses of REDs not yet established, sample size
calculations were not conducted. From our discussions with the NOC and others it was
considered realistic to collect responses from a total of 2-300 athletes in the screening
phase. We then aimed to recruit ~100 participants to the measurement phase.

4.5.1 Paperl

To assess occurrence of disordered eating, compulsive exercise, and muscle
dysmorphic symptoms, as well as associations of all three outcomes with symptoms of
REDs, the following analyses were performed for the athletes that participated in both
parts of the study.

Female athletes were, irrespective of hormonal contraceptive use, divided into groups
based on the total LEAF-Q score, with those scoring >8 considered at risk and those
scoring <8 at low-to-no risk. The independent ttest or Mann-Whitney U fest, as
applicable, were used for the group comparisons. Due to the lack of LEAM-Q cut-offs,
similar comparisons could not be conducted for males. Instead, univariate linear
regressions with serum testosterone concentrations as the dependent variable and other
blood markers, RMR, body composition, and LEAM-Q scores as independent variables
were run. Associations between LEAF-Q and the LEAM-Q derived scores as
independent variables, and EDE-QS, EAI, and MDDI scores as dependent variables
were analysed with univariate linear regression. The same was done for the LEAM-Q
scores in males. One-way analysis of variance (ANOVA) was used to assess between-
sport group differences, with Bonferroni post-hoc tests applied as appropriate.
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4.5.2 Paperll

To compare dietary intake, nutrition status and occurrence of REDs symptoms between
female athletes with different EA and carbohydrate intake patterns the following
analyses were performed:

The athletes were classified into the following four groups based on the individual day-
to-day patterns of EA and carbohydrate intakes:

e SEA + SCHO: Sufficient to optimal energy availability + sufficient to optimal
carbohydrate intake.

e SEA + LCHO: Sufficient to optimal energy availability + low carbohydrate
intake.

e LEA + SCHO: Low energy availability + sufficient to optimal carbohydrate
intake.

e LEA + LCHO: Low energy availability + low carbohydrate intake.

EA>30 kcal/kg FFM and <30 kcal/kg FFM for most of the registered days were used to
define SEA and LEA, respectively. Females with carbohydrate intake >3.0 g/kg and
<3.0 g/kg for most of the registered days were defined as SCHO and LCHO,
respectively.

Group differences in training characteristics, dietary intakes, and questionnaire
outcomes were analysed with ANOVA and Kruskal Wallis statistics. Comparisons
between users vs. non-users of sport foods and supplements were performed with the
independent ttest.

Body composition and nutrition status were compared across EA+CHO groups (fixed
factor) with age adjusted analysis of covariance (ANCOVA), with Bonferroni post-hoc
for multiple comparisons applied as appropriate.

4.5.3 Paper Il

To evaluate associations between number of LEA days (EA <25 kcal/kg FFM; derived
from the food and training records) with dietary intake, physiological markers, and
body image concerns in male participants the following analyses were performed:

Pearson’s r (for parametric data) and Spearman’s rank (for nonparametric data)
coefficients were used to assess correlations of dietfary intakes, physiological outcomes,
and scoring on EDE-QGS, EAIl, and MDDI with the number of LEA days. For graphical
illustrations of the bestfit line, simple linear regression was applied. As for the females
in Paper Il, comparisons between users vs. non-users of sport foods and supplements
were performed with the independent test.
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5 Results

The following chapter summarizes the predominant findings of the PhD project. Further
details can be found in Papers Il and as appendices.

5.1 Study population characteristics

Of the 218 athletes that responded to the initial questionnaire, six were excluded due to
having only a partial response or not meeting the eligibility criteria. Therefore, a total of
212 (122 females, 90 males) athletes were invited to participate in the measurement
phase. Majority of the eligible respondents came from ball and endurance sports, and
the majority (62.3% of females and 64.4% of males) were >18 years old.
Characteristics and responses of all 212 athletes to individual items on LEAF-Q and
LEAM-Q are summarized in Appendix A (Tables A1-A5). Symptoms such as impaired
recovery, low energy levels, frequent occurrence of body pains and perceived
vulnerability to injuries were reported by 20-40% of the respondents. The flow of all
female and male participants through the different study parts is shown in Figure 8
(females) and Figure 9 (males). No athlete from technical sports continued to the
measurement phase. Due fo low participation of Paralympic athletes (4 females in the
measurement phase) and evident physiological deviations they could not be included in
the main analyses (Paper | and Il). Moreover, one male athlete with sufficient food and
training registrations was excluded from the EA assessments in Paper lll due to age
(>50 years).

37



Birna Vardardottir

=»

S
&

ONLINE
QUESTIONNAIRE
(LEAF-Q)

I

INVITATION
RESPONSES

LAB VISIT 1

FOOD & TRAINING
LOGS BETWEEN
VISITS (MOBILE APP)

| LAB VISIT 2

Complete response
and invited to
measurements
n=122

Incomplete
response or eligbility
criteria not met

n=3

Accepted and
participated
n=60

Accepted but then
cancelled or did not
show up

n=3

Body composition
(DXA)

Blood samples
EDE-QS

EAI

MDDI

Mabile application
instructions

Seven-day photo
assisted weighed food
and training records

5-7 days completed
n=44

No records n=9

<5 days recorded n=7
\

Resting metabolic rate
(RMR)

Valid/fasted measures
n=48
Non-fasted/not valid
n=7

N

Respondents’ sport groups
(Total n=125)

Ball n=47 (37.6%)
Endurance n=32 (25.6%)
Technical n=10 (8.0%)
Aesthetic n=14 (11.2%)
Power n=10 (8.0%)
Weight-class n=12 (9.6%)

N

A4

Participants' sport groups
(Total n=60)

Ball n=24 (40.0%)
Endurance n=16 (26.7%)
Technical n=0

Aesthetic n=8 (13.3%)
Power n=5 (8.3%)
Weight-class n=7 (11.7%)

Participants with 5-7 days
registered (Total n=44)

Ball n=16 (36.4%)
Endurance n=11 (25.0%)
Technical n=0

Aesthetic n=7 (15.8%)
Power n=5 (11.4%)
Weight-class n=5 (11.4%)

Figure 8. Number of female participants in different parts of the study. LEAF-Q: Low Energy
Availability in Females Questionnaire; DXA: Dual Energy X-Ray Absorptiometry; EDE-QS: Eating
Disorder Examination - Questionnaire Short; EAIl: Exercise Addiction Inventory; MDDI: Muscle
Dysmorphic Disorder Inventory. Ball sports: football, handball, basketball, volleyball, badminton,
table tennis; Endurance: middle to long distance running, cycling, swimming, triathlon;
Technical: golf, horse riding, archery; Aesthetic: ballroom dancing, gymnastics, figure skating,
ballet; Weight-class: powerlifting, weightlifting, wrestling, judo, taekwondo, Brazilian jiu jitzy;
Power: sprinting, throwing, and jumping events, alpine skiing.

-»

*

ONLINE
QUESTIONNAIRE
(LEAM-Q)

I

INVITATION
RESPONSES

]

LABVISIT1

FOOD & TRAINING
LOGS BETWEEN
VISITS (MOBILE APP)

%y
&

Complete response
and invited to
measurements
n=90

Incomplete
response or eligbility
criteria not met

n=3
\.

Accepted and
participated
n=27

Accepted but then
cancelled or did not
show up

n=6

Body composition
(DXA)

Blood samples
EDE-QS

EAl

MDDI

Mobile application
instructions

\

Seven-day photo
assisted weighed food
and training records

6-7 days completed
n=20

No records n=3
<5 days recorded n=4
\

Resting metabolic rate
(RMR)

Valid/fasted measures
n=20

Non-fasted/not valid
n=7

N4

Respondents' sport groups
(Total n=93)

Ball n=38 (40.8%)
Endurance n=18 (19.4%)
Technical n=11(11.8%)
Aesthetic n=9 (9.7%)
Power n=9 (9.7%)
Weight-class n=8 (8.6%)

N

A4

Participants' sport groups
(Total n=27)

Ball n=7 (26.0%)
Endurance n=8 (29.6%)
Technical n=0

Aesthetic n=4 (14.8%)
Power n=4 (14.8%)
Weight-class n=4 (14.8%)

Participants with 6-7 days
registered (Total n=20)

Ball n=2 (10.0%)
Endurance n=7 (35.0%)
Technical n=0

Aesthetic n=4 (20.0%)
Power n=4 (20.0%)
Weight-class n=3 (15.0%)

Figure 9. Number of male participants in different parts of the study. LEAM-Q: Low Energy
Availability in Males Questionnaire; DXA: Dual Energy X-Ray Absorptiometry; EDE-QS: Eating
Disorder Examination - Questionnaire Short; EAl: Exercise Addiction Inventory; MDDI: Muscle
Dysmorphic Disorder Inventory. Ball sports: football, handball, basketball, volleyball, badminton,
table tennis; Endurance: middle to long distance running, cycling, swimming, triathlon;
Technical: golf, horse riding, archery, Aesthetic: ballroom dancing, gymnastics, figure skating,
ballet; Weight-class: powerlifting, weightlifting, wrestling, judo, taekwondo, Brazilian jiu jitzu;
Power: sprinting, throwing, and jumping events, alpine skiing. Figure adapted from Paper IIl.
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5.2 Paperl

A total of 83 (56 females, 27 males) athletes were included in the analyses of Paper I.
Thereof, 8.4% (10.7% of females, one male) exceeded the EDE-QS cut-off score, 13.3%
(14.3% of females, three males) the MDDI cut-off and 19.3% (19.6% of females, five
males) were considered at risk of compulsive exercise according to their EAIl scores.
Coexistence of two or all three outcomes was also prevalent, with three females above
the cut-off on all questionnaires, and three females and two males above the cut-off on
two questionnaires.

Females with LEAF-Q total score >8 (46.4%) scored

Oestradiol higher on EDE-QS, EAI, and MDDI compared to those

2000 . scoring <8. Whole body BMD Z-scores and absolute
RMR were also lower for females scoring >8 vs. <8.
15004, Furthermore, the LEAF-Q menstrual and gastro-intestinal
%' 1000d - subscores were associated with the EDE-QS, EAl and
g MDDI scores. Associations were also observed
500 between many of the LEAM-Q derived scores and
scores on LEAF-Q (other than injury), EDE-QS, EAIl and
0 MDDI.
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Figure 10. Oestradiol levels based on self-reported menstrual function (normal menstruation or
disturbances without use of contraceptives) and use of hormonal contraceptives. Data shown as
individual measurements with group medians and interquartile range (25" -75" percentile) drawn
as horizontal lines for each group.

Of the females, 37.5% reported current use of hormonal contraceptives (11 out of 26
with LEAF-Q total >8 and 10 out of 30 scoring <8). As an additional analysis (not
presented elsewhere), oestradiol concentrations based on self-reported menstrual
function are shown in Figure 10. A large oestradiol range was observed in the non-
users of contraceptives with normal menstrual cycles but was narrower in those using
contraceptives and all non-users of contraceptives with menstrual disturbances
measured relatively low.

None of the males had clinically low testosterone but two measured sub-clinically low.
In addition, no associations were found between testosterone and the different
questionnaire scores. Eight out of the nine athletes with low sex drive according to
LEAM-Q were adolescents (<18 years old). The LEAM-Q derived dizziness,
thermoregulation and fitness scores were associated with the EAl score. The LEAM-Q
derived fitness and sleep scores were also associated with the MDDI score.
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5.3 Paperll

A total of 41 female athletes were included in the analyses of Paper Il with 15 defined
as having sufficientto-optimal EA and sufficientto-optimal CHO intake (SEA + SCHO),
9 SEA and low CHO intake (SEA + LCHO), 9 low energy availability and SCHO (LEA +
SCHO), and 8 LEA and LCHO (LEA + LCHO).

Between group differences were observed for anthropometrics and body composition.
The SEA + LCHO athletes had higher body weight and fat percentage compared to
LEA + SCHO and SEA + SCHO. FFMI was also higher in SEA + LCHO vs. SEA +
SCHO.

Of the LEA + LCHO group, 50% came from ball sports. In accordance, 31.3% of the
ball sport athletes were defined as SEA + SCHO compared to 70% of the endurance
athletes. Group differences were observed for weekly training hours from the training
records, with aesthetic athletes training significantly more than the ball sport athletes.

In addition to group differences in total energy and CHO intakes, LEA + LCHO had the
lowest and SEA + SCHO highest relative intakes of the other macronutrients. Although
serum nutrition status did not differ between groups, half of the LEA + LCHO athletes
had Vitamin D insufficiency or deficiency compared to none of the SEA + SCHO.
Three LEA + SCHO and two SEA + LCHO athletes had Vitamin D insufficiency. Of all
athletes, 75.6% had 25(OH)D levels below what has been recommended for athletes
(<80 nmol/L).

Group differences were observed for LEAM-Q derived sleep, recovery, and energy
level scores. LEA + LCHO had higher (worse) sleep and energy level scores compared
to SEA + SCHO, and both LEA groups had higher (worse) recovery scores than SEA +
SCHO. In total, 41.5% exceeded the LEAF-Q total score, 58.5% the injury, 43.9% the
gastro-intestinal, and 26.8% the menstrual score. No significant group differences were
observed in the LEAF-Q scoring nor for proportions exceeding the cut-offs (Table 4). Of
athletes <45 years old (n=40), 30% reported current use of hormonal contraceptives
while 17.5% had menstrual disturbances.

Between group differences were found for the EDE-QS scores, where LEA + LCHO
scored significantly higher than SEA + SCHO. Two of the LEA + LCHO athletes
exceeded both the EDE-QS and MDDI cutoff and both athletes had menstrual
disturbances. The third athlete to exceed the EDE-QS cut-off was categorized as SEA +
LCHO and had menstrual disturbances. Responses of the four groups to individual
items on EDE-QS and MDDI are summarized in Appendix B (Figures B1-B2).
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Table 4. Proportion of athletes exceeding the Low Energy Availability in Females
Questionnaire (LEAF-Q) total and subscores, and self-reported menstrual function of athletes
<45 years. Shown as n and % within groups.

SEA+SCHO SEA+LCHO LEA+SCHO LEA+LCHO

(n=15) (n=9) (n=9) (n=8) X2 p
LEAF-Q
scales
Total 6 (40.0) 3(33.3) 3 (33.3) 5 (62.5) 1962  0.580
Injury 7 (46.7) 5 (55.6) 6 (66.7) 6 (75.0) 2.042 0.564
Gastro- 7 (46.7) 4 (44.4) 2 (22.2) 5 (62.5) 2.889 0.409
intestinal
Menstrual 5(33.3) 1(11.7) 1(11.) 4 (50.0) 4776 0.189
SEA+SCHO SEA+LCHO LEA+SCHO LEA+LCHO
(n=14) (n=9) (n=9) (n=8)
Menstrual function
Normal
menstruation 7 (50.0) 3(33.3) 8 (88.9) 3(37.5)
Menstrual
disturbances 4 (28.6) 1(11.7) 0 2 (25.0)
Current 3(21.4) 5 (55.6) 1(11.) 3 (37.5)
contraceptive
use
Previous oral 3(21.4) 2 (22.2) 2 (22.2) 3(37.5)

contraceptive
use

Energy availability (EA) and carbohydrate (CHO) groups = SEA+SCHO: sufficient to optimal EA
and sufficient to optimal CHO intake; SEA+LCHO: sufficient to optimal EA and low CHO intake;
LEA+SCHO: low EA and sufficient to optimal CHO intake; LEA+LCHO: low EA and low CHO
intake. Normal menstruation; regular cycles without use of contraceptives. Menstrual
disturbances: regular cycles without use of contraceptives.
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5.4 Paperlll

A total of 19 male participants provided sufficient dietary and training registrations and
were included in the analyses of Paper Ill. None of them had LEA for all 6-7 registered
days. Two athletes had 5-days of LEA, three 4 days, one 3 days, three 2 days, four 1
day, and six O days.

Inverse correlations were found between number of LEA days and EA, with lowest EA
observed in those having greatest number of LEA days. In accordance, the number of
LEA days was positively correlated with EEE and inversely with intakes of total energy,
carbohydrates, and dietary iron.

The number of LEA days was not associated with body composition, physiological
measures, and nutrition status. None had clinically low levels of testosterone but one,
with four days of LEA, measured sub-clinically low (11 nmol/L). No athlete had Vitamin
D insufficiency or deficiency, but 10 out of the 19 had 25(OH)D <80 nmol/L.

None of the 19 athletes exceeded the EDE-QS cut-off but those presenting most
symptoms of disordered eating had two or more LEA days. Two exceeded the MDDI
cut-off and three were considered at risk of compulsive exercise. No associations were
observed between the number of LEA days and the EDE-QS, EAI, MDDI and LEAM-Q
scores.

Summary of responses to individual EDE-QS and MDDI items are shown in Appendix B
(Figures B3-B4). Those who said they had tried to restrict amounts of foods eaten for
three or more days in the past week had 3 days (n=1) and 4-5 days (n=2) of LEA. The
three athletes who reported having feared weight gain for 3 or more days in the past
week had 2, 4 and 5 days of LEA. Two athletes, both with 4 LEA days, said they had
been moderately dissatisfied with their weight or shape in the past week.

The two athletes exceeding the MDDI cut-off had O and 2 LEA days. Both said they
often or always thought of their body as being too thin and often to always wanted to
become more muscular. In addition, they reported often to always feeling anxious and
depressed when missing workouts, and always prioritized trainings over social
activities. Neither said they hated their body, nor did they consider their body fat levels
as too high. One athlete, with 3 LEA days, reported hating their body sometimes and
the two athletes saying they often or always felt like having too much body fat had 3 or
4 LEA days.
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5.5 Summary of main findings

In Paper | we reported associations of subjective symptoms of REDs with disordered
eating, body image concerns and compulsive exercise behaviours in females.
Compared to those at low or no risk, females considered at risk of REDs scored higher
on all administered questionnaires, in addition to having lower whole-body BMD and
absolute RMR. Findings for males were more benign, with no associations observed
between serum testosterone and the various independent outcomes. However, a higher
score on a questionnaires screening for muscle dysmorphia was associated with
higher/worse LEAM-Q sleep and fitness scores.

Paper Il included females from Paper | with sufficient dietary and training records for
assessments of EA. Findings of that paper provide evidence that females displaying
patterns of both LEA and low carbohydrate intakes are at increased risk of REDs. That
was indicated by more symptoms of disordered eating, insufficient dietary intakes, as
well as poorer self-reported recovery and energy levels in that group compared to
those with sufficient EA and carbohydrate intakes especially. Accordingly, restrictive
eating behaviours appeared to be a greater contributor to the risk of REDs than high
energy expenditures. The high prevalence of insufficient vitamin D status was among
concerning findings, especially for the athletes at risk of REDs.

Paper Ill included males from Paper I with sufficient dietary and training records for the
EA assessments. Substantial day-to-day EA fluctuations but not continuous LEA were
observed among the male participants. The number of LEA days was inversely
associated with average intakes of energy, carbohydrates, and iron. In contrast, EEE
was positively associated with the number of LEA days. However, the number of LEA
days was not associated with any of the objective or subjective outcomes.
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6 Discussion

The overarching aim of this thesis was to assess occurrence of risk factors and
symptoms of REDs in Icelandic male and female athletes. Combined, the data show that
risk factors and symptoms indicating REDs, are prevalent among Icelandic athletes. The
present work also suggests that real-life dietary patterns, but not just LEA exposures or
absence thereof, are important considerations when assessing the risk of REDs.

6.1 Athletic struggles

High-level athletes have statuses as role models and are celebrated by the wide
population for their near phenomenal performances. Being an athlete therefore goes
far beyond showing up for training and being passionate about the sport. In
accordance, the athletic life often entails an enormous amount of internal and external
pressure, which can result in various physical and psychological complications (185,
186). This 'cost of excellence’ is indeed demonstrated in the findings presented herein.

While LEAF-Q concerns injuries, gastro-intestinal and menstrual function in females
(159), LEAM-Q consists of a bank of questions related to physical and mental well-being
(162). Evaluation of the various LEAM-Q derived items indicate that a high proportion
of the participating athletes perceived themselves as being chronically overtired, under
recovered, and having frequent bodily pains. When such symptoms are present the
body is far from primed to sustain and adapt to the demands of training, and in fact
performance is likely to deteriorate (187).

To our knowledge LEAM-Q has not been administered in a female population before
and therefore a direct comparison to previous findings is not possible. However,
qualitative studies have documented that females with REDs generally report
implications for general wellbeing, recovery, and performance (75, 82, 188). The
present work reported that females deemed at risk of REDs according to LEAF-Q rated
their physical and mental wellbeing worse than their low-risk counterparts (Paper /).
Moreover, in Paper Il females displaying patterns of LEA evaluated their recovery worse
compared to those with sufficient to optimal EA and carbohydrates (SEA + SCHO).
Females displaying patterns of both LEA and low carbohydrate (LEA + LCHO) intakes
also had more sleep problems and lower perceived energy levels compared to SEA +
SCHO. In contrast, the LEAF-Q scoring did not differ significantly between the EA and
CHO groups although a half or more of LEA + LCHO exceeded each of the three
subscores. A considerable risk of false positives and/or false negatives when relying on
the LEAF-Q scores alone has been suggested. For instance, injuries not caused by
nutrition deficiencies or REDs may result in a high score (false positives) while

45



Birna Vardardottir

amenorrhoea masked by using hormonal contraceptives may result in REDs risk being
overlooked (false negative) (157, 158). Accordingly, LEAF-Q was initially developed for
use in endurance athletes (159) but its validity appears to be reduced when the
instrument is administered in other sports or more heterogeneous groups (157, 158).
Nevertheless LEAF-Q could help to rule out the risk of REDs rather than adequately
determining risk, as athletes scoring low are unlikely to have REDs (157).

The LEAM-Q validation paper (162) defined REDs cases based on occurrence of
clinical indicators derived from the male specific literature available at that time. They
reported associations between several individual questions and clinical measures but
only the sex drive score could distinguish between cases vs. non-cases. Furthermore,
displayed symptoms and clinical markers varied considerably between cases. In
accordance, studies on REDs are challenged by certain methodological complexities
and the fact that unrelated causes of evident symptoms must be ruled out and/or
accounted for (53). That includes the occurrence of the exercise hypogonadal male
condition and other determinants of testosterone in males (47, 189). Serum testosterone
was not associated with the LEAM-Q outcomes nor with any of the physiological
measures in males (Paper I). Neither was the number of LEA days associated with
physiological symptoms, nutrition status and the questionnaire outcomes (Paper ).
Altogether, the findings from Papers | and lll support the need for further mechanistic
investigations aimed at defining more specific clinical markers of REDs in male
populations (14, 162).

6.1.1 Injuries and illnesses

Consistent with reports from other athletic investigations (190-193), we observed high
prevalence of self-reported injuries in both males and females. Various intrinsic and
extrinsic injury risk factors have been described, including but far from limited to REDs
and nutrition deficiencies (100, 194, 195). Thus, knowing whether a given injury is
caused by REDs or not requires a careful investigation, e.g., by asking sport-specific
questions and ruling out other potential causes. The lack of such specificity is a likely
explanation for absent associations between the LEAF-Q injury score and REDs
outcomes in female participants (Paper | and Il). Indeed, the LEAF-Q injury subscale
concerns number and duration of absences from training or competition due to
unspecified injuries in the past year. This might be adequate when screening
endurance athletes, as that is the population LEAF-Q was developed for, but less so in
sports where acute injuries are more prevalent than bone stress injuries or other
overload injuries (60, 157, 158). Compared to LEAF-Q, The LEAM-Q injury questions
are more thorough and ask the athletes to separately report the number of acute and
overload injuries sustained in the past 6 months. Importantly though, the subscale relies
on athletes' ability to differentiate between acute vs. overload injuries. Moreover, high-
risk bone stress injuries or repeated occurrences of low-risk bone stress injuries are
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among the primary and secondary indicators defined in REDs CAT2 (46), while other
overload injuries are not neccessarily related to nutrition and/or REDs.

We reported that females exceeding the total LEAF-Q cut-off had lower whole-body
BMD Z score compared to those not considered at risk of REDs, which may indicate a
higher risk of future bone injuries (Paper /). In contrast, the whole-body BMD Z score
did not differ between females displaying different patterns of EA and carbohydrate
intake (Paper Il). Athletes from sports with higher bone loading stimulus tend to have
greater BMD compared to sports where this stimulus is limited, making the latter group
more subsceptible to low BMD and bone injuries before even considering REDs (196).
A site-specific BMD assessment was not conducted but in general, any potential
associations between BMD and risk or incidence of bone stress injuries should also be
interpreted in relation to sport type and training stimulus (197).

Associations of REDs with illness occurrences are even harder to evaluate from self-
reported measures than injuries. However, reduced athlete availability, defined as full
ability to train and compete, due to injuries and/or illnesses could be regarded as
indirect consequences of REDs (144, 198). In addition, problematic LEA exposure
might result directly or indirectly in increased levels of inflammatory markers and
impaired immunity (199, 200). In that case, various potential exercise and non-exercise
related confounders must also be considered (53, 201).

6.1.2 Self-reported reproductive function

6.1.2.1 Menstrual function and contraceptive use

The LEAF-Q menstrual subscale was used to determine menstrual status and use of
hormonal contraceptives, as has been done in previous investigations (158, 167, 192).
A little less than 40% of female participants were currently using hormonal
contraceptives and around 30% had used oral contraceptives before but not currently.
Similar studies from other countries have reported use of contraceptives in 40-60% of
participating athletes (158, 202-205). Due to the frequent use of contraceptives, natural
menstrual function could only be assessed in 60-70% of participants. In Paper Il we
observed that the two LEA + LCHO athletes who exceeded the EDE-QS cut-off had
menstrual disturbances, with one of them being amenorrhoeic. However, the high
within EA + CHO group prevalence of contraceptive use provides an example of why
assessing menstrual function as part of REDs screening/diagnosis is easier said than
done where contraceptive use is prevalent.

The finding that females displaying patterns of LEA evaluated their recovery and energy
levels worse compared to SEA + SCHO especially may motivate further investigation on
associations between those and other LEAM-Q derived scores with more sensitive
indicators of REDs, potentially supporting (i.e., providing an additional measure) or
replacing (i.e., in athletes using contraceptives) assessments of menstrual function. For
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diagnostic purposes it is also necessary fo rule out other potential causes of observed
menstrual disturbances (56, 206), but that cannot be done from LEAF-Q derived
information alone.

The underlying mechanism of REDs related menstrual disturbances is a downregulation
of the HPG axis, and subsequent reduction in gonadotropin-releasing hormone
stimulation and luteinizing hormone pulsatility. Consequentally, concentrations of
oestradiol and other sex hormones become constantly low (35, 207). Low oestradiol
levels in non-users of contraceptives with menstrual disturbances was therefore
unsurprising. Moreover, as measurements were not scheduled for specific phases of
the menstrual cycle a wide oestradiol range was expected in non-users of
contraceptives with normal menstrual cycles (208). The visually narrower range in
athletes using contraceptives could be explained by interference of the exogeneous
hormones with the HPG axis, which subsequently suppresses endogeneous sex
hormone production (209). A single oestradiol measurement (i.e., when cycle phases
are not controlled for and other reproductive hormones not measured), does not
identify occurrences of menstrual disturbance in the individual athlete. It may, however,
be informative on a group level (208). In accordance, the within group
ranges/characteristics supported the menstrual function categorization in the present
study.

The observation that the use of hormonal contraceptives was highest in the two groups
displaying patterns of low carbohydrate intake (SEA + LCHO and LEA + LCHO) is
interesting. The SEA + LCHO group also had significantly higher body-weight and fat
percentage compared to the two groups with sufficient carbohydrate, but not compared
to LEA + LCHO (Paper Il). There is some, albeit highly equivocal, evidence that
contraceptives influence factors such as body composition, appetite, and sport
performance (210-213). Therefore, an interference of exogenous contraceptives with
body composition and some of the subjective outcomes is plausible. Such effects may
also depend on type of the contraceptives and the duration of use (210), in addition to
menstrual function prior to starting the contraception (213). Importantly, athletes use
contraceptives for various well informed reasons, but the use of oral contraceptives for
treatment of REDs related menstrual disturbances is not recommended by the IOC (52)
nor the Endocrine society (56). Treatment of REDs related menstrual disturbances
should rather focus on increasing EA via dietary and/or training modifications. If such
aftempts are ineffective, short term administration of transdermal oestradiol with cyclic
progesterone might be considered (56, 214).

6.1.2.2 Sex drive

In contrast o Lundy et al. (162) we found no associations between self-reported sex
drive and indices of REDs in the male athletes. Importantly, most of the athletes defined
as having low sex drive were adolescents (15-18 years old) replying that they did not
have much interest in sex. Moreover, no male had clinically low testosterone. Similar
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trends in adolescent vs. adult responses to the questions concerning general sex drive
were apparent in females. As the group under study was rather heterogeneous both in
terms of age and sports the findings neither refute nor support the utility of self-
reported sex drive as a REDs symptom. In accordance with our findings, Jurov et al.
observed no differences in self-reported erectile function in response to their
intervention. They further suspected that it could have been due to resistance in sharing
such information (6, 215). It could be concluded that careful consideration of athlete
characteristics, sport specialization, and various exercise- and non-exercise related
factor is encouraged when sex drive scores are interpreted (189).

6.1.3 Body image and disordered behaviours

With body image issues known to be a special risk factor of REDs (5, 216) this project
set out to evaluate multidimensional body image concerns against REDs related
outcomes. As part of the measurement phase, athletes were asked to respond to a total
of 25 items from the EDE-QS and MDDI questionnaires.

6.1.3.1 Females

Of females participants, 11% exceeded the EDE-QS cut-off and thus were considered at
risk of eating disorders which is similar to the proportion reported by a previous study
on Icelandic athletes (217). Our findings further support that athletes with distorted
relationship with food and exercise are at increased risk of REDs and associated
challenges (10, 141). Three out of the six athletes that exceeded the EDE-QS cut-off in
Paper | had sufficient food and training registrations to included in Paper Il. Of those
three, two had LEA + LCHO and one SEA + LCHO patterns. Furthermore, the median
EDE-QS score was significantly higher in the LEA and LCHO group compared to the
SEA + SCHO group. Assessment of responses to the individual EDE-QS items further
demonstrated the between group body image differences. Responses of SEA + SCHO
athletes indicated that they rarely or never feared weight gain and/or had strong desire
to lose weight. In contrast, many of the athletes with LEA + LCHO athletes reported
having had such feelings and/or that they were moderately dissatisfied with their
weight or shape. Similar, albeit non-significant trends were observed for the
questionnaires screening for compulsive exercise and muscle dysmorphia (i.e, EAl and
MDDI). In accordance, carbohydrate fear and misconceptions regarding the benefits of
restricting carbohydrate and energy intakes is a common issue among athletes, and
females especially (84).

6.1.3.2 Males

Although the physiological measures were not associated with the LEAM-Q derived
scores in males, scores on the MDDI but not EDE-QS were associated with the LEAM-Q
fitness and sleep scores (Paper /). In addition, the EAIl score was associated with the
LEAM-Q dizziness, thermoregulation, and fitness scores. This suggests that muscle
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dysmorphic symptoms and compulsive exercise behaviours can result in physical pain,
training stagnation and disturbed sleep (135, 218). In Paper I, one out of the 27 males
exceeded the EDE-QS cut-off but none of the 19 with sufficient food and training
registrations to be included in Paper Ill. However, based on responses to the individual
items of both EDE-QS and MDDI male participants are not exempt from body image
concerns. In addition, those with highest EDE-QS scores had 2-5 LEA days, which
suggests a potential contribution of body image issuses to dietary intakes and EA. Many
of the available eating disorder screening tools are highly female centric and might
overlook symptoms not related to the thin ideal and fear of weight gain (16, 18). Recent
publications have also stated that athletic body ideals of females have developed to
include more muscularity concerns (219, 220). In addition, a recent study on
Norwegian athletes reported that 19% of all (15% of males and 22% of females)
participants had obsessive compulsive disorder (OCD) or related disorder according to
a diagnostic interview. Moreover, the OCD was in most cases concomitant with body
dysmorphia. In comparison, 5.7% of all participants in that study had an eating disorder
and 8.5% exceeded the EDE-QS cut-off (221), which is similar to the findings of the
present work. Altogether, the results from this PhD project and other available literature
calls for further research on the contribution of body and muscle dysmorphic concerns
to the risk of REDs.

6.2 Dietary patterns and nutrition status

Paper Il and Il assessed real-life exposures to LEA in females and males, respectively.
With recent studies reporting substantial dayto-day fluctuations in EA and dietary
intakes (40-42, 222), a primary focus was on evaluating frequency of LEA exposures
over seven consecutive days. This was done through robust evaluation of food and
training logs, collected via a tailor-made mobile application. Most participants who
completed all parts of the study were females. That in addition to established sex-
specific consideration resulted in discrepant approaches used for the data analyses in
the two papers. Altogether, the findings suggest several areas where there is a room for
improvement in terms of athlete’s nutrition and prevention of REDs. Those areas are
discussed below.

6.2.1 Females (Paper Il)

In agreement with others, we observed frequent mismatches between training demands
and dietary intakes of female athletes (40, 223-225). Both the average energy intake
and RMR of LEA + LCHO participants were ~1600 kcal, and thus overall dietary intake
well below sport nutrition recommendations in that group especially. In accordance,
Melin et al. reported that energy intake was 22% and 32% lower in female endurance
athletes displaying LEA compared to groups with reduced EA (30-44.9 kcal/kg
FFM/day) and optimal EA (>45 kcal/kg FFM/day), respectively (224). The findings
also support the notion that frequent, or continuously low CHO intakes increase the risk
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of REDs. Accordingly, recent intervention studies have suggested that low CHO intakes,
even irrespective of total energy intake and EA may result in REDs (12, 89, 90, 226).

Based on the training reports the predominant cause of LEA in the LEA + LCHO group
was not high EEE but rather restricted dietary intakes or unawareness of energy
requirements. In contrast, higher EEE observed in LEA + SCHO athletes suggest that
high training demands might have contributed to the occurrence of LEA. In
comparison, the study from Melin et al. found inverse associations between EA and
training demands, with LEA participants having 79% higher EEE compared to those
with optimal EA (224).

The fact that half of the LEA + LCHO athletes were ball sport players indicates that REDs
is by far not limited to aesthetic, endurance and other sports often deemed as high-risk.
In agreement, a new study on Norwegian professional football players identified 22%
at risk of REDs (227) with the risk quantified according to the 2023 IOC consensus and
REDs CAT2 (5, 46). As the present study did not include many of the specific
indicators proposed by the new consensus, the two studies cannot be directly
compared, and neither is it appropriate to estimate exact proportions at risk from our
data.

Although group differences were not observed for nutrition status the fact that many of
the athletes considered at increased risk of REDs were insufficient or deficient in
Vitamin D is notably concerning. Accordingly, low Vitamin D status may exacerbate
potential consequences for bone health, injury risk and related outcomes (52, 100).
The occurrence of insufficient iron status did not seem to differ between the EA + CHO
groups and neither did the physiological measures other than body composition. In that
regard, most of the females with low iron status were normally menstruating but loss of
blood through menses is among main non-exercise related contributors to iron
deficiency in females (115). Various exercise related factors may also influence iron
status, including haematuria, haemolysis, gastro-intestinal bleeding, and impaired iron
absorption due to elevated hepcidin levels after exercise. The risk of such challenges is
also dependent on the training impact (114). As the EA and dietary assessments only
covered one week, with no information on dietary and/or LEA history collected, it can
only be speculated that energy conservation is among potential contributors to higher
body fat levels in the LCHO groups (59, 228). In contrast though, no group differences
were observed in RMR and whole-body BMD Z-scores.

6.2.2 Males (Paper lll)

The average mean EA was 33 kcal/kg FFM, ranging from 12-57 kcal/kg FFM, which is
comparable to earlier investigations on real-life EA in male athlete populations (229-
231). The males with greatest number of LEA days trained more compared to those with
less or no LEA days, without compensating adequately with their dietary intakes.
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Moreover, as reported in a recent study on male cyclists (42) the intraindividual
assessment revelaed a substantial day-to-day variation in EA and dietary intakes.

In accordance with the literature, we used a lower cut-off to define daily LEA exposures
in the males than for the females (6, 7, 229, 230). None of the male athletes had EA
<25 kcal for all 6-7 registered days. Therefore, a possible explanation of the main
findings is that the threshold (i.e, duration and/or magnitude of LEA) where
problematic LEA occurs is considerably lower in males vs. females. Based on recent
intervention studies applying gradual decreases of EA (6, 7, 215), continuous trends of
LEA exposures would be expected to result in detectable REDs complications, but the
real-life LEA exposures observed herein were likely too benign. One critical
consideration for the scientific field is also the lack of well-defined male-specific REDs
markers or indicators (5, 14).

Highest scores on EDE-QS were observed in athletes with 2-5 LEA days, while
muscularity concerns appeared to be irrespective of LEA exposures. Thus, we and
others highlight the importance of advancing scientific understanding how body and
muscle dysmorphic symptoms could contribute to food and training behaviours, and
eventually to the risk of REDs (221). Additionally, studies suggesting that wellbeing and
mental health is impacted first and hormonal markers second in response to
problematic LEA exposures, support continued development and screening tools as this
could aid early detection of REDs (215).

In terms of nutrition status, we did not identify any critical deficiencies although 10 out
of 19 participants had 25(0OH)D below what has been suggested for athletes (80
nmol/L), and four had low iron status according to assessed TSAT. A direct contribution
of Vitamin D and iron status to the onset of REDs or vice versa is unlikely, as both are
also influenced by factors other than dietary intakes (32). However, ensuring a
sufficient nutrition status could be regarded as protective while insufficiencies or
deficiencies might magnify potential complications of REDs (52, 121).

6.3 Strengths and limitations

Key strengths of the present work include the mixed method design, entailing a battery
of objective and subjective assessments. Thereby we acknowledged that A) REDs can
impact most (if not all) body systems, and B) there exist a complex interaction between
athletes’ physical and mental health. The robust dietary intake and EA assessments also
provided an excellent opportunity to understand how LEA exposures and dietary
patterns may contribute to the risk and severity of REDs. In addition, the project was
inclusive in terms of sex, age, and sport type and thus highlighted various important
nuances, in addition to the fact that REDs is a challenge experienced by athletes
irrespective of sport type. Unfortunately, the participation of Paralympic athletes was too
low for them to be included in the main analyses. However, their inclusion in the study
enabled several practical learnings and discussion with international colleagues
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specializing in the dietary needs of Paralympic athletes. That discussion has resulted in
a review article (2) and a co-authorship of a book chapter on REDs and eating disorders
in a handbook on disability sports (to be published in the near future).

Several limitations also apply to this work. First, the cross-sectional and explorative
nature of this study does not allow for any conclusions on causality. More specifically,
the fact that all measurements were conducted at one time point only means that the
study captured a random snapshot of athletes’ lives. Thus, it is possible that a repeated
measure design and/or other forms of follow-up would have resulted in somewhat
discrepant results.

The study was dependent on athletes’ interest and willingness to participate in the
assessments and required them to donate their time and effort in and out of the lab.
Consequently, the study entailed a considerable risk of volunteer bias and drop-out
between the screening and measurement phases, and again between the laborative
assessments and the week-long EA assessments. A related limitation is the relatively
small sample size, especially in males. Accordingly, while the different sport groups
were represented similarly in different phases for females the same was not the case for
the males. It is plausible that more performance focused studies may be more
appealing than REDs investigations for male athletes to participate in (232). That may
indeed require future considerations on how scientists could better motivate the target
population for participation in REDs related studies (5, 14).

We also did not ask athletes whether they adhered to special dietary regimes or
periodized their nutrition. On one hand, we strived to limit the risk of any influence
from the researchers on the dietary recording (i.e., by athletes changing what they ate
or recorded to align with any statements made or being otherwise self-conscious). The
lack of such information also brings certain limitations in terms of the data
interpretfation. In addition, although the use of a specially tailored and user-friendly
mobile application for the dietary and training records brings several strengths the risk
of potential under- or overreporting can never be fully avoided (150). Moreover,
estimation of EEE from self-reported training records and use of MET scores may also
have introduced certain errors. The MET scores were predominantly generated to
standardize intensities of physical activity but not for precise individual calculations
(184). In addition, EEE estimations might have been less accurate for athletes who did
not record their max heart rate. As a countermeasure, the measured (when available)
but not estimated RMR was used to account for non-exercise energy expenditure (233).
In addition, the assessments of EA and its components were conducted by well4rained
experts who each had a defined task in the process.

The IOC has listed RMR as a potential, but not primary or secondary, indicator of REDs
due to inconsistent evidence for its relationship with the occurrence of REDs. The
apparent inconsistencies have been attributed to both methodological concerns (e.g.,
machines used and adherence to standardized approaches) and practical challenges
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(46). Accordingly, although a defailed verbal and written instructions were given
regarding preparation for the RMR assessment a proportion of participants in this
project did not arrive in a fasted state. Moreover, the only primary and secondary
indicators measured in this project were testosterone in males and occurrence of
menstrual disturbances in females. Based on the IOC and REDs CAT2 definitions, the
other measures would be regarded as potential (5, 46). Finally, due to sex and sport-
specific considerations the interpretation of the questionnaire outcomes must be
interpreted with caution.
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7 Conclusion

The main findings of this PhD project were that many Icelandic athletes present physical
and mental symptoms that may indicate REDs og risk thereof. The risk of REDs
appeared to be increased further when LEA was concomitant with low carbohydrate
availability, especially in females. Moreover, the high prevalence of low to deficient
Vitamin D status is a special concern and may exacerbate potential REDs implications.
Mismatches between dietary intakes and training demands were also frequent in males.
However, the markers of REDs in males appear to be detected after longer and/or
more severe LEA exposures in males than in females. Altogether, this study summarizes
several aspects which warrant further investigation to adequately define sex-specific risk
factors, in addition to differences in adaptable and problematic LEA. Many of the
results presented herein must be confirmed by more mechanistic investigations, e.g.,
by evaluating the subjective symptoms against the more sensitive clinical markers
included in REDs CAT2 or through infervention studies. The practical relevance of the
findings is also high, and they will hopefully inform evidence-based practice.
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8 Future perspectives

The present project was conducted during times of rapid knowledge acquisition on LEA
and REDs. Three years into this PhD journey, an updated REDs consensus was
published by the IOC with introduction of revised terminology and best practice
recommendations. On one hand, this development has vastly inspired the data
interpretation and thus supported our contribution to a growing literature. On the other
hand, new knowledge constantly introduces new questions and/or challenges.
Accordingly, this PhD project has sparked several thoughts for the future.

Much further work is required to enable understanding of how much energy related
stress the athletic body can tolerate and adapt to, and when it poses risk to athletes’
health and performance. The potential influence of individual and sport-specific
modifiers should be kept in mind in screening and clinical assessments. It is plausible
that the relevance of specific screening tools and clinical measures will always depend
on sex and sport type, and even characteristics of the individual athlete. Further
development of validated screening tools and evidence-based risk assessments is
therefore encouraged. However, with various REDs indicators deemed as potential by
the IOC, it remains worth it to ask athletes how they feel and/or monitor their well-being
over time. From the ambitious PhD candidate’s point of view, it is indeed important o
understand why so many athletes rate their well-being as suboptimal and what we as
specialists can do about it. On that note, we and others suggest that consideration of
multifactorial body image concerns may aid early detection of REDs. The field would
undoubtedly benefit from development of sport-specific and sex-inclusive screening
tools for assessing body image in relation to REDs.

Ever since we started the study’'s conceptualization, we've had several fruitful
discussions with the NOC, sport federations, athletes, coaches and others. We look
forward to continuing the discussion with key stakeholders and hopefully work with
them on translating the presented findings into evidence-based recommendations and
preventive strategies for Icelandic athletes. Subsequently, it would be highly worth it to
evaluate the effectiveness of such initiatives.

A question we have frequently been asked is whether REDs may also occur in
recreational exercisers such as among the ever-growing group of adults running
marathons, doing CrossFit or training hard in fitness centres. The short answer is simply
'ves' although the prevalence and symptomatology are even less understood in that
group than in high-level athletes. Furthermore, information sources and the contribution
of various intrinsic and exirinsic factors to dietary behaviours in recreational exercisers
warrants further scrutiny. The near future will hopefully see more studies on or
including the active population in general. At the end of the day, the great aim of
scientists and practitioners alike should be to foster healthy souls in well nourished and
physically active individuals.
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ABSTRACT

Objectives Disordered eating and compulsive exercise
behaviours are common among athletes and can increase
the risk of relative energy deficiency in sport (REDS).
Contrarily, the prevalence of muscle dysmorphia and its
relationship with REDs are unknown. This cross-sectional
study aimed to evaluate associations of all three with REDs
symptoms.

Methods Elite and subelite Icelandic athletes (n=83,
67.5% females) answered the Low Energy Availability in
Females/Males Questionnaires (LEAF-Q/LEAM-Q), Eating
Disorder Examination—Questionnaire Short (EDE-QS),
Exercise Addiction Inventory (EAl) and Muscle Dysmorphic
Disorder Inventory (MDDI). Body composition was
assessed via dual-energy X-ray absorptiometry; resting
metabolic rate via indirect calorimetry; and blood samples
were drawn for analysis of nutrition and hormonal status.
Females were compared based on LEAF-Q total score

(>8 (at risk) vs <8). Simple linear regression was applied
to evaluate associations of (a) testosterone with other
objective measures and LEAM-Q scores in males; and

(b) LEAF-Q/LEAM-Q scores with EDE-QS, EAl and MDDI
SCOres.

Results In total, 8.4% of participants scored above
cut-off on EDE-QS, 19.3% on EAI and 13.3% on MDDI.
Females with LEAF-Q total score >8 had higher median
scores on EDE-QS, EAI and MDDI compared with those
scoring <8. Testosterone was positively associated with
iron and inversely with total iron-binding capacity but was
not associated with scoring on any of the administered
questionnaires.

Conclusion Drive for muscularity and aesthetic physique
may play a role in the complex presentation of REDs.
Screening for muscle dysmorphia, in addition to disordered
eating and compulsive exercise, could therefore facilitate
early detection of REDs.

INTRODUCTION

High-level athletes continuously seek ways
to improve their performance. Whether
successful or not, substantial focus is often
placed on maximising recovery and training
adaptations with targeted dietary approaches.'
Nevertheless, there can be a fine line between
dedication and ‘win at all costs’ mentality.

, Anna Sigridur Olafsdottir, Sigridur Lara Gudmundsdottir

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Relative energy deficiency in sport (REDs) is a com-
plex syndrome, whose causes and manifestations
can differ based on factors such as sport and train-
ing history, sex and age.

WHAT THIS STUDY ADDS

= Occurrence and severity of disordered eating and
exercise behaviours, as well as body dissatisfaction,
can vary substantially between athletes.

= Occasional but repeated engagement in disordered
eating and/or exercise behaviours may potentially
result in REDs and associated consequences, with-
out athletes exceeding screening cut-offs.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= We encourage considerations of multifaceted body
image concerns, ie, not only drive for thinness and/
or fear of weight gain, in prevention, screening and
treatment of REDs.

Characteristics such as commitment, tough-
mindedness and discipline are all crucial for
sport performance but can become prob-
lematic if athletes’ health behaviours are too
rigid.? Athletic success is underpinned by a
fine-tuned balance between training load
and nutrition, among other things. When
daily energy intake is not in line with exer-
cise energy expenditure, athletes may find
themselves in a state of low energy availability
(LEA).> As defined in a recently updated
consensus from the 10G* a problematic
(prolonged and/or severe) LEA, either due
to intentional or unintentional reasons, is
the underlying culprit of relative energy defi-
ciency in sport (REDs). REDs manifests as
impaired physiological and/or psychological
functioning and can therefore impose several
consequences for the ambitious athlete,
including impaired training adaptations and
overall sport performance.*’ Therefore, miti-
gating the occurrence of REDs via prevention
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and early detection should be a priority for everyone
involved in sports and athletes’ well-being.

Eating behaviours occur on a spectrum spanning from
optimised nutrition to clinical eating disorders, with disor-
dered eating placed in the middle.” Several factors can
complicate the training—nutrition balance for athletes
and distance them from the optimal state. Among such
factors are body image concerns and pressure to perform
and/or look a certain way® Although insufficiently
addressed in the literature, body image concerns of
athletes and non-athletes alike are multifaceted and do
not always display as drive for thinness or preoccupation
with low body weight.” Muscularity concerns and drive
for size underlie what has been referred to as muscle
dysmorphia.'’ Extreme dietary practices and compulsive
exercise are commonly shared symptoms between muscle
dysmorphia and restrictive eating disorders, despite the
different ‘end goals’.” Compulsive exercise, which has
interchangeably been called exercise addiction, can also
occur in the absence of abnormal eating behaviours."
Both disordered eating and compulsive exercise are
among potential causes of REDs,'*™™* while less is known
about the contribution of muscle dysmorphia and
other body image facets. Reported prevalence of disor-
dered eating and eating disorders is generally higher in
female versus male athletes. Moreover, the risk has been
deemed highest in weight-sensitive sports such as endur-
ance, aesthetic and weight-class sports.” ' '* Importantly
though, most screening tools for eating disorders are
primarily focused on drive for thinness, fear of gaining
weight and/or body fat.”'® This may consequently have
resulted in underestimation of prevalence and/or symp-
toms of body image issues being unrecognised in sports
and/or athletes considered at low risk.* 17 A knowledge
gap also exists in the REDs literature itself, as the causes
and sequelae of problematic LEA in males, teams and
other less-studied sports are far from adequately under-
stood."”® 'Y The present study therefore aimed to assess
occurrence of disordered eating, compulsive exercise
and muscle dysmorphia in high-level male and female
athletes from various sports. Secondly, to evaluate asso-
ciations of all three outcomes with markers and/or
symptoms of REDs.

METHODS

Study design and recruitment of participants

Icelandic athletes from various sports were invited to
participate in this cross-sectional study. Athletes were
eligible if they had reached 15 years of age and were
defined by the National Olympic Committee (NOC)
as cither (a) elite: individuals meeting the elite criteria
set by their sport federation, or (b) subelite: individuals
currently not defined as elite but with continued training
believed to have the potential to excel in their sport.
The estimated number of Icelandic athletes meeting
the eligibility criteria is around 1000. NOC, through its
sport federations, shared the initial invitation via email.
Additionally, key ballet schools were asked to share the

invite with high-level dancers. Online platforms such
as the study website and social media were also used
for recruitment. Initially, 218 athletes answered an
online questionnaire from July to December 2021. Six
respondents did not meet the elite/subelite criteria or
only completed part of the questionnaire. Therefore,
212 athletes received invitations to participate in the
measurement phase (April-September 2022), of which
87 accepted the invitation. Athletes were categorised into
five different sport groups (aesthetic, ball, endurance,
power and weight-class sports), based on the approach
developed and used in a previous study.?’ Paralympic
athletes (n=4) were excluded from the present analysis
due to observed deviances in total body bone mineral
density (BMD) and some of the blood biomarkers,
which are likely attributed more to physical disabili-
ties rather than REDs.?! Therefore, their data deserve
a special consideration and will be reported elsewhere.
For athletes over the age of 18 years, completion of the
online questionnaire equalled approval for participation
in the initial part of the research. For younger athletes,
informed consent was acquired from their parents via
digital certificates before the online questionnaire was
shared with the young athletes. Athletes participating
in the measurement phase provided informed consent
upon arrival.

Patient and public involvement

In preparation of the study, aims and research protocol
were presented and discussed with NOC. Questionnaire
selection and translation process were partly based on
feedback received from sport science students taking
part in piloting of questionnaires.

Equity, diversity and inclusion statement

Regardless of ethnic background, participation was open
for athletes from a wide range of sports, with no upper
age limit as long as athletes met the inclusion criteria.
Invitations were sent to eligible athletes living in all parts
of Iceland, urban and rural, although measurements had
to be attended in the capital area of Reykjavik.

Data collection procedures

The sex-specific questionnaires in the initial part of the
study were distributed via the Qualtrics XM platform.
The measurement phase was conducted in two visits. For
the first visit, participants underwent assessment of body
composition, and a venous blood sample was drawn. They
also answered three brief questionnaires. For the second
visit, approximately 2weeks later, resting metabolic rate
(RMR) was measured via indirect calorimetry.

Measures

Questionnaires

1. The online questionnaire consisted of the Low Energy
Availability in Females Questionnaire (LEAF-Q)*
and the newer Low Energy Availability in Males
Questionnaire (LEAM-Q),” in addition to demo-
graphic questions. A total score of >8 is the established
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cut-off for LEAF-Q, indicating a risk of REDs.* Scoring
of LEAM-Q) is currently limited to four questions re-
lated to sex drive and morning erections.” To allow
for comparison between the sexes, females were asked
questions from the LEAM-Q that are not included in
the LEAF-Q. Scores for LEAM-Q items were calculated
according to the scoring key from Lundy et al,® where
higher scores always indicate a worse/more negative
outcome.

2. Three brief questionnaires were administered in the
measurement phase. The Eating Disorder Examina-
tion—Questionnaire Short (EDE-QS)?! with estab-
lished cut-off of >15% was used to screen for symptoms
of disordered eating. Compulsive exercise symptoms
were assessed using the Exercise Addiction Inventory
(EAI).?® EAI score >24 indicates a risk of compulsive
exercise, 13-23 some symptoms and 6-12no symp-
toms.

3. The Muscle Dysmorphic Disorder Inventory (MDDI1)*
was used to screen for muscle dysmorphia. A cut-off
score of 239 has been used to discriminate between
those at risk of muscle dysmorphia versus not.® The
internal consistency was good for EDE-QS (Cronbach’s
0=0.878), EAI (0=0.749) and MDDI (0=0.824).
Detailed information about administered question-

naires can be found in the online supplemental tables

1 and 2. Translation of all questionnaires was conducted

according to available guidelines%’: (a) forward trans-

lation from English to Icelandic by two researchers;

(b) back-translation by two other researchers who were

blinded to the original questionnaire; and (c) discussion

between translators/back-translators, and agreement on
final versions.

Body composition and anthropometrics

Fasted whole-body dual-energy X-ray absorptiometry
(DXA) scans for body composition were performed using
GE Lunar iDXA (GE Medical Systems, Belgium). Height
was measured to the nearest mm with a stadiometer (Seca
model 217; Seca), and body weight to the nearest 0.1kg
with a calibrated scale (Seca model 812; Seca).

Blood sampling

Fasted blood samples were collected in 3.5mL serum-
separating tubes, centrifuged (3500 RPM/10min)
and cooled until analysed in the laboratory. Oestradiol
(females), testosterone (males), vitamin B , and 25-OH
vitamin D were measured on Cobas 801 analyser (Roche)
with electrochemiluminescence-binding assay, using
the competition principle. Iron (Fe) was measured on
Cobas 702 with colorimetric assay based on the Ferro-
Zine method without deproteinisation, and ferritin on
Cobas 801 with electrochemiluminescence-binding assay,
using the sandwich principle. Unsaturated iron-binding
capacity (UIBC) was directly determined with Ferro-
Zine, and the sum of serum Fe and UIBC represents the
total iron-binding capacity (TIBC). Thyroid-stimulating
hormone (TSH) was measured on Cobas 801 with the

electrochemiluminescence-binding assay, using the sand-
wich principle. Alkaline phosphatase (ALP), albumin
and magnesium were measured with a colorimetric
assay, Immunoglobulin A (IgA) and C reactive protein
(CRP) with an immunoturbidimetric assay, creatinine
with the enzymatic method and calcium photometrically
on Cobas 702. Apart from one female, all had a blood
sample taken. One male did not have a valid measure
of testosterone. In cases where serum oestradiol concen-
trations measured below the analytical detection level
of the laboratory, the lowest detectable concentration
(18 pmol/L) was registered.”

Resting metabolic rate

For RMR assessment, participants (n=78, 51 females)
arrived at the laboratory in the morning, in a rested and
fasted state. They had been instructed to avoid stren-
uous exercise the day before, and refrain from caffeine,
alcohol and stimulating supplements for 12 hours before
the visit. Participants rested for 10min prior to the
measurement. Oxygen consumption and carbon dioxide
production were measured for 30min using ventilated
hood (Vyntus CPX). The last 20min of steady state was
used for assessment of RMR.*' A total of 12 participants
(5 females) did not arrive in a fasted state, resulting in
invalid measures. One additional measure (female) was
excluded from the RMR analysis due to technical issues.
I0C has listed RMR <30 kcal/kg fat-free mass (FFM) /day
as a potential indicator of REDs.*

Data analysis

Statistical analyses were conducted using IBM SPSS statis-
tics V.28, with significance set to 0<0.05. Continuous
variables were summarised as means+SD for parametric
data, and medians with IQRs (25th and 75th percentiles)
for non-parametric data.

Females were divided into two groups based on their
total LEAF-Q score (=8 (at risk) vs <8). Group compar-
isons were performed using independent t-test or
Mann-Whitney U test as appropriate. Cohen’s (d) effect
sizes were reported for parametric data, with threshold
values set at 0.2 (small), 0.5 (moderate) and 0.8 (large).
Wilcoxon effect size (r=72/ \/n) was calculated for non-
parametric data, using thresholds of 0.1, 0.3 and 0.5
for small, moderate and large effects.® Simple linear
regression with serum testosterone concentrations as
the dependent variable and other characteristics as
independent variables was conducted for males. For all
participants, associations between LEAF-Q/LEAM-Q-
derived scores (independent variables) and scores on
EDE-QS, EAI and MDDI (dependent variables) were
checked with linear regression. Differences between
the five sport groups were analysed using one-way anal-
ysis of variance, and Bonferroni post-hoc as appropriate.
Categorical data were compared using X” tests. Internal
consistency of EDE-QS, EAI and MDDI was assessed using
Cronbach’s o.
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Table 1 Female participant characteristics presented as medians with IQRs (25th and 75th percentiles) for non-parametric
and means+SD for parametric data

Parameter All (n=56) Total LEAF-Q >8 (n=26) Total LEAF-Q <8 (n=30) P value Effect size*
Age (years) 20.8 (17.9-27.7) 20.2 (17.7-24.5) 22.4 (17.9-32.8) 0.230 0.16

Body weight (kg) 66.5+10.6 66.2+8.6 66.8+12.1 0.829 0.06

DXA FFM (kg) 46.4+4.9 46.4+5.0 46.3+4.8 0.921 0.03

DXA FFM% (FFM/BW) 70.5£7.1 70.4x7.7 70.6+6.5 0.909 0.03

DXA fat% 25.3+7.1 25.1+6.5 25.5+7.7 0.852 0.05

Total body BMD Z-score 1.26+1.0 0.93+1.03 1.53+0.89 0.023 0.63

RMR (kcal) 1630+214 1563+209 1691+204 0.042 0.62
RMR/FFM (kcal/kg) 35.4+3.8 34.5+4.1 36.2+3.3 0.127 0.50
Oestradiol (pmol/L) 191 (93-459) 126 (73-306) 258 (106-553) 0.119 0.21
Ferritin (ug/L) 37.0 (27.0-74.0) 42.0 (31.0-75.5) 33.5 (23.0-72.8) 0.211 0.17

Fe (umol/L) 16.5+7.0 15.4+4.4 17.4+8.7 0.291 0.28

TIBC (umol/L) 59.1+9.8 58.2+7.9 60.0+11.3 0.516 0.18

TSH (mU/L) 2.0 (1.5-2.7) 2.1 (1.5-2.7) 2.0 (1.5-2.7) 0.978 0.01

19A (g/L) 1.7 (1.1-2.3) 1.6 (0.9-2.1) 1.8(1.3-2.9) 0.160 0.19

P values and effect sizes for comparisons between females with LEAF-Q total score >8vs <8.

*Cohen's (d) effect sizes for parametric and Wilcoxon effect size (r) for non-parametric data.

BMD, bone mineral density; BW, body weight; DXA, dual-energy X-ray absorptiometry; Fe, iron; FFM, fat-free mass; IgA, Immunoglobulin
A; LEAF-Q, Low Energy Availability in Females Questionnaire; RMR, resting metabolic rate; TIBC, total iron-binding capacity; TSH, thyroid-

stimulating hormone.

RESULTS

Participant characteristics

Characteristics of athletes who completed all parts of
the study are presented in tables 1 and 2. The age range
was 15-60 years; 23.2% of females and 33.3% of males
were <18 years old. Distribution of participants across five
sport groups as well as training history is shown in online
supplemental tables 3 and 4. Average weekly training
hours, as reported by the athletes, were 12.2+4.9 hours
and 11.3+3.9hours for males and females, respectively.
Differences in training hours were observed between the
sport groups (p<0.001, data not shown), where aesthetic
athletes reported greater number of training hours
compared with the other four groups. In total, 37.5% (n
total=21; LEAF-Q total >8 n=11, LEAF-Q) total <8 n=10)
of the females were currently using hormonal contracep-
tives. Visual inspection did not indicate age differences
for serum testosterone levels in males, but endurance
athletes appeared more likely to present relatively low
levels (n=7 out of 8 under the median) compared with
the other sport groups (online supplemental figure 1).

Symptoms of REDs

LEAF-Q and LEAM-Q

The mean total LEAF-Q score was 7.8+4.6,and 46.4%
of female participants had a LEAF-Q) total score >8 and
thus considered at risk of REDs. The LEAM-Q-derived
scores on dizziness, fatigue, fitness and energy levels
were positively associated with the total LEAF-Q score.
No associations were observed between any of the LEAM-
Q-derived scores and the LEAF-Q) injury score (table 3).

In total, 33.3% (n=9) of male athletes had low sex drive
according to the LEAM-Q scoring key, and all but one
were <18 years. Higher percentage of males <18vs >18
years reported that they ‘did not have much interest in
sex” (33.3% vs 0%, p<0.001), but no age group differ-
ences were observed in responses to the other three sex
drive items.

Physiological indicators

Compared with females at low risk, those with total
LEAF-Q score 28 had lower mean total body BMD Z-scores
(table 1). They also had lower RMR, but this difference
became non-significant after adjusting for FFM. Of females
with valid RMR measurement, three measured <30 kcal/
kg FFM/day and thereof, two scored =8 (scores: 13 and
14) on total LEAF-Q). No group differences were observed
for serum levels of vitamin B]Q, 25-OH vitamin D, calcium,
magnesium, creatinine, CRP and ALP (data not shown).
Male testosterone values ranged from 11 to 33nmol/L
(median: 21 nmol/L), but no participant had clinically low
levels. No associations were observed between any of the
LEAM-Q) scores and testosterone. Serum iron was positively
and TIBC inversely associated with testosterone concentra-
tion in males (table 2). A total of four males had RMR <30
kcal/kg FFM/day, and testosterone levels ranged from 15
to 23nmol/L in those four.

Disordered eating, compulsive exercise and muscle
dysmorphia

Overall, 8.4% (n=6 females (10.7%); one male) of partic-
ipants scored above the cut-off on EDE-QS, 19.3% (n=11
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Table 2 Simple linear regression between male participant characteristics (independent variables) and serum testosterone
concentrations as the dependent variable

Independent variables Values Dependent variable: serum testosterone (nmol/L)

All (n=27)" B SE P value 95% ClI for
Age (years) 24.2 (17.1-30.0) -0.321 0.100 0.110 -0.371; 0.040
Body weight (kg) 74.4+£12.4 0.125 0.099 0.542 -0.143; 0.265
DXA FFM (kg) 61.1+8.6 0.299 0.137 0.138 -0.073; 0.491
DXA FFM% (FFM/BW) 82.6+4.3 0.340 0.268 0.089 -0.078; 1.030
DXA fat% 13.5+4.2 -0.342 0.273 0.087 -1.052; 0.076
Total body BMD Z-score 1.0£1.2 0.052 1.077 0.803 -1.950; 2.494
RMR (kcal) 2030+285 0.259 0.005 0.284 -0.005; 0.015
RMR/FFM (kcal/kg) 33.6+4.9 -0.073 0.287 0.765 -0.694; 0.519
Ferritin (ug/L) 91 (52-146) -0.085 0.015 0.679 -0.036; 0.024
Fe (umol/L) 19.2+8.0 0.421 0.137 0.032 0.029; 0.596
TIBC (umol/L) 53.6+6.9 -0.440 0.158 0.025 -0.703; -0.053
TSH (mU/L) 2.3 (1.5-3.5) 0.187 0.956 0.360 -1.08; 2.864
1gA (g/L) 2.1 (1.3-2.6) -0.193 1.513 0.345 -4.582; 1.665
Dizziness scoret 0.0 [0.0-1.0) 0.125 0.738 0.542 -1.067; 1.979
Gl scoret 1.0 (0.0-2.0) 0.183 0.915 0.372 -1.056; 2.722
Thermoregulation scoret 0.0 (0.0-2.0) 0.240 0.689 0.238 -0.588; 2.256
Fatigue scoret 3.0 (1.0-5.0) 0.218 0.330 0.284 -0.320; 1.044
Fitness scoret 5.0 (3.0-7.0) 0.224 0.360 0.270 -0.337; 1.148
Sleep scoret 3.0 (1.0-7.0) 0.138 0.350 0.502 -0.483; 0.960
Recovery scoret 2.0 (1.0-4.0) 0.010 0.563 0.962 -1.135; 1.189
Energy level* scoret 3.0 (1.0-4.0) 0.309 0.518 0.125 -0.246; 1.891

Characteristics are presented as medians with IQRs (25th and 75th percentiles) for non-parametric and means+SD for parametric data.
*Characteristics for all male participants (n=27), of which all but one had a valid measure of testosterone.

TScores derived from the Low Energy Availability in Male Questionnaire.

BMD, bone mineral density; BW, body weight; DXA, dual-energy X-ray absorptiometry; Fe, iron; FFM, fat-free mass; Gl, gastrointestinal;
IgA, Immunoglobulin A; RMR, resting metabolic rate; TIBC, total iron-binding capacity; TSH, thyroid-stimulating hormone.

females (19.6%), five males) on EAI and 13.3% (n=8 also scored above cut-off on either (n=3) or both (n=3)
females (14.3%), three males) on MDDI. All but one of EAI and MDDI (figure 1). Females with LEAF-Q total
the seven athletes who scored above cut-off on EDE-QS score >8vs <8 had higher median EDE-QS scores (8.5

Table 3 Simple linear regression between age, LEAM-Q-derived scores (independent variables) and the LEAF-Q scores
(dependent variables) for female participants

LEAF-Q total LEAF-Q injury score LEAF-Q Gl score LEAF-Q menstrual score
Independent variable B SE Pvalue B SE Pvalue p SE Pvalue § SE P value
Age -0.117 0.081 0.391 0.147 0.041 0.279 -0.182 0.031 0.181 -0.211 0.046 0.118
Dizziness score* 0.326 0.366 0.014 0.109 0.193 0.422 0.306 0.14 0.022 0.27 0.214 0.044
Thermoregulation score* 0.203 0.307 0.134 0.087 0.157 0.787 0.117 0.118 0.39 0.242 0.175 0.072
Fatigue score* 0.422 0.151 0.001 0.188 0.082 0.165 0.5 0.055 <0.001 0.238 0.093 0.077
Fitness score” 0.485 0.141 <0.001 0.223 0.079 0.098 0.534 0.052 <0.001 0.295 0.089 0.027
Sleep score® 0.239 0.197 0.077 0.04 0.102 0.771 0.342 0.073 0.01 0.154 0.115 0.258
Recovery score* 0.106 0.281 0.438 0.029 0.142 0.832 0.243 0.104 0.071 -0.002 0.163 0.988
Energy level score* 0.386 0.228 0.004 0.068 0.123 0.622 0.496 0.082 <0.001 0.286 0.136 0.035

*Scores derived from LEAM-Q.
Gl, gastrointestinal; LEAF-Q, Low Energy Availability in Females Questionnaire; LEAM-Q, Low Energy Availability in Males
Questionnaire.
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Figure 1 Occurrence and coexistence of disordered
eating or eating disorders, compulsive exercise and muscle
dysmorphia symptoms in females (orange) and males
(green). Icons indicate athletes’ sport groups: endurance:
middle to long distance running, swimming, cycling, triathlon;
ball: football, handball, basketball, volleyball, badminton,
table tennis; aesthetic: ballroom dancing, gymnastics, figure
skating, ballet; weight-class: powerlifting, Olympic lifting,
wrestling, judo, taekwondo, karate, Brazilian jiu jitzu; power:
sprinting, throwing and jumping events, alpine skiing. Of

all participants (n=83), 7 scored >15 on the Eating Disorder
Examination—Questionnaire Short (EDE-QS), 16 scored >24
on the Exercise Addiction Inventory (EAIl) and 11 scored >39
on the Muscle Dysmorphic Disorder Inventory (MDDI).

(2.8-11.5) vs 2.5 (0.0-4.8), p=0.004, r=0.38), EAI scores
(21.5 (19.8-24.3) vs 19.0 (14.5-21.0), p<0.001, r=0.44)
and MDDI scores (31.5 (27.5-37.8) vs 24.0 (21.0-33.0),
p=0.020, r=0.31). For female participants, linear regres-
sion demonstrated positive associations between most of
the LEAF-Q/LEAM-Q-derived scores and scores on the
EDE-QS, EAI and MDDI. However, the LEAF-Q injury
score was not associated with scores on any of the three
brief questionnaires. Dizziness, thermoregulation and
fitness scores were positively associated with EAI scores,
and fitness and sleep scores were positively associated
with MDDI scores in males. No associations were found
between serum testosterone levels and male participant
scores on EDE-QS, EAI and MDDI (table 4).

Online supplemental figure 2 shows scoring distri-
bution of all participants for items on the EDE-QS.
Dissatisfaction with weight or shape was reported by
almost 60% of participants, and a similar proportion
said their weight or shape had influenced how they think
about themselves as persons. Moreover, restrictions on
the amount of food eaten, fear of weight gain and desire
to lose weight were reported by about 40% of the partic-
ipants. More severe behaviours, such as fasting for long
periods of time, vomiting or taking laxatives, were less
frequently reported. Most participants (57-71%) agreed
or strongly agreed to four out of six statements on EAI

3

(online supplemental figure 3) and 19.3% said they had
conflicts with their family or partner about how much
they exercised. Responses to the MDDI are presented
in online supplemental figure 4, where a total of 656%
reported they sometimes, often or always wished they
could get bigger and 42.2% felt they had too much body
fat. Other muscularity concerns and body dissatisfaction
symptoms were also prevalent.

DISCUSSION

Findings of the present study indicate that disordered
eating, compulsive exercise, as well as muscle dysmor-
phia, can contribute to the risk of REDs. Moreover,
females considered at risk of REDs were more likely to
report frequent occurrence of symptoms such as physical
exhaustion, body pain, lack of energy and motivation
compared with those at low risk. Results for males were
more subtle, which may be partly explained by the lack of
male-specific diagnostic criteria.

REDs symptoms

Females

Almost half of female participants were considered at
risk of REDs according to the LEAF-Q scoring.?? In accor-
dance with the literature,” the present study found that
this group had lower mean total body BMD Z-scores
compared with those at low risk, emphasising REDs’ dele-
terious effects on bone health. Despite moderate effect
size for both, only absolute RMR but not RMR/FFM
differed significantly between females considered at risk
versus low risk of REDs. Further data inspection revealed
that two out of three females with RMR <30 kcal/kg FFM/
day scored well above the LEAF-Q) total cut-off. While
RMR/FFM has been suggested as a potential marker of
REDs, the evidence is somewhat conflicting.*® A potential
reason for some of the discrepancies encountered in this
and similar studies is the sport-specific validity of LEAF-Q
and its subscales. While LEAF-Q) total, gastrointestinal and
menstrual scores were associated with many of the LEAM-
Q-derived scores, no associations were found between
any of the LEAM-Q) derived scores and the LEAF-Q) injury
score. Accordingly, recent studies have reported that the
LEAF-Q) injury score lacks specificity when administered
in sports other than endurance and aesthetic.”® * The
injury score is only based on questions regarding number
and duration of absences from training or competition in
the past year due to unspecified injuries.” While overuse
injuries are the most common types of injuries among
athletes in endurance and other non-contact sports,
overuse and acute injuries occur frequently in contact
sports.”® High injury score must therefore be interpreted
with caution and in relation to injury type and under-
lying causes.” * In the present study, athletes’ answers
to open-ended questions about injury types sustained
in the past year were not sufficiently detailed to elabo-
rate further on. Almost 40% of females reported current
use of hormonal contraceptives, regardless of REDs risk.
Although extending beyond the current study’s aims, it
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Table 4 Simple linear regression between age, testosterone levels (males) and LEAF-Q/LEAM-Q-derived scores
(independent variables) and EDE-QS, EAI and MDDI scores (dependent variables)

EDE-QS EAI MDDI

Group Independent variable SE P value B SE P value B SE P value

Females (n=56) Age -0.180 0.112 0.184 -0.215 0.074 0.112 -0.303 0.135 0.023
LEAF-Q total 0.490 0.165 <0.001 0.403 0.115 0.002 0.400 0.216 0.002
LEAF-Q Gl 0.524 0.425 <0.001 0.317 0.313 0.017 0.496 0.537 <0.001
LEAF-Q injury -0.010 0.378 0.943 0.144 0.248 0.288 -0.094 0.466 0.489
LEAF-Q menstrual 0.514 0.283 <0.001 0.366 0.203 0.006 0.449 0.365 <0.001
Dizziness score* 0.408 0.492 0.002 0.343 0.335 0.010 0.558 0.554 <0.001
Thermoregulation score* 0.287 0.418 0.082 0.291 0.277 0.029 0.265 0.522 0.049
Fatigue score* 0.518 0.198 <0.001 0.321 0.145 0.016 0.447 0.257 <0.001
Fitness score® 0.545 0.188 <0.001 0.375 0.138 0.004 0.498 0.241 <0.001
Sleep score* 0.431 0.255 <0.001 0.131 0.186 0.337 0.302 0.335 0.024
Recovery score* 0.465 0.349 <0.001 0.421 0.237 <0.001 0.447 0.437 <0.001
Energy level score* 0.604 0.273 <0.001 0.323 0.214 0.016 0.502 0.367 <0.001

Males (n=27) Age 0.062 0.070 0.759 -0.213 0.091 0.287 -0.207 0.146  0.300
Testosterone (nmol/L) -0.061 0.138 0.766 0.017 0.184 0.936 0.162 0.277 0.428
Gl score* 0.200 0.607 0.317 0.380 0.762 0.051 0.160 1.308 0.425
Dizziness score* 0.121  0.488 0.548 0.419 0.593 0.029 0.114 1.045 0.572
Thermoregulation score* 0.232 0.460 0.245 0.507 0.542 0.007 0.344 0.949 0.079
Fatigue score* 0.159 0.222 0428 0.288 0.286 0.145 0.225 0.469 0.260
Fitness score* 0.255 0.236 0.200 0.383 0.300 0.049 0.507 0.450 0.007
Sleep score* 0.085 0.235 0.861 0.164 0.308 0.413 0.425 0.454 0.027
Recovery score* 0.212 0.337 0.288 0.141 0.453 0.484 0.275 0.708 0.164
Energy level score* 0.156 0.357 0.437 0.042 0.480 0.833 0.218 0.754 0.276

*Scores derived from the LEAM-Q.

EAI, Exercise Addiction Inventory; EDE-QS, Eating Disorder Examination-Questionnaire Short; Gl, gastrointestinal; LEAF-Q, Low Energy
Availability in Females Questionnaire; LEAM-Q, Low Energy Availability in Males Questionnaire; MDDI, Muscle Dysmorphic Disorder

Inventory.

must be acknowledged that contraceptive use may mask
menstrual dysfunction, thus limiting the usefulness of
menstrual scores.’? Our results imply that inclusion of
items and/or categories derived from the LEAM-Q_23
could potentially detect otherwise overlooked REDs
cases among females. However, further work is needed
to validate self-reported recovery, fatigue, energy levels
and/or other measures against more clinical markers of
REDs in females. The recently updated REDs consensus
statement® and REDs Clinical Assessment Tool V.2 (REDs
CAT2)™ could perhaps guide that work.

Males

One-third of participating males had a low sex drive score
according to LEAM-Q, with no apparent relationship
between low sex drive and REDs. All but one male with
low sex drive score were <18 years old, and majority of
them scored low due to not having much interest in sex
in general. Therefore, our findings neither support nor
refute the proposed utility of sex drive as a self-reported
measure® when screening for REDs in male athletes.

Clinically to subclinically low testosterone is among
the primary indicators included in REDs CAT2.** No
participant in this study had clinically low levels, but two
athletes fell into what has previously been referred to as
subclinical ‘grey zone’ (8-12nmol/ L)

Impaired haematological function is among poten-
tial consequences of REDs.* ** In accordance with this,
we found positive associations between serum iron and
testosterone, and inverse associations between TIBC
and testosterone. However, neither ferritin nor any of
the other objective measures were associated with testos-
terone. Importantly, low or reduced testosterone can also
stem from specific training adaptations (eg, to endur-
ance training) often referred to as exercise-hypogonadal
male condition. Accordingly, serum testosterone levels
in all but one male categorised as endurance athletes
were under the median concentrations of all partic-
ipants. Whether normative data or reference values
of testosterone should be regarded in terms of sport
specialisation and training history therefore remains to
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be clarified.” *® Moreover, validation of LEAM-Q has
been challenged by the inability of scores other than sex
drive to distinguish between males at risk versus low risk
of REDs.” Those findings were indeed replicated in the
present study, with no associations found between calcu-
lated LEAM-Q) scores and testosterone. Taken together,
the results echo the urgent need for further high-quality
research on male-specific aetiology of REDs.'® Notably,
despite >170 original research papers on REDs published
in the past 5years, only 20% included male participants.*

Disordered eating and muscle dysmorphia

Worldwide, the prevalence of disordered eating and/
or eating disorders is estimated to be 6-45% in female
and 0-19% in male athletes.” In total, 8% of all athletes
and 11% of female athletes in the present study had a
score above the EDE-QS cut-off, which is consistent with a
recent Icelandic study.” Females with LEAF-Q total score
28vs <8 had higher median EDE-QS score, which indi-
cates increased likelihood of disordered eating symptoms
in females at risk of REDs. Furthermore, apart from the
injury score, all LEAF-Q and LEAM-Q-derived scores were
positively associated with the EDE-QS score for females.
This finding was to be expected, as the effects of both
REDs and disordered eating on physiological function
and overall well-being have been well described.*” We
are therefore in agreement with others that have encour-
aged screening for disordered eating as complementary
to LEAF.Q.122210

One male athlete scored above the EDE-QS cut-off, but
the small sample size limits our ability to draw conclusions
on the prevalence in male athletes. Interestingly though,
13% of all participants scored above the established cut-
off on MDDI, with no apparent sex differences. It has
previously been suggested that males and athletes from
non-weight-sensitive sports may be more concerned about
muscularity than thinness or fear of weight gain.” "7 Just
like other body image concerns, muscle dysmorphia can
interfere with daily activities, social relationships and
an individual’s overall health.'” While no associations
were observed between LEAM-Q and EDE-QS scores
among males in this study, the LEAM-Q fitness and sleep
scores were positively associated with MDDI scores. This
could be interpreted as a sign that males with consider-
able muscularity concerns are likely to regularly display
symptoms such as physical pain, exhaustion and/or rest-
lessness. Relationships between the self-reported physical
symptoms covered by LEAF-Q/LEAM-Q and MDDI were
also observed for females. The only exception was the
LEAF-Q injury score.

Most participants exceeding the EDE-QS cut-off also
scored above the MDDI cut-off. A possible reason for this
is that although the instruments screen for two distinct
aspects, they both address desire to limit body fat levels
and use of exercise to control weight or shape. Others
have suggested that athletes’ preoccupation with low
body weight and willingness to possess an aesthetically
toned body are not mutually exclusive.® However, six

athletes scored above the MDDI cut-off but not EDE-
QS. Although larger studies and validation of MDDI in
sports other than lifting and bodybuilding are needed,
our findings imply that body dissatisfaction in athletes is
not a one-size-fits-all. Addressing the broad spectrum of
body image concerns could therefore identify otherwise
overlooked problems, and thus aid screening of REDs in
males and females from various sports and age groups.
Finally, while 1 out of 10 participants scored above the
EDE-QS cut-off, a substantially larger proportion regu-
larly engaged in disordered eating behaviours without
reaching the cut-off. This is clearly indicated in responses
to individual EDE-QS items, which concern drive for
thinness, fear of weight gain and engagement in weight-
loss practices. As stated by IOC, athletes and/or the
team around them may not be concerned about occa-
sional engagement in restrictive behaviours (ie, doing so
repeatedly but for relatively short periods of time) S8 but
it could potentially result in problematic LEA/REDs and
associated health and sport performance consequences.

Compulsive exercise

The EAI questionnaire was used to screen for compulsive
exercise, as it has been used in similar studies on REDS,12
and IOC has listed it among potential instruments for
initial screening of REDs.* ** An ongoing debate exists
on terminology and applicability of tools and cut-offs
used to screen for exercise addiction/compulsive exer-
cise behaviours in athletic populations. This debate
largely revolves around the fact that exercise addic-
tion/compulsive exercise lacks a clinical diagnosis (as a
behavioural disorder) but rather describes an exercise-
related dysfunction.'’ Therefore, the less stigmatising
term ‘compulsive exercise’ was used throughout this
paper. Almost one out of five participants scored above
the EAI cut-off, which indicates a risk of compulsive exer-
cise. Females with LEAF-Q) total =8 were at higher risk
compared with those scoring <8, and this was further
demonstrated by positive associations of EAI scores with
the LEAF-Q) total, GI, menstrual and most of the LEAM-
Q-derived scores. Results for males are more complicated
to interpret in terms of REDs specifically. However, the
LEAM-Q fitness score was positively associated with the
EAI score, perhaps indicating that a proportion of partic-
ipants experience negative physical symptoms due to
rigorous training. Thermoregulation and dizziness scores
were also associated with EAI scores in males, but weaker.
Altogether, our results add to a growing evidence base
on how compulsive exercise may contribute to REDs.'"™"?
Importantly though, a recent study suggested that the
association between compulsive exercise and REDs might
be mitigated by the absence of disordered eating,' and
thus both dietary and training behaviours should be eval-
uated when screening for REDs. In our study, 10 out of
16 athletes at risk of compulsive exercise did not score
above the EDE-QS or MDDI cut-offs. Further develop-
ment of available screening tools for compulsive exercise
will hopefully be provided soon, thereby improving the
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ability to separate problematic or dysfunctional exercise
from normal athletic passion or use of (non-problematic)
exercise as an outlet.*

Strengths and limitations

A novelty of the present study was the evaluation of
muscle dysmorphia symptoms, in addition to disordered
eating and compulsive exercise, and its potential rela-
tionship with REDs. Therefore, it acknowledges the fact
that body image concerns are complex and do not only
concern drive for thinness and/or fear of weight gain.
We are also not aware of other studies that have admin-
istered questions derived from the LEAM-Q) in female
athlete populations but considered most of them rele-
vant for both sexes. Team sports and other disciplines
considered ‘low risk’ and studies on adolescent athletes
are under-represented in the REDs literature. Therefore,
the present study included athletes from various sport
and age groups, attempting to expand the knowledge
on potential age, sex and sport-specific presentation of
REDs.

Due to the cross-sectional design, this study mostly
presents occurrence of potential REDs symptoms, but
no statements on causality can be made. Another limita-
tion is the relatively small sample size and unequal
participation of the sexes, and the inclusion of diverse
sport groups further complicated data analyses. Despite
relentless efforts to invite athletes to participate in the
study, our results represent a rather small proportion of
the Icelandic elite athlete population, which may have
impacted statistical power and generalisability of the
results. However, in addition to being time and resource-
intensive, studies on high-level athletes rarely include
high number of participants due to scarcity of individuals
meeting that inclusion criterion.* Like previous research
on REDs in male athletes, this study is limited by the lack
of male-specific criteria.” Moreover, validity of question-
naires administered in the study may vary based on sex,
age and sport. Another methodological limitation is that
bone health assessment only included total body BMD
but not site-specific measures. Therefore, no conclu-
sion could be drawn about the prevalence of osteopenia
and/or risk of osteoporosis. In addition, as outlined in
the recenty updated consensus statement from 10C,*
the REDs literature has grown rapidly in recent years
and supported development of REDs CAT2.* It is there-
fore possible that selection of more of the primary and
secondary indicators included in REDs CAT2 could have
resulted in somewhat different results. RMR measure-
ments are subject to several practical challenges.”> One
such challenge encountered in this study was that despite
best efforts in providing both verbal and written instruc-
tions regarding preparation for the RMR measurement,
12 athletes arrived in a non-fasted state and therefore
did not have a valid measure. Selection bias may also be
considered, as athletes interested in the research were
perhaps most likely to participate. Being at risk or having
REDs may also encourage or discourage participation

resulting in underestimation or overestimation of true
occurrences.

CONCLUSION

The findings of the study suggest that symptoms of REDs
are common among Icelandic athletes from various
sports and age groups. Also, drive for muscularity
and aesthetic physique may play a role in the complex
presentation of REDs. In addition to disordered eating
and compulsive exercise, screening for muscle dysmor-
phia could facilitate early detection of REDs. Finally, the
lack of clarity around REDs presentation in male athletes
calls for continued work on age, sex and sportspecific
screening tools.
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Patterns of energy availability and
carbohydrate intake differentiate
between adaptable and
problematic low energy
availability in female athletes

Birna Vardardottir* ®, Sigridur Lara Gudmundsdottir ®,
Ellen Alma Tryggvadottir & and Anna S. Olafsdottir

Faculty of Health Promotion, Sport and Leisure Studies, University of Iceland, Reykjavik, Iceland

Background: Problematic low energy availability (EA) is the underlying culprit of
relative energy deficiency in sport (REDs), and its consequences have been
suggested to be exacerbated when accompanied by low carbohydrate (CHO) intakes.
Objectives: This study compared dietary intake, nutrition status and occurrence
of REDs symptoms in groups of female athletes, displaying different patterns of
EA and CHO intake.

Methods: Female athletes (n = 41, median age 20.4 years) from various sports
weighed and recorded their food intake and training for 7 consecutive days via a
photo-assisted mobile application. Participants were divided into four groups
based on patterns of EA and CHO intakes: sufficient to optimal EA and sufficient
to optimal CHO intake (SEA + SCHO), SEA and low CHO intake (SEA + LCHO),
low energy availability and SCHO (LEA + SCHO), and LEA and LCHO (LEA +
LCHO). SEA patterns were characterised by EA >30 and LEA by EA <30 kcal/kg
fat free mass, and SCHO patterns characterised by CHO intake >3.0 and LCHO
<3.0 g/kg body weight for most of the registered days. Body composition was
measured with dual energy x-ray absorptiometry, resting metabolic rate with
indirect calorimetry and serum blood samples were collected for evaluation of
nutrition status. Behavioural risk factors and self-reported symptoms of REDs
were assessed with the Low Energy Availability in Females Questionnaire, Eating
Disorder Examination Questionnaire Short (EDE-QS), Exercise Addiction
Inventory, and Muscle Dysmorphic Disorder Inventory.

Results: In total, 36.6% were categorised as SEA + SCHO, of which 5/16 were ball
sport, 7/10 endurance, 1/7 aesthetic, 2/5 weight-class, and 0/3 weight-class
athletes. Of LEA+LCHO athletes (19.5% of all), 50% came from ball sports.
Aesthetic and endurance athletes reported the greatest training demands, with
weekly training hours higher for aesthetic compared to ball sports (13.1+ 5.7 vs.
6.7+ 3.4h, p=0.012). Two LEA + LCHO and one SEA + LCHO athlete exceeded
the EDE-QS cutoff. LEA + LCHO evaluated their sleep and energy levels as worse,
and both LEA groups rated their recovery as worse compared to SEA + SCHO.
Conclusion: Repeated exposures to LEA and LCHO are associated with a cluster
of negative implications in female athletes. In terms of nutrition strategies,
sufficient EA and CHO intakes appear to be pivotal in preventing REDs.
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sport nutrition, energy availability, relative energy deficiency, female athlete, nutrition status
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1 Introduction

Energy availability (EA) refers to the residual dietary energy that
is left for basic functions of the body after exercise energy
expenditure (EEE) has been accounted for (1). Sufficient EA is
fundamental for health and sport performance, while low EA
(LEA) puts athletes at risk of relative energy deficiency in sport
(REDs) (2-4). As outlined in the 2023 consensus update from the
International Olympic Committee (IOC) (4), REDs is an umbrella
term describing various health and performance decrements that
may occur due to problematic LEA. Problematic LEA results from
prolonged and/or severe exposure to LEA and disrupts function of
one or more of the body systems. Exercise capacity, recovery,
training adaptations, and other performance outcomes are
consequently impaired. Conversely, adaptable LEA is short term
and/or more benign LEA exposure, with little or no negative
impact on health and performance. Whether a given scenario falls
under adaptable or problematic LEA may be influenced by
moderating factors, such as individual characteristics, athletes’
relationship with food and exercise, and nutrient composition of
their diets (4, 5).

Early laboratory-based work in non-athletic females suggested
that LEA, and resultant menstrual dysfunctions, occurred when
EA went below 30 kcal/kg/fat free mass (FFM) (6, 7). Since then,
this value has commonly been used as a cutoff for LEA. In recent
years, the use of such a universal LEA cutoff has been debated for
several reasons. That includes individual differences in endocrine
and metabolic responses to LEA, and the distinction that has now
been made between problematic and adaptable LEA (4, 8, 9).
Although scientific understanding of REDs and its physiological
consequences has vastly increased in the past decade, the degree of
LEA (i.e., duration, magnitude and frequency) needed for it to be
problematic remains unknown (4). However, recent intervention
studies have found that as little as 1-2 weeks of exposure to LEA
may be detrimental for health and performance outcomes in
athletes across sports (10-12). Accumulating evidence also suggests
that only a few consecutive days of insufficient or restricted
carbohydrate (CHO) intake (<3.0 g/kg), with or without LEA, can
impair physiological function and training adaptation (13-15).
This is alarming given that athletes, and females especially, often
fail to meet CHO requirements or intentionally restrict CHO
intake (16-18). Also of note is that chronic CHO restriction often
tends to modulate intakes of other important macro- and
micronutrients (19). In contrast, nutrition periodisation often
involves tailoring energy and/or CHO intake to training demands
and/or stimulate fat oxidation capacity, or other training
adaptations, by “training low” (e.g, in a fasted or CHO depleted
state) (20, 21). This all comes down to the currently ill-defined
threshold between beneficial versus harmful dietary modifications
and behaviours in athletic populations.

Bearing the disparities between adaptable and problematic
LEA in mind, not only average EA but also day-to-day
variations deserve special consideration in real-life situations.
Such variations or patterns have been described in a few small
(n<15) single sport and case studies (22-25) but not in larger
cross-sectional investigations. Therefore, the aim of the present
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study was to compare dietary intake, nutrition status and
occurrence of REDs symptoms, between groups displaying
different patterns of EA and CHO intake.

2 Methods
2.1 Study population

This study used data from a larger cross-sectional research project
on REDs in high-level Icelandic athletes aged >15 years. The eligibility
criteria and recruitment of participants have been described in detail
elsewhere (26). The athletes initially responded to an online
questionnaire in 2021 (July-December) consisting of the Low
Energy Availability in Females Questionnaire (LEAF-Q) (27) and
additional background questions. The measurement phase was
between April and September 2022. Of the 56 female athletes that
participated in the measurement phase, 48 logged their dietary
intake and training via a photo-assisted mobile application. Seven
participants provided insufficient registration (<5 days dietary intake
recorded and/or no training session registered) for determination of
EA. Therefore, 41 athletes were included in the present analysis. For
most participants (n=35), 7 days of registered dietary intake and
training were available. Participants with 6 (n=5) or 5 (n=1) days
were also included. The athletes came from five different sport
groups, using definitions suggested by another study (28): ball
(39%); endurance (24.4%); aesthetic (17.1%); weight-class (12.2%);
and power sports (7.3%).

2.2 Energy availability

2.2.1 Digital food and training records

Participants recorded their dietary intake and training for 7
consecutive days. Weighed amounts and descriptions of all foods
eaten in addition to photographs of foods taken/served as well as
leftovers were registered via a mobile application (app). The app is
in Icelandic and was originally developed for a study on eating
behaviours in children and their parents (29) but was subsequently
adapted to fit the needs of the present study, mainly by adding a
training record and a more detailed logging option for exact
amounts of foods consumed. Participants received individual
encoded login information and detailed instructions on how to use
the app. All were verbally informed about the aims of this
registration, and the importance of not changing what, when and
how much they ate because of their participation in the study.

The athletes logged all food, drinks other than still water, dietary
supplements, and ergogenic aids. Similar to the remote food
photography method used in a previous study on athletes (22),
before and after photos of meals and snacks were taken (directly
in the app or uploaded from the photo gallery) and kitchen scales
(provided if needed) were used to weigh each food/meal item.
Assessment of dietary intakes from the photographs was based on
a validated method (30). In cases where food weighing and/or
photographing was not possible, participants were asked to
provide written information, such as a description of what was
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FIGURE 1

Examples of before and after photos of meals from the food records. The examples are random and from six different individuals.

ordered from restaurant menus. They also had the option to include
additional information or photos, e.g., of ingredient lists or labels on
food packaging. The use of sport foods and supplements was
manually derived from the app registrations, using descriptions
provided by the IOC (31). The app did not provide any
calculations or feedback to participants, but they could see an
overview of meals and meal timings they had logged. Examples of
before and after photos from meals are provided in Figure 1.

During the same period, participants reported training
sessions, their duration and rated perceived exertion based on the
Borg rating scale in the app (32). If a training watch or global
positioning system (GPS) device was used, participants were
asked to register the highest heart rate reached during the session
and type of measurement (e.g., watch/wrist or chest strap).
Lastly, the participants were asked to write a short description of
the training session, where they could also add a photo of their
training plan/workout description.

2.2.2 Body composition and resting metabolic rate

Body composition, including FFM, was measured in a rested
and fasted state via whole-body dual energy x-ray absorptiometry
(DXA). The FEM index (FFMI) was calculated by dividing the
total FFM (kg) by height squared (m?) (33). Most participants
(n=36) had a valid assessment of fasted resting metabolic rate
(RMR), conducted via indirect calorimetry (ventilated hood). For
those, the RMR ratio was calculated by dividing the measured
value with the estimated value from the Cunningham formula
(34). RMR ratio <0.90 is among suggested secondary markers of
REDs (35, 36). DXA and RMR measurement procedures have
been described in detail elsewhere (26).

2.2.3 Energy availability and nutrient intake
calculations

All food records were coded by the same nutritionist. The data
were then transported into the ICEFOOD calculation programme,
which is based on the Icelandic food composition database
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(ISGEM), for energy and nutrient intake calculations. ICEFOOD
was initially developed for the national diet survey in Iceland in
2002 and has also been used for more recent surveys as well as
for research purposes (37, 38). As part of the data cleansing
process, coding and calculations were thoroughly checked and
any evident errors corrected by the research team. In accordance
with Icelandic and Nordic nutrition recommendations (39, 40),
low intakes of micronutrients were defined as vitamin D <15 pg,
iron <15 mg, folate <300 g, and vitamin B12 <2 pg.

Registered training hours and number of sessions were derived
from the training records. Weekly training hours and sessions for
athletes who registered 5 or 6 days in the app were calculated by
dividing the number of training hours/sessions by number of
registered days and then multiplied by seven. For comparison,
athletes were asked how many hours (on average) they usually
trained per week, before starting the registration via questionnaire.
EEE was estimated from the training logs based on reported
exercise mode, intensity or perceived exertion, and duration, as
described by Heikura et al. (41). Each training session, or parts of
it, was assigned a relevant metabolic equivalent (MET) value for
the type and intensity of the activity (42). MET scores were then
multiplied by the session/activity duration for the calculation of
total EEE. RMR, either measured (if valid measures were available)
or estimated via the Cunningham formula (34), was subtracted
from total EEE to yield energy cost of the workout alone.

Daily EA was calculated using the following formula (1):

Energy availability =
Energy intake (kcal) — Exercise energy expenditure (kcal)

Fat free mass (kg)

2.2.4 Categorisation based on energy availability
and carbohydrate intake patterns

Based on a graphical presentation of individual day-to-day
patterns of EA and nutrient intake [Supplementary Information
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(SI)], participants were manually divided into four groups based on
patterns of EA and CHO intake:

1. SEA+SCHO: sufficient to optimal energy availability +
sufficient to optimal carbohydrate intake.

2. SEA +LCHO: sufficient to optimal energy availability + low
carbohydrate intake.

3. LEA +SCHO: low energy availability + sufficient to optimal
carbohydrate intake.

4. LEA + LCHO: low energy availability + low carbohydrate intake.

SEA patterns were characterised by EA >30 kcal/kg and LEA by EA
<30 kcal/kg FFM for most days (>5 out of 7 or >4 out of 5-6 days).
SCHO patterns were characterised by CHO intake >3.0 and LCHO
<3.0 g/kg for most days (>4 out of 7 or >3 out of 5-6 days). The
categorisation was further confirmed by calculated averages, where
the two LEA groups had an average EA <30 kcal/kg FFM/day and
those with sufficient to optimal EA averaged >30 kcal/kg FFM/
day. Likewise, the groups with LCHO had an average CHO intake
<3.0 g/kg/day and the SCHO groups averaged >3.0 g/kg/day.

2.3 Serum nutrition status

Fasted serum blood samples were collected and analysed as
described earlier (26). Ferritin, iron, and total iron binding capacity
(TIBC) were measured for the evaluation of iron status, and 25-
hydroxyvitamin D (25-OH-Vitamin D) for vitamin D status. Using
the laboratory reference values, low ferritin (adolescents <12 pg/L,
adults <15 pg/L), low iron (<10 pmol/L), and high TIBC (>70 pmol/
L) served as indicators of iron deficiency. In addition, transferrin
saturation (TSAT) was calculated using the following formula: (iron/
TIBC) x 100, with TSAT <20% considered low (43). Vitamin D
insufficiency is defined as serum 25-OH-Vitamin D concentrations
<50 nmol/L, and concentrations <30 nmol/L are a marker of
vitamin D deficiency (40). The prevalence of concentrations below
80 nmol/L, an often-used definition of insufficiency in athletes (3,
44), was also evaluated. Other measured markers of nutrition status
were calcium (reference range: 2.15-2.6 mmol/L), magnesium
(reference range: 0.74-0.99 mmol/L), and vitamin B12 (reference
range: 142-725 pmol/L).

2.4 Self-reported symptoms of LEA

2.4.1 Low Energy Availability Questionnaire

The Low Energy Availability in Females Questionnaire (LEAF-Q)
was used to screen for physiological symptoms of REDs. Total score
of >8, injury sub-score >2, gastrointestinal (GI) sub-score >2, and
menstrual sub-score >4 are the established cutoffs for LEAF-Q (27).

LEAF-Q also assesses menstrual disturbances (oligomenorrhea
or amenorrhoea) and use of contraceptives. Athletes with <9
menses in the past 12 months, in absence of hormonal
contraceptive use, were defined as having menstrual disturbances,
and those currently using hormonal contraceptives were defined
as contraceptive users (45). Menstrual function was not defined
for one athlete due to perimenopausal age (>45 years).
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LEAF-Q was supplemented by questions retrieved from the
recently developed Low Energy Availability in Males Questionnaire
(LEAM-Q) (46). The LEAM-Q-derived categories concerned
dizziness, thermoregulation at rest, fatigue (lethargy, tiredness, lack
of concentration in general), fitness (body pain, muscle stiffness,
physical exhaustion, and vulnerability to injuries), sleep, recovery
(physical recovery and perceived training progress), and energy
levels (training readiness, perceived happiness, and energetic
levels). Scores for LEAM-Q-derived measures were calculated
according to the initial scoring key. Validated LEAM-Q cutoffs,
other than for male-specific sex drive, are currently lacking but
higher scores indicate a worse outcome (46).

2.4.2 Disordered eating, compulsive exercise, and
muscle dysmorphia

All participants responded to the Eating Disorder Examination
—Questionnaire  Short (EDE-QS) (47),
Inventory (EAI) (48), and Muscle Dysmorphic Disorder Inventory
(MDDI) (49). The established cutoffs are >15 for EDE-QS and
>39 for MDDI. An EAI score >24 indicates a risk of compulsive
exercise, 13-23 some symptoms, and 6-12 no symptoms.

Exercise Addiction

2.5 Data analysis

Statistical analyses were conducted using IBM SPSS statistics
29.0.1.1, with significance set to @<0.05. Distributions of all data
were checked using the Shapiro-Wilk test and visual inspection of
Q-Q plots. Continuous variables were summarised as mean + SD for
normally distributed data, and medians with 25th and 75th
interquartile ranges (IQR) for non-parametric data. Cross-tabulation
and Pearson chi-square statistics were used for the evaluation of
categorical data, including the occurrence of LEAF-Q, EDE-QS,
EAI and MDDI scores above cutoff.

Participant training characteristics, dietary intakes, and
questionnaire scores were compared with one-way analysis of
variance (ANOVA) and Kruskal-Wallis statistics. The independent
samples t-test was used to compare differences in nutrient intake
between athletes using sport foods and supplements compared to
non-users. Body composition and nutrition status were compared
based on EA + CHO categorisation (fixed factor) and adjusted for
age using analysis of covariance (ANCOVA). When appropriate,
Bonferroni post hoc for multiple comparisons was applied. For
pairwise comparisons, mean differences (MD) and confidence
intervals (95% CI) were reported for parametric data, and effect
size (r=7/ \/ n) for non-parametric outcomes with threshold
values set at 0.1 (small effects), 0.3 (moderate), and 0.5 (large) (50).

3 Results
3.1 Participant characteristics
Participant characteristics, with age adjusted comparisons, are

summarised in Table 1. The age range was 15-48 years but did not
differ between the EA + CHO groups (Kruskal-Wallis H=1.227,
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TABLE 1 Participant characteristics.

EA + CHO groups

10.3389/fspor.2024.1390558

Age adjusted ANCOVA

SEA +SCHO | SEA +LCHO LEA + SCHO LEA + LCHO F p-value r]p2
n=15 n=9 n=9 n=8
Age 204 (17.9-27.0) | 22.3 (167-315) | 203 (17.7-23.6) | 19.8 (17.7-25.0) | 22.2 (20.1-31.3) — — —
Body weight (kg) 65.7+10.8 59.7+9.3 75.6+12.5 61.7+5.4 70.4+5.6 7.406 <0.001 0.382
BMI (kg/mz) 229+33 214+28 26.1+35 21.5+2.0 23.6+2.6 6.814 <0.001 0.362
DXA FFM (kg) 455+4.6 43.0+4.0 47.6+4.7 45.1+2.6 48.4+5.0 4313 0.011 0.264
DXA FFMI (kg/mz) 159+ 1.1 154+ 1.2 16.5+0.9 157+ 1.0 16.1+0.9 3.003 0.043 0.200
DXA fat mass (kg) 17.4+7.3 141+6.0 248+82 13.8+3.1 19.1+5.5 7.058 <0.001 0.370
DXA fat% 25.7+6.8 23.0+6.4 324+56 223+33 27.0+6.8 6.010 0.002 0.334
DXA whole-body BMD Z-score 13+1.0 1.1+1.1 1.1+£1.1 1.7+1.0 14+09 1.035 0.389 0.079
RMR (keal)* 1,637 +217 1,591 +227 1,702 + 224 1,600 + 266 1,691 + 149 0.876 0.464 0.078
RMR/FFM (kcal/kg FFM)* 358+3.8 36.5+3.6 358+2.7 351+53 352+4.1 0.224 0.879 0.021
RMR ratio™® 1.08 +0.11 1.09+0.11 1.10 £0.09 1.06 +0.17 1.08 +£0.10 0.141 0.935 0.013
n=40 n=14 n=9 n=9 n=8
Menstrual function
Normal menstruation n (%) 21 (52.5) 7 (50.0) 3(33.3) 8 (88.9) 3(37.5)
Menstrual disturbances n (%) 7 (17.5) 4 (28.6) 1(11.1) 0 2 (25.0)
Contraceptive use n (%) 12 (30.0) 3(21.4) 5 (55.6) 1(11.1) 3(37.5)

Categorical data are presented as n and within-group frequencies (%), parametric continuous variables as means + SD and nonparametric as median (25p-75p interquartile
range). BMI, body mass index; DXA, dual energy X-ray absorptiometry; FFM, fat free mass; FFMI, FFM index (total FFM/height squared); BMD, bone mineral density. Energy
availability (EA) and carbohydrate (CHO) groups = SEA + SCHO, sufficient to optimal EA and sufficient to optimal CHO intake; SEA + LCHO, sufficient to optimal EA and low
CHO intake; LEA + SCHO, low EA and sufficient to optimal CHO; LEA + LCHO, low EA and low CHO intake. Menstrual function was defined based on responses to the Low

Energy Availability in Females Questionnaire (LEAF-Q).

®RMR measured via indirect calorimetry (valid measure available for 36 participants).

PCalculated RMR ratio: measured RMR/estimated via the Cunningham formula.

p=0.747). The SEA + LCHO group had a higher body weight (BW)
compared to the LEA + SCHO [MD = 14.0 kg (2.2-25.8), p =0.013]
and SEA +SCHO groups [MD=164kg (5.7-27.1), p<0.001].
Group differences were observed for FFM and FEMI and post hoc
analyses revealed that the SEA + LCHO group had a higher FFMI
compared to the SEA + SCHO group [MD = 1.2 kg/m” (0.06-2.4),
p=0.034]. The SEA+LCHO group also had the highest body
fat percentage and differed significantly from the LEA +SCHO
[MD=10.1% (2.4-17.8), p=0.005] and SEA+SCHO groups
[MD =9.2% (2.2-16.2), p =0.005] but not from the LEA + LCHO
group. No group differences were observed for whole-body
bone mineral density (BMD) Z scores and RMR. One athlete, in the
SEA + SCHO group, had a RMR ratio <0.90. Of the athletes aged
<45 years, 30% were using hormonal contraceptives, either oral
contraceptive pills (n=9) or other forms: ring, coil, and injections
(n=3). Previous (i.e., not current) use of oral contraceptives was
reported by 10 (25%) athletes.
reported by one athlete, and that athlete was categorised as LEA +
LCHO and not taking contraceptives. A considerably larger

Current amenorrhoea was

proportion (n = 13) had a history of amenorrhoea and six reported
current oligomenorrhea.

EA + CHO categorisation and training characteristics of the
five sports groups are shown in Table 2. Most participants were
categorised as SEA +SCHO (36.6%), of whom 70% were the
endurance and 31.3% were the ball sport athletes. Moreover, half
(n=8/16) of the ball sport athletes had patterns characterised by
LEA and that was accompanied by LCHO in four of them. Four
out of seven aesthetic athletes but none of the weight-class
athletes had LEA patterns.

Frontiers in Sports and Active Living

Between-sport group differences were observed for weekly
number of training hours and daily EEE. Multiple comparisons
were not significant for EEE after Bonferroni corrections were
applied. However, average training hours from the training records
were higher in aesthetic athletes than ball sport athletes [MD =
64h (0.95-11.8), p=0.012]. The weekly number of training
hours, derived from the questionnaire, was also higher in aesthetic
sports compared to ball [MD=6.0h (1.3-10.7), p=0.005] and
weight-class [MD = 6.4 h (0.4-12.4), p=0.030] sports.

3.2 Energy availability and dietary intake

In addition to differences in CHO intake, intakes of protein, fat,
and fibre differed by groups (Table 3). More specifically, the LEA +
LCHO group had the lowest relative intake of all macronutrients and
the SEA + SCHO group had the highest. The average protein intake
differed between SEA +SCHO and LEA + LCHO [MD =0.6 g/kg
(0.04-1.1), p=0.028]. SEA +SCHO also had higher fat intakes
compared to SEA+LCHO [MD=0.4g/kg (0.1-0.7), p=0.004]
and LEA+LCHO [MD=06gkg (03-0.9), p<0.001]. Finally,
fibre intake was higher in SEA + SCHO compared to LEA +
LCHO [MD = 0.2 g/kg (0.02-0.47), p = 0.028].

A total of 36 (87.8%) athletes used sport foods and/or
supplements, of whom, two used vitamins and minerals only.
Vitamin D intake was <15 pg in 82.9% of all athletes but 12
(29.3%) took supplements with vitamin D and their total intake
averaged at 19.5 ug compared to 5.1 ug in those who did not
supplement. Vitamins without D were taken by 5 (12.2%) and
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TABLE 2 EA + CHO categorisation, weekly training load, and EEE.

10.3389/fspor.2024.1390558

Variable Aesthetic Weight-class F/H? p-value
n=7 n=>5
EA + CHO groups — —
SEA + SCHO n (%) 5 (31.3) 7 (70.0) 1(14.3) 2 (40.0) 0
SEA + LCHO 1 (%) 3 (18.8) 0 2 (28.6) 3 (60.0) 1(333)
LEA + SCHO n (%) 4 (25.0) 2 (20.0) 3 (42.9) 0 0
LEA + LCHO n (%) 4 (25.0) 1 (10.0) 1(14.3) 0 2 (66.7)
Weekly training sessions (min-max) 5.6+2.3 (2-10) 7.9+2.4 (5-12) 8.0+4.2 (3-14) 4.8+1.6 (2-7) 57423 (3-7) 2.195 0.089
Training hours/week
From questionnaire 9.7+32 124+3.6 15.7+4.6 9.3+22 112+ 1.6 4.368 0.006
From training diary 6.7+34 10.6 £3.7 13.1+£5.7 6.3+3.1 8.7+4.7 4.116 0.008
Average daily EEE
keal 322 (210-564) 473 (372-710) 595 (351-758) 286 (153-365) 374 (258-) 11.425 0.022
kcal/kg FEM 6.6 (4.9-12.0) 9.7 (8.6-16.6) 12.6 (8.0-17.0) 5.9 (4.0-7.9) 7.3 (5.7-) 12.579 0.014

Categorical data are presented as n and within-sport group frequencies (%), parametric continuous variables as means + SD and nonparametric as median (25p-75p
interquartile range). Ball: Football, handball, basketball, volleyball, badminton; Endurance: middle to long distance running, swimming, cycling; Aesthetic: gymnastics,
figure skating, ballroom dancing, ballet; Weight-class: wrestling, powerlifting, karate; Power: sprinting, throwing, and jumping events, alpine skiing. FFM, fat free mass;
EEE, exercise energy expenditure. Energy availability (EA) and carbohydrate (CHO) groups = SEA + SCHO, sufficient to optimal EA and sufficient to optimal CHO intake;
SEA + LCHO, sufficient to optimal EA and low CHO intake; LEA + SCHO, low EA and sufficient to optimal CHO; LEA + LCHO, low EA and low CHO intake.

2ANOVA (F values) and Kruskal Wallis (H-Values) group comparisons.

TABLE 3 Seven-day average energy availability and dietary intakes, with one-way ANOVA comparisons between EA + CHO groups.

EA + CHO groups

All SEA + SCHO
n=41 n=15

SEA + LCHO
n=9

LEA + SCHO
n=9

LEA + LCHO
n=8

Energy availability (kcal/kg FFM) 35.5+10.0 45.1£6.5 36.1+£5.8 29.6£2.5 233+£55 31.354 <0.001 0.718
Energy intake
keal 2,043 +362 2,341 +303 2,001 +335 1,926 £178 1,661 + 145 12.593 <0.001 0.505
keal/kg 31.9+£7.7 39.7+54 26.7+4.3 31.4£4.0 23.6+1.8 29.660 <0.001 0.706
keal from sport foods/supplements 142+ 126 157 £139 191+ 169 86+ 67 121+79 1.210 0.320 0.089
Carbohydrate intake
g 212+54 257£55 187 £36 207+ 14 161+24 11.905 <0.001 0.491
glkg 33+1.1 43+09 25+04 34404 23404 26.668 <0.001 0.684
g from sport foods/supplements 10.8+9.9 12.1£11.1 149+11.9 6.0+6.0 92+74 1.386 0.262 0.101
Protein intake
g 106 £25 112£26 115+28 95+ 14 96 +£22 1.930 0.142 0.135
glkg 1.6+0.5 1.9+0.6 1.6+0.4 15+02 1403 3.631 0.022 0.227
g from sport foods/supplements 15.7+154 152+16.2 22.7£20.2 11.4+10.5 13.8+12.1 0.887 0.457 0.067
Fat intake
g 81+18 90 £20 84+18 75+12 67+10 4.059 0.014 0.248
glkg 1.3£03 1.5+03 11+02 1202 1.0+0.1 9.882 <0.001 0.445
g from sport foods/supplements 37+39 49+49 44+45 1.8+16 25+14 1.617 0.202 0.116
Fibre intake
g 21.1£10.0 264+13.6 18.5£5.6 20.5+£6.2 14.7+3.4 3.127 0.037 0.202
glkg 03+0.2 05+0.3 03+0.1 03+0.1 02+0.1 3.895 0.016 0.240
g from sport foods/supplements 1.0+1.8 1.6+24 0.7+17 03£0.5 1.0+ 1.6 0.994 0.406 0.075
Vitamin D intake (pg)
Total 93+9.1 109 £11.5 11.7 £10.2 75+62 57+33 0.903 0.449 0.068
From supplements 44+87 58+114 6.4+97 24+57 16+3.1 0.721 0.546 0.055
Iron intake (mg) 129+45 14.3£3.9 11.2+29 144 +6.7 104 £2.1 2.326 0.091 0.159
Folate intake (ug) 350 +138 386+ 108 313+158 387 +£165 278 +116 1.578 0.211 0.113
Vitamin B12 intake (ug) 62+3.7 7.0+4.1 69+52 48+12 51+2.0 1.039 0.387 0.078

Data are presented as mean + SD.
Energy availability (EA) and carbohydrate (CHO) groups: SEA + SCHO, sufficient to optimal EA and sufficient to optimal CHO intake; SEA + LCHO, sufficient to optimal EA
and low CHO intake; LEA + SCHO, low EA and sufficient to optimal CHO; LEA + LCHO, low EA and low CHO intake.
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TABLE 4 Serum nutrition status.

EA + CHO groups
SEA + LCHO

Dependent variables

ALL
n=41

SEA + SCHO

n=15 n=9

10.3389/fspor.2024.1390558

Age adjusted ANCOVA

LEA + LCHO E
n=8

2

LEA +SCHO np

n=9

p-value

25-OH-Vitamin D (nmol/L) 66.3 £20.2 70.1+£12.9 68.7 £25.3 66.2 £20.1 56.5+25.7 0.802 0.501 0.063
Vitamin B12 (pmol/L) 481 +197 460 + 187 505 +267 505 +209 468 + 131 0.250 0.861 0.020
Fe (umol/L) 17.1£7.6 18.1+7.7 164£9.1 163 9.1 169 £4.7 0.058 0.981 0.005
Ferritin (ug/L) 504 +£32.8 54.5+29.7 544+395 42.6 £35.9 46.9 £31.0 0.286 0.835 0.023
TIBC (pmol/L) 59.9+9.4 56.9+8.0 58.8+9.4 64.7 £11.5 61.1£84 1318 0.284 0.102
Transferrin saturation (%) 29.9+14.2 326+13.8 29.2+189 27.2£156 28.2+9.2 0.212 0.887 0.018
Calcium (mmol/L) 2.36+0.07 2.35+0.79 2.34+0.06 2.40 £0.06 2.34+0.04 1.345 0.275 0.101
Magnesium (mmol/L) 0.84 £0.04 0.84 £0.05 0.84 £0.04 0.84 £0.03 0.83 £0.05 0.219 0.882 0.018

Fe, iron; TIBC, total iron binding capacity. Energy availability (EA) and carbohydrate (CHO) groups = SEA + SCHO, sufficient to optimal EA and sufficient to optimal CHO
intake; SEA + LCHO, sufficient to optimal EA and low CHO intake; LEA + SCHO, low EA and sufficient to optimal CHO; LEA + LCHO, low EA and low CHO intake. Data

presented as mean + SD for each EA + CHO group.

minerals or electrolytes by 11 (26.8%). Iron intake was <15 mg in
78% of all athletes, but supplements with iron were taken by 4
(9.8%). Folate intake was <300 pg in 46.3% of all. None had low
intakes of vitamin B12.

In total, 32 (78%) athletes used protein supplements and/or
protein-enriched products. Of them, 27 (65.9%) used protein-
enriched dairy or ready to serve protein drinks, 13 (31.7%) used
protein powders, and 21 (51.2%) used protein bars or snacks. The
average protein intake of those who used protein products was 1.7 g/
kg (range 1.0-3.1) compared to 1.3 g/kg (range 0.8-1.8) for those
who did not (p=0.019). The use of energy drinks and/or pre-
workout products was reported by 14 (34.1%) athletes, exogenous
CHO, such as sport drinks, gels, and bars, by 10 (24.4%) and
ergogenic aids such as creatine by 4 (9.8%). The contribution of
sport foods and supplements to the total protein intake ranged
between 12% in the LEA + SCHO group and 19.7% in the SEA +
LCHO group. Similarly, sport foods and supplements contributed
2.9 (LEA + SCHO) to 8.0% (SEA + LCHO) to the total CHO intake.

3.3 Serum nutrition status

Between-group differences were not observed for nutrition
status (Table 4). None of the SEA + SCHO athletes had vitamin D
deficiency or insufficiency, but one in the LEA + LCHO group was
deficient (<30 nmol/L) and three were insufficient (<50 nmol/L).
Moreover, three athletes in the LEA + SCHO group and two in the
SEA+LCHO group were deficient in vitamin D. Of all
participants, 31 (75.6%) had vitamin D concentrations below the
frequently used cutoff for insufficiency in athletes, i.e., 80 nmol/L.
No apparent differences were found in vitamin D status between
those who used vitamin D supplements and those who did not
(66.7 £21.7 vs. 65.3+16.9 nmol/L, p=0.838). Ferritin was below
age in five (122%) participants,
accompanied by low iron and/or high TIBC in four. In addition,
six athletes had low levels of iron only, of which four were
normally menstruating. Of those five with low ferritin, three were

reference for and was

normally menstruating. TSAT was <20% in 10 athletes, with no
apparent group differences. No athlete was deficient in vitamin
B12, magnesium, and calcium.
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3.4 Self-reported symptoms of LEA

3.4.1 Low Energy Availability Questionnaire

The median LEAF-Q total score for all athletes was 6 (IQR:
4-10) with 41.5% scoring above the cutoff (>8). Moreover,
58.5% the injury (>2), 43.9% the
gastrointestinal cutoff (>2) and 26.8% above the menstrual score
(>4) cutoffs, with no apparent differences between EA + CHO
groups (Pearson’s chi-square p >0.05 for all). All 7 athletes with
menstrual disturbances scored above the menstrual cutoff, and so
did 2 out of the 12 contraceptive users.

ANOVA and the Kruskal-Wallis test showed the differences
between EA +CHO groups in calculated LEAM-Q-derived sleep,
recovery, and energy levels scores (Table 5). Pairwise Bonferroni
post-hoc tests revealed that LEA + LCHO had higher median sleep
scores (r=0.50, p=0.007) and higher mean energy level scores
[MD =3.2 (0.5-5.9), p = 0.013] compared to SEA + SCHO. Both LEA
+LCHO and LEA + SCHO had higher recovery scores compared to
SEA + SCHO (r=0.43, p = 0.030; and 7 = 0.51, p = 0.007, respectively).

scored above above

3.4.2 Disordered eating, compulsive exercise, and
muscle dysmorphia

Between-group differences were observed for the median EDE-QS
score (Kruskal-Wallis H = 11.469, p = 0.009), with the LEA + LCHO
scoring higher compared to SEA + SCHO (Figure 2). In contrast,
EAI and MDDI scores did not differ significantly between groups.

Of the participants, three (7.3%) reached the EDE-QS, five
(12.2%) the EAI, and four (9.8%) the MDDI cutoff. Two LEA +
LCHO athletes reached the EDE-QS and MDDI cutoffs, and one
of them was also considered at risk of compulsive exercise,
according to the EAIL Both those athletes had menstrual
disturbances. One athlete in the SEA + LCHO group exceeded the
EDE-QS cutoff only and had menstrual disturbances. Two athletes
(SEA + LCHO and SEA + SCHO) scored above the MDDI cutoff
only; of them, one had menstrual disturbances and one was using
hormonal contraceptives. Four athletes scored above the EAI
cutoff only (LEA + SCHO n=2, SEA+SCHO n=1, SEA + LCHO
n=1); of them, one had menstrual disturbances and one was a
contraceptive user.
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TABLE 5 Between-group comparison of LEAF-Q- and LEAM-Q-derived scores.

EA + CHO groups

Questionnaire measures SEA + SCHO SEA + LCHO

Kruskal-
Wallis/ANOVA

LEA + SCHO LEA + LCHO

p-value

LEAF-Q total 6.0 (3.0-12.0) 7.0 (3.0-9.5) 5.0 (3.0-8.0) 9.0 (6.0-14.3) 4,650 0.199
LEAF-Q injury 0.0 (0.0-5.0) 2.0 (0.0-3.5) 2.0 (0.0-4.0) 2.5 (0.5-3.8) 0.476 0.924
LEAF-Q gastro-intestinal 2.0 (1.0-3.0) 2.0 (1.0-3.0) 1.0 (1.0-2.0) 3.0 (1.5-5.5) 6.866 0.076
LEAF-Q menstrual 2.5 (0.0-4.0) 2.0 (0.5-3.0) 1.0 (0.5-3.0) 3.0 (0.5-7.8) 1.970 0.579
Dizziness* 1.0 (0.0-3.0) 2.0 (0.5-3.0) 1.0 (0.5-3.5) 2.0 (1.3-3.0) 3.488 0322
Thermoregulation® 1.0 (0.0-2.0) 1.0 (0.0-2.0) 2.0 (1.0-4.5) 3.5 (1.3-5.8) 7.829 0.050
Sleep® 1.0 (1.0-4.0) 5.0 (1.0-6.0) 5.0 (2.0-7.5) 6.5 (3.3-10.8) 12.012 0.007
Recovery® 2.0 (1.0-4.0) 4.0 (1.5-5.0) 5.0 (4.0-7.0) 5.0 (4.0-5.0) 13.830 0.003
F p-value
Fatigue® 38+2.6 62+43 62+39 79+34 2.687 0.060
Fitness® 47+33 58+3.0 69+5.0 79+32 1.548 0.218
Energy levels® 19+20 42+17 43432 51+18 4.600 0.008

Energy availability (EA) and carbohydrate (CHO) groups = SEA + SCHO, sufficient to optimal EA and sufficient to optimal CHO intake; SEA + LCHO, sufficient to optimal EA
and low CHO intake; LEA + SCHO, low EA and sufficient to optimal CHO; LEA + LCHO, low EA and low CHO intake.

“Data presented as median (interquartile range, p25-p75) for nonparametric and mean + SD for parametric measures. LEAF-Q, Low Energy Availability in Females
Questionnaire; scores derived from LEAM-Q, Low Energy Availability in Males Questionnaire.
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FIGURE 2
Scores on (A) Eating Disorder Examination - Questionnaire Short (EDE-QS, median with 25p—75p interquartile range), (B) Exercise Addiction Inventory
(EAI, mean + SD), and (C) Muscle Dysmorphic Disorder Inventory (MDDI, mean + SD) for the four energy availability (EA) and carbohydrate (CHO)
groups = SEA + SCHO, sufficient to optimal EA and sufficient to optimal CHO intake; SEA + LCHO, sufficient to optimal EA and low CHO intake;
LEA + SCHO, low EA and sufficient to optimal CHO; LEA + LCHO, low EA and low CHO intake. The EDE-QS cut-off score is >15; the EAl cut-off is
>24 while scores between 13 and 23 indicate some symptoms and 6 and 12 no symptoms; the MDDI cut-off is >39.

4 Discussion

The aim of the present study was to compare dietary intake,
nutrition status, and occurrence of REDs (problematic LEA)
symptoms between groups of female athletes displaying different
patterns of EA and CHO intake in real-life situations. The
findings suggest that athletes with patterns of LEA and LCHO
are at greater risk of developing REDs than the other three groups.

Moreover, low CHO intakes were often accompanied by low
intakes of other macro- and micronutrients that are essential for
exercise capacity, training adaptation, and overall health.

Frontiers in Sports and Active Living

4.1 Within-group characteristics

Approximately 60% of participants in this study came from ball
and endurance sports, with the latter sport group often referred to as
being at high-risk of REDs and disordered eating due to pressure to
be thin or beliefs that a lower body weight leads to better
performances (4, 51). Interestingly, 70% of the endurance athletes
had both sufficient to optimal EA and CHO, compared to one-
third of the ball sport athletes. Moreover, 50% of the athletes with
LEA + LCHO patterns were ball sport athletes. The lower number
of athletes from the three other sport groups challenge further
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investigation of sport-specific risk. Yet our findings support that
occurrence of REDs is not limited to certain types of sports;
that individual
factors appear to have a bigger impact than type or nature of the

moreover, characteristics and various external
training per se. What eventually dictates the onset of REDs is
insufficient energy intake in relation to training demands (4, 52).
Indeed, the
substantially, with the highest number of training hours reported

training characteristics of participants varied
by aesthetic athletes and the lowest by ball and weight-class
athletes. Therefore, it appears that the relatively high occurrence of
LEA + LCHO in the ball and power sports is not explained by
greater training demands or EEE, but rather reasons such as
unawareness  of dietary

restrictions (53). In comparison, five out of nine LEA + SCHO

energy/nutrition  requirements  or
athletes were from aesthetic and endurance sports where EEE is
often very high. Accordingly, Melin et al. (54) reported a 7-day
average EEE of 1,222 kcal and total EE of 3,266 kcal in endurance
athletes displaying LEA. Moreover, Brown et al. (55) reported a 7-
day average total EE of ~2,800 kcal and EA of 26 kcal/kg FFM in
pre-professional female dancers.

Nutrition periodisation, characterised by adaptable LEA and
CHO intakes tailored to the demands of training, is a common
practice in endurance and other sports (20, 21). While athletes
were not asked if they periodised their nutrition or were
following a specific diet, such approaches were likely adhered to
by some of the LEA + SCHO athletes. Athletes with high EEE
and long training days may also have prioritised CHO intake,
while challenged by limited eating opportunities and/or inability
to fulfil total energy requirements (51).

Body composition, primarily body fat percentage, differed
between the EA + CHO groups. More specifically, the SEA + LCHO
group had higher body fat levels compared to the LEA + SCHO and
SEA + SCHO groups but not the LEA + LCHO group. However, the
cross-sectional nature of this study limits the possibility to
investigate potential causal relationships of this finding with REDs.
Sport-specific training adaptations and physiological demands,
genetics and a plethora of individual factors influence adiposity
(56). Theoretically, the observed group differences in body fat levels
could be rooted in energy conservation, including reduction in
energy metabolism in response to prolonged or repeated LEA and/
or LCHO exposure (57). In contrast, no differences were seen for
RMR and whole-body BMD.

4.2 Energy availability and dietary intake

This study built on the assumption that more frequent
exposure to LEA and LCHO could better predict the risk of
problematic LEA compared to calculated averages alone (22).

For all participants, the average CHO intake was marginally higher
than the 3.0 g/kg BW cutoff used for the categorisation but varied
considerably between days for many. Indeed, CHO requirements are
subject to change based on training demands and it is of great
importance for athletes to be aware of it and ensure that CHO
intake is sufficient for the work required (58). Low or restricted
intakes of CHO also increase the likelihood of insufficient intakes of
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other essential nutrients as well. Nutrients work in synergy to
support metabolism and other body functions, and any
modifications of athletes’ diet must therefore be well considered to
avoid nutrient inadequacies or deficiencies (19). Current sport-
specific nutrition recommendations for protein are 1.2-2.0 g/kg BW
(59, 60). The average protein intake of all athletes in the two SCHO
groups exceeded 1.0 g/lkg BW while there were a few cases with
average intakes <1.0 g/kg BW in both LCHO groups. Thus, exposure
to LEA and LCHO appears to modulate protein intake, which may
consequentially result in missed opportunities for recovery and
training adaptations (59, 60). No group differences were found in
energy and macronutrient sport  foods
supplements, which suggests that such products were often used to

intakes from and
compensate low dietary intakes or seen as a convenient solution. In
accordance, poor diet is among potential reasons for using
supplements, with ~30% of track and field athletes reporting this
reason (61). Moreover, dietary restrictions seemed to be primarily
focused on food sources but not sport foods and supplements,
perhaps due to beliefs that the latter is healthier and/or provides
athletic advantages (31). In agreement with the literature (62),
vitamin D and iron intakes were below the recommended intakes
for the majority of all athletes, and this points towards important
room for improvement in favour of bone health and wellbeing.

4.3 Nutrition status

The IOC has listed adequate vitamin D status (>30 ng/mL/
~80 nmol/L) as critical, especially for athletes at risk and/or
those recovering from REDs, for the sake of bone health and
reduced risk of bone stress injuries (4). The role of vitamin D in
skeletal muscle function and sport performance has also been
highlighted (63). Of all participants, only 25% reached adequate
intake levels for athletes. Moreover, half of the LEA + LCHO athletes
had vitamin D insufficiency or deficiency (<50 nmol/L) compared to
none of SEA + SCHO. Measurements in this study were conducted
at one time point between April and September, with majority of the
females in the larger research project measured in the spring/early
summer (April-June). In Iceland and the other Nordic countries, it
is recommended to supplement vitamin D, especially in the
wintertime (40). It is thus possible that those who took vitamin D
supplements in the wintertime had recently stopped or taken a
break from supplementation in the springtime. That could indeed
explain why those who currently took vitamin D supplements did
not have higher serum concentrations compared to those who did
not report current use. Moreover, seasonal variation in vitamin D
status among elite athletes has been reported in the literature, with
highest levels measured in the late summer but lowest in late winter
(64). Therefore, and given that many barely exceeded 50 nmol/L, it
is possible that the incidence of deficiency for vitamin D would have
been different if measurements had been taken at other seasons.
Accordingly, major determinants of vitamin D status are sun
exposure, supplementation and regular intake of foods high in
vitamin D (40). Although between EA + CHO group differences
were not significant, low levels in the LEA + LCHO group spark a
special worry in terms of long-term bone health. Moreover, based
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on the presented data, many of the participating athletes would benefit
from yearlong vitamin D supplementation.

It has been suggested that suboptimal iron status can be either a
cause or consequence of REDs, although this remains to be
supported by more robust scientific evidence (65).

The present study found no group differences for any of the iron
markers. The design of this study, and the fact that it includes
females with variable menstrual function, does not allow for deep
evaluation of the interrelations between iron status and occurrence
of RED:s.
relationships (or lack thereof) of iron metabolism with REDs are
likely complicated by menstrual characteristics and/or use of
contraceptives in females. Accordingly, low iron and ferritin levels

However, the findings point out that potential

were predominantly found in normally menstruating females. It
has been well established that menstruation is a primary non-
exercise-related cause of iron loss in females, and therefore ferritin
levels are commonly lower in females than males (66). Moreover,
exercise-related factors, such as haemolysis, haematuria, and
gastrointestinal bleeding, contribute towards increased blood loss,
while elevated post-exercise hepcidin levels potentially impair iron
absorption from meals consumed soon after exercise (67).
Whether iron status is directly linked to REDs or not, it holds a
key role in oxygen transport, fuel utilisation, and other key
functions, and is therefore extremely important for athletic
performance. Moreover, co-occurrence of problematic LEA and
iron deficiency can make a bad situation considerably worse (68).

4.4 Self-reported symptoms of LEA

4.4.1 Low Energy Availability Questionnaire

Despite a tendency towards highest total LEAF-Q score in the
LEA + LCHO group, no differences were observed in any of the
LEAF-Q scores between EA +CHO groups. The most likely
explanation of this is that the LEAF-Q was initially designed and
validated for use in female endurance athletes (27) and does not
account for between-sport differences injury
physiological demands. Moreover, contraceptive use limits the
utility of the menstrual subscale (69, 70). The LEAF-Q does,
however, allow for determination of menstrual function and use

in risk and

of contraceptives (45), as was done in this study, and appears
suitable to define those at low or no risk of REDs (69). The only
athlete who reported current amenorrhoea was in the LEA +
LCHO group, while the remaining six athletes with menstrual
disturbances reported oligomenorrhea. Menstrual disturbances,
amenorrhoea especially, are a red flag for REDs in females (4);
however, apart from pregnancy and contraceptive use, other
possible reasons for disturbances could not be ruled out based on
the collected data. We do, however, echo the importance of
interpreting LEAF-Q outcomes in relation to sport-specific
factors and use of contraceptives (27, 69, 70).

Observed group differences in response to many of the LEAM-Q-
derived items indicate that problematic LEA is reflected in
self-reported outcomes, such as sleep, recovery, training readiness,
and general energy levels. LEA + LCHO athletes rated their sleep
and energy levels as worse and were less ready to perform during
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training sessions than SEA + SCHO athletes. Moreover, both LEA
groups rated their recovery as worse compared to the SEA + SCHO
group, with large effect sizes. That is in agreement with reports from
qualitative investigations based on in-depth interviews with female
athletes (71). To the best of our knowledge, this is the first study to
evaluate scoring on the LEAM-Q-derived items in relation to EA
assessments. In the initial LEAM-Q validation attempt in males
(46), scoring on the LEAM-Q was validated against objective
physiological measures but not calculated EA. Although further
research on the validity of these aspects when screening for REDs in
male and female athletes alike is warranted, the presented findings
provide insight on potential subjective outcomes to look for when
screening for REDs in female athletes.

4.4.2 Disordered eating, compulsive exercise, and
muscle dysmorphia

Previously, we have reported associations of self-reported
disordered eating, compulsive exercise, and muscle dysmorphia
with symptoms of REDs in male and female athletes (26). In
accordance, here the LEA + LCHO group scored highest on the
EDE-QS, with two out of nine exceeding the questionnaire cutoff.
Those two also exceeded the MDDI cutoff, and one of them was
also considered at risk of compulsive exercise according to EAL
One athlete in the SEA + LCHO group scored above the EDE-QS
cutoff compared to none from the two SCHO groups.

Accordingly, disordered eating and eating disorders are generally
considered a special risk factor of REDs (4), and CHO avoidance is
among the potential symptoms of disordered eating (72). Although
between-group differences were only observed for EDE-QS scores,
there are indications that multifactorial body image concerns and
disordered eating behaviours are among external modulators of
energy availability. Moreover, as outlined previously (26), the drive
for thinness and aesthetic physique are not mutually exclusive.
Our results are also in agreement with studies reporting that the
association of compulsive exercise with REDs is diminished by the
absence of disordered or otherwise insufficient eating habits (73).

4.5 Limitations

The present study has some limitations. First, due to its explorative
nature, it should first and foremost be regarded as a step towards
further understanding of the intersection between adaptable and
problematic LEA. Therefore, a larger and/or better controlled study
(e.g., in terms of sport groups) with other outcomes, such as site-
specific bone mineral density (i.e, not only whole body) and the
primary REDs indicators recently suggested by the IOC (4, 36),
could have resulted in somewhat different or more comprehensive
findings. It should be acknowledged that some errors in evaluating
dietary intake and energy expenditure are inevitable. However, we
strived to limit such errors by using a photo-assisted mobile
application that was specially tailored for the convenient reporting
of dietary intake and training. Accordingly, it has been suggested
that the replacement of traditional approaches with digital
applications may reduce chances of dietary intake misreporting and
even, importantly, reduce participant burden (74). We had one-on-
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one discussions with each athlete to ensure they were fully informed
about the aims of this reporting, and the importance of not making
changes to their routines due to participation in the study. It must
also be clearly stated that MET scores do not provide precise
individualised estimates of EEE, as they were primarily designed for
the standardisation of physical activity intensities (42). Extracting
measured but not estimated RMR from total energy expenditure to
yield energy cost of exercise alone, as was done for most participants
in this study, partly compensates for this limitation (75). Also
important is that coding, calculations, and cleansing of nutrition and
training data were performed by well-trained experts who each had
their separate task in the process. Therefore, any potential errors
should apply to estimations for all participants, which allows for
reliable comparisons. Seven days is only a snapshot of the
individuals’ life and does not provide information on potential
variations between weeks, months, or training periods. That, in
addition to the study design, does not allow for any conclusions on
causality. Finally, selection bias and other considerations for the
greater research project have been addressed elsewhere (26).

5 Conclusion

The findings suggest that patterns of low energy availability and
low carbohydrate intakes increase the risk of REDs in female
athletes. Moreover, that athletes displaying such patterns also have
insufficient intakes of other macro- and micronutrients to support
health and performance. The highest occurrence of apparently
intentional causes of problematic LEA, such as dietary restrictions
and disordered eating, but not greatest training demands, was
observed among LEA + LCHO athletes. Contrarily, some LEA +
SCHO cases might predominantly relate to unintentional mismatch
between energy intake and high energy expenditure. Larger studies,
powered to identify true statistical and clinically important
differences and including evaluation of primary indicators of
problematic LEA, are needed to confirm the findings. While
occasional LEA and LCHO exposure is unlikely to be harmful and
can potentially stimulate training adaptations, repeated exposures to
LEA and LCHO should be avoided as they are associated with a
cluster of negative implications in female athletes.

Data availability statement

The data relevant to this study is included in the article and/or
supplemental material. Requests to access the datasets should be
directed to the corresponding author: biva@hi.is.

Ethics statement

The studies involving humans were approved by the Icelandic
Ethics Committee (VSNb2021050006/03.01). The studies were
with the
institutional requirements. All participants and parents/legal

conducted in accordance local legislation and

Frontiers in Sports and Active Living

1

10.3389/fspor.2024.1390558

guardians of those under 18 years of age provided written
informed consent prior to participation.

Author contributions

BV: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Resources,
Visualization, Writing - original draft, Writing - review &
editing.  SG:  Conceptualization, ~ Funding  acquisition,

Investigation, Methodology, Project administration, Resources,
Supervision, Validation, Writing - review & editing. ET:
Software, Writing — review & editing. AO: Conceptualization,
Funding acquisition, Methodology,
Supervision, Validation, Writing - review & editing.

Investigation, Resources,

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article.

The study received funding from the University of Iceland (UT)
Research Fund, the UI Doctoral Grants Fund, the Icelandic Sport
Fund (222533-2501) and the Icelandic Public Health Fund (P-
2020-10-13-0042).

Acknowledgments

All food records were coded by Arna Osp Gunnarsdottir.
Exercise energy expenditure calculations were performed by
Molly Catlin. Johannes Erlingsson programmed the mobile
application used and fitted it to the needs of this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fspor.2024.
1390558/ full#supplementary-material

frontiersin.org


mailto:biva@hi.is
https://www.frontiersin.org/articles/10.3389/fspor.2024.1390558/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fspor.2024.1390558/full#supplementary-material
https://doi.org/10.3389/fspor.2024.1390558
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Vardardottir et al.

References

1. Loucks AB, Kiens B, Wright HH. Energy availability in athletes. J Sports Sci.
(2011) 29(Suppl 1):S7-15. doi: 10.1080/02640414.2011.588958

2. Mountjoy M, Sundgot-Borgen J, Burke L, Carter S, Constantini N, Lebrun C, et al.
The IOC consensus statement: beyond the female athlete triad-relative energy
deficiency in sport (RED-S). Br ] Sports Med. (2014) 48(7):491-7. doi: 10.1136/
bjsports-2014-093502

3. Mountjoy M, Sundgot-Borgen JK, Burke LM, Ackerman KE, Blauwet C,
Constantini N, et al. IOC consensus statement on relative energy deficiency in sport
(RED-S): 2018 update. Br ] Sports Med. (2018) 52(11):687-97. doi: 10.1136/
bjsports-2018-099193

4. Mountjoy M, Ackerman KE, Bailey DM, Burke LM, Constantini N, Hackney AC,
et al. 2023 International Olympic Committee’s (IOC) consensus statement on relative
energy deficiency in sport (REDs). Br ] Sports Med. (2023) 57(17):1073-97. doi: 10.
1136/bjsports-2023-106994

5. Burke LM, Ackerman KE, Heikura IA, Hackney AC, Stellingwerff T. Mapping the
complexities of relative energy deficiency in sport (REDs): development of a
physiological model by a subgroup of the International Olympic Committee (I0C)
consensus on REDs. Br ] Sports Med. (2023) 57(17):1098-108. doi: 10.1136/
bjsports-2023-107335

6. Loucks AB, Thuma JR. Luteinizing hormone pulsatility is disrupted at a threshold
of energy availability in regularly menstruating women. J Clin Endocrinol Metab.
(2003) 88(1):297-311. doi: 10.1210/jc.2002-020369

7. Thle R, Loucks AB. Dose-response relationships between energy availability and
bone turnover in young exercising women. ] Bone Miner Res. (2004) 19(8):1231-40.
doi: 10.1359/JBMR.040410

8. Lieberman JL, DE Souza MJ, Wagstaff DA, Williams NI. Menstrual disruption
with exercise is not linked to an energy availability threshold. Med Sci Sports Exerc.
(2018) 50(3):551-61. doi: 10.1249/MSS.0000000000001451

9. De Souza MJ, Koltun K], Strock NCA, Williams NI. Rethinking the concept of an
energy availability threshold and its role in the female athlete triad. Curr Opin Physiol.
(2019) 10:35-42. doi: 10.1016/j.cophys.2019.04.001

10. Oxfeldt M, Phillips SM, Andersen OE, Johansen FT, Bangshaab M, Risikesan J,
et al. Low energy availability reduces myofibrillar and sarcoplasmic muscle protein
synthesis in trained females. J Physiol. (2023) 601(16):3481-97. doi: 10.1113/JP284967

11. Papageorgiou M, Elliott-Sale KJ, Parsons A, Tang JCY, Greeves JP, Fraser WD,
et al. Effects of reduced energy availability on bone metabolism in women and men.
Bone. (2017) 105:191-9. doi: 10.1016/j.bone.2017.08.019

12. Jurov I, Keay N, Spudi¢ D, Rauter S. Inducing low energy availability in trained
endurance male athletes results in poorer explosive power. Eur ] Appl Physiol. (2022)
122(2):503-13. doi: 10.1007/s00421-021-04857-4

13. Badenhorst CE, Dawson B, Cox GR, Laarakkers CM, Swinkels DW, Peeling P.
Acute dietary carbohydrate manipulation and the subsequent inflammatory and
hepcidin responses to exercise. Eur ] Appl Physiol. (2015) 115(12):2521-30. doi: 10.
1007/500421-015-3252-3

14. McKay AKA, Peeling P, Pyne DB, Tee N, Whitfield J, Sharma AP, et al. Six days
of low carbohydrate, not energy availability, alters the iron and immune response to
exercise in elite athletes. Med Sci Sports Exerc. (2022) 54(3):377-87. doi: 10.1249/
MSS.0000000000002819

15. Fensham NC, Heikura IA, McKay AKA, Tee N, Ackerman KE, Burke LM.
Short-term carbohydrate restriction impairs bone formation at rest and during
prolonged exercise to a greater degree than low energy availability. J Bone Miner
Res. (2022) 37(10):1915-25. doi: 10.1002/jbmr.4658

16. McHaffie SJ, Langan-Evans C, Morehen JC, Strauss JA, Areta JL, Rosimus C,
et al. Carbohydrate fear, skinfold targets and body image issues: a qualitative
analysis of player and stakeholder perceptions of the nutrition culture within elite
female soccer. Sci Med Footb. (2022) 6(5):675-85. doi: 10.1080/24733938.2022.
2101143

17. Burke LM, Cox GR, Cummings NK, Desbrow B. Guidelines for daily
carbohydrate intake. Sports Med. (2001) 31(4):267-99. doi: 10.2165/00007256-
200131040-00003

18. Renard M, Kelly DT, Chéilleachair NN, Cathdin CO. How does the dietary
intake of female field-based team sport athletes compare to dietary

recommendations for health and performance? A systematic literature review.
Nutrients. (2021) 13(4):1235. doi: 10.3390/nul3041235

19. Jordan SL, Albracht-Schulte K, Robert-McComb JJ. Micronutrient deficiency in
athletes and inefficiency of supplementation: is low energy availability a culprit?
PharmaNutrition. (2020) 14:100229. doi: 10.1016/j.phanu.2020.100229

20. Jeukendrup AE. Periodized nutrition for athletes. Sports Med. (2017) 47
(1):51-63. doi: 10.1007/s40279-017-0694-2

21. Burke L. Fueling strategies to optimize performance: training high or training
low? Scand ] Med Sci Sports. (2010) 20:48-58. doi: 10.1111/.1600-0838.2010.01185.x

Frontiers in Sports and Active Living

12

10.3389/fspor.2024.1390558

22. Taylor HL, Garabello G, Pugh ], Morton J, Langan-Evans C, Louis J, et al.
Patterns of energy availability of free-living athletes display day-to-day variability
that is not reflected in laboratory-based protocols: insights from elite male road
cyclists. J Sports Sci. (2022) 40(16):1849-56. doi: 10.1080/02640414.2022.2115676

23. Moss SL, Randell RK, Burgess D, Ridley S, OCairealldin C, Allison R, et al.
Assessment of energy availability and associated risk factors in professional female
soccer players. Eur J Sport Sci. (2021) 21(6):861-70. doi: 10.1080/17461391.2020.
1788647

24. Heikura IA, Quod M, Strobel N, Palfreeman R, Civil R, Burke LM. Alternate-day
low energy availability during spring classics in professional cyclists. Int J Sports
Physiol Perform. (2019) 14(9):1233-43. doi: 10.1123/ijspp.2018-0842

25. Langan-Evans C, Germaine M, Artukovic M, Oxborough DL, Areta JL, Close
GL, et al. The psychological and physiological consequences of low energy
availability in a male combat sport athlete. Med Sci Sports Exerc. (2021) 53
(4):673-83. doi: 10.1249/MSS.0000000000002519

26. Vardardottir B, Olafsdottir AS, Gudmundsdottir SL. Body dissatisfaction,
disordered eating and exercise behaviours: associations with symptoms of REDs in
male and female athletes. BMJ Open Sport Exerc Med. (2023) 9(4):e001731. doi: 10.
1136/bmjsem-2023-001731

27. Melin A, Tornberg AB, Skouby S, Faber ], Ritz C, Sjédin A, et al. The LEAF
questionnaire: a screening tool for the identification of female athletes at risk for
the female athlete triad. Br J Sports Med. (2014) 48(7):540-5. doi: 10.1136/bjsports-
2013-093240

28. Torstveit MK, Sundgot-Borgen J. The female athlete triad: are elite athletes at
increased risk? Med Sci Sports Exerc. (2005) 37(2):184-93. doi: 10.1249/01.mss.
0000152677.60545.3a

29. Thorsteinsdottir S, Njardvik U, Bjarnason R, Haraldsson H, Olafsdottir AS.
Taste education—a food-based intervention in a school setting, focusing on children
with and without neurodevelopmental disorders and their families. A randomized
controlled trial. Appetite. (2021) 167:105623. doi: 10.1016/j.appet.2021.105623

30. Olafsdottir AS, Hornell A, Hedelin M, Waling M, Gunnarsdottir I, Olsson C.
Development and validation of a photographic method to use for dietary
assessment in school settings. PLoS One. (2016) 11(10):¢0163970. doi: 10.1371/
journal.pone.0163970

31. Maughan R], Burke LM, Dvorak ], Larson-Meyer DE, Peeling P, Phillips SM,
et al. IOC consensus statement: dietary supplements and the high-performance
athlete. Int J Sport Nutr Exerc Metab. (2018) 28(2):104-25. doi: 10.1123/ijsnem.
2018-0020

32. Borg G. Psychophysical scaling with applications in physical work and the
perception of exertion. Scand ] Work Environ Health. (1990) 16(Suppl 1):55-8.
doi: 10.5271/sjweh.1815

33. Kyle UG, Schutz Y, Dupertuis YM, Pichard C. Body composition interpretation:
contributions of the fat-free mass index and the body fat mass index. Nutrition. (2003)
19(7):597-604. doi: 10.1016/S0899-9007(03)00061-3

34. Cunningham JJ. Body composition as a determinant of energy expenditure: a
synthetic review and a proposed general prediction equation. Am J Clin Nutr.
(1991) 54(6):963-9. doi: 10.1093/ajcn/54.6.963

35. Sterringer T, Larson-Meyer DE. RMR ratio as a surrogate marker for low energy
availability. Curr Nutr Rep. (2022) 11(2):263-72. doi: 10.1007/s13668-021-00385-x

36. Stellingwerff T, Mountjoy M, McCluskey WT, Ackerman KE, Verhagen E,
Heikura IA. Review of the scientific rationale, development and validation of the
international Olympic committee relative energy deficiency in sport clinical
assessment tool: v.2 (IOC REDs CAT2)-by a subgroup of the IOC consensus on
REDs. Br ] Sports Med. (2023) 57(17):1109-18. doi: 10.1136/bjsports-2023-106914

37. Gunnarsdottir I, Tryggvadottir EA, Birgisdottir BE, Halldorsson TI, Medek H,
Geirsson RT. Diet and nutrient intake of pregnant women in the capital area in
Iceland. Laeknabladid. (2016) 102(9):378-84. doi: 10.17992/1b1.2016.09.95

38. Blondal BS, Geirsdottir OG, Halldorsson TI, Beck AM, Jonsson PV, Ramel A.
HOMEFOOD randomised trial-six-month nutrition therapy in discharged older adults
reduces hospital readmissions and length of stay at hospital up to 18 months of follow-
up. ] Nutr Health Aging. (2023) 27(8):632-40. doi: 10.1007/s12603-023-1962-5

39. Blomhoff R, Andersen R, Arnesen EK, Christensen JJ, Eneroth H, Erkkola M,
et al. Nordic Nutrition Recommendations 2023. Copenhagen: Nordic Council of
Ministers (2023).

40. Itkonen ST, Andersen R, Bjork AK, Brugard Konde A, Eneroth H, Erkkola M,
et al. Vitamin D status and current policies to achieve adequate vitamin D intake in
the Nordic countries. Scand ] Public Health. (2021) 49(6):616-27. doi: 10.1177/
1403494819896878

41. Heikura IA, Uusitalo ALT, Stellingwerff T, Bergland D, Mero AA, Burke LM.
Low energy availability is difficult to assess but outcomes have large impact on
bone injury rates in elite distance athletes. Int J Sport Nutr Exerc Metab. (2018) 28
(4):403-11. doi: 10.1123/ijsnem.2017-0313

frontiersin.org


https://doi.org/10.1080/02640414.2011.588958
https://doi.org/10.1136/bjsports-2014-093502
https://doi.org/10.1136/bjsports-2014-093502
https://doi.org/10.1136/bjsports-2018-099193
https://doi.org/10.1136/bjsports-2018-099193
https://doi.org/10.1136/bjsports-2023-106994
https://doi.org/10.1136/bjsports-2023-106994
https://doi.org/10.1136/bjsports-2023-107335
https://doi.org/10.1136/bjsports-2023-107335
https://doi.org/10.1210/jc.2002-020369
https://doi.org/10.1359/JBMR.040410
https://doi.org/10.1249/MSS.0000000000001451
https://doi.org/10.1016/j.cophys.2019.04.001
https://doi.org/10.1113/JP284967
https://doi.org/10.1016/j.bone.2017.08.019
https://doi.org/10.1007/s00421-021-04857-4
https://doi.org/10.1007/s00421-015-3252-3
https://doi.org/10.1007/s00421-015-3252-3
https://doi.org/10.1249/MSS.0000000000002819
https://doi.org/10.1249/MSS.0000000000002819
https://doi.org/10.1002/jbmr.4658
https://doi.org/10.1080/24733938.2022.2101143
https://doi.org/10.1080/24733938.2022.2101143
https://doi.org/10.2165/00007256-200131040-00003
https://doi.org/10.2165/00007256-200131040-00003
https://doi.org/10.3390/nu13041235
https://doi.org/10.1016/j.phanu.2020.100229
https://doi.org/10.1007/s40279-017-0694-2
https://doi.org/10.1111/j.1600-0838.2010.01185.x
https://doi.org/10.1080/02640414.2022.2115676
https://doi.org/10.1080/17461391.2020.1788647
https://doi.org/10.1080/17461391.2020.1788647
https://doi.org/10.1123/ijspp.2018-0842
https://doi.org/10.1249/MSS.0000000000002519
https://doi.org/10.1136/bmjsem-2023-001731
https://doi.org/10.1136/bmjsem-2023-001731
https://doi.org/10.1136/bjsports-2013-093240
https://doi.org/10.1136/bjsports-2013-093240
https://doi.org/10.1249/01.mss.0000152677.60545.3a
https://doi.org/10.1249/01.mss.0000152677.60545.3a
https://doi.org/10.1016/j.appet.2021.105623
https://doi.org/10.1371/journal.pone.0163970
https://doi.org/10.1371/journal.pone.0163970
https://doi.org/10.1123/ijsnem.2018-0020
https://doi.org/10.1123/ijsnem.2018-0020
https://doi.org/10.5271/sjweh.1815
https://doi.org/10.1016/S0899-9007(03)00061-3
https://doi.org/10.1093/ajcn/54.6.963
https://doi.org/10.1007/s13668-021-00385-x
https://doi.org/10.1136/bjsports-2023-106914
https://doi.org/10.17992/lbl.2016.09.95
https://doi.org/10.1007/s12603-023-1962-5
https://doi.org/10.1177/1403494819896878
https://doi.org/10.1177/1403494819896878
https://doi.org/10.1123/ijsnem.2017-0313
https://doi.org/10.3389/fspor.2024.1390558
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Vardardottir et al.

42. Ainsworth BE, Haskell WL, Whitt MC, Irwin ML, Swartz AM, Strath SJ, et al.
Compendium of physical activities: an update of activity codes and MET intensities.
Med Sci Sports Exerc. (2000) 32(9 Suppl):S498-504. doi: 10.1097/00005768-
200009001-00009

43. Reinke S, Taylor WR, Duda GN, von Haehling S, Reinke P, Volk H-D, et al.
Absolute and functional iron deficiency in professional athletes during training and
recovery. Int ] Cardiol. (2012) 156(2):186-91. doi: 10.1016/j.ijcard.2010.10.139

44. Tuma C, Schick A, Pommerening N, Braun H, Thevis M. Effects of an
individualized vs. standardized vitamin D supplementation on the 25 (OH) D level
in athletes. Nutrients. (2023) 15(22):4747. doi: 10.3390/nu15224747

45. O’Leary TJ, Perrett C, Coombs CV, Double RL, Keay N, Wardle SL, et al.
Menstrual disturbances in British servicewomen: a cross-sectional observational study
of prevalence and risk factors. Front Nutr. (2022) 9:984541. doi: 10.3389/fnut.2022.
984541

46. Lundy B, Torstveit MK, Stenqvist TB, Burke LM, Garthe I, Slater GJ, et al.
Screening for low energy availability in male athletes: attempted validation of
LEAM-Q. Nutrients. (2022) 14(9):1873. doi: 10.3390/nu14091873

47. Gideon N, Hawkes N, Mond J, Saunders R, Tchanturia K, Serpell L.
Development and psychometric validation of the EDE-QS, a 12 item short form of
the Eating Disorder Examination Questionnaire (EDE-Q). PLoS One. (2016) 11(5):
€0152744. doi: 10.1371/journal.pone.0152744

48. Terry A, Szabo A, Griffiths M. The exercise addiction inventory: a new brief
screening tool. Addict Res Theory. (2004) 12(5):489-99. doi: 10.1080/16066350310
001637363

49. Hildebrandt T, Langenbucher J, Schlundt DG. Muscularity concerns among
men: development of attitudinal and perceptual measures. Body Image. (2004) 1
(2):169-81. doi: 10.1016/j.bodyim.2004.01.001

50. Fritz CO, Morris PE, Richler JJ. Effect size estimates: current use, calculations,
and interpretation. J Exp Psychol Gen. (2012) 141(1):2. doi: 10.1037/a0024338

51. Wasserfurth P, Palmowski J, Hahn A, Kriiger K. Reasons for and consequences
of low energy availability in female and male athletes: social environment, adaptations,
and prevention. Sports Med Open. (2020) 6(1):44. doi: 10.1186/s40798-020-00275-6

52. Jagim AR, Fields ], Magee MK, Kerksick CM, Jones MT. Contributing factors to
low energy availability in female athletes: a narrative review of energy availability,
training demands, nutrition barriers, body image, and disordered eating. Nutrients.
(2022) 14(5):986. doi: 10.3390/nu14050986

53. Manore MM, Patton-Lopez MM, Meng Y, Wong SS. Sport nutrition knowledge,

behaviors and beliefs of high school soccer players. Nutrients. (2017) 9(4):350. doi: 10.
3390/nu9040350

54. Melin A, Tornberg AB, Skouby S, Moller S, Sundgot-Borgen J, Faber J, et al.
Energy availability and the female athlete triad in elite endurance athletes. Scand
J Med Sci Sports. (2015) 25(5):610-22. doi: 10.1111/sms.12261

55. Brown MA, Howatson G, Quin E, Redding E, Stevenson EJ. Energy intake and
energy expenditure of pre-professional female contemporary dancers. PLoS One.
(2017) 12(2):¢0171998. doi: 10.1371/journal.pone.0171998

56. Malina RM. Body composition in athletes: assessment and estimated fatness.
Clin Sports Med. (2007) 26(1):37-68. doi: 10.1016/j.csm.2006.11.004

57. Elliott-Sale KJ, Tenforde AS, Parziale AL, Holtzman B, Ackerman KE. Endocrine
effects of relative energy deficiency in sport. Int ] Sport Nutr Exerc Metab. (2018) 28
(4):335-49. doi: 10.1123/ijsnem.2018-0127

58. Holtzman B, Ackerman KE. Recommendations and nutritional considerations
for female athletes: health and performance. Sports Med. (2021) 51(1):43-57.
doi: 10.1007/540279-021-01508-8

59. Thomas DT, Erdman KA, Burke LM. Position of the Academy of Nutrition and
Dietetics, Dietitians of Canada, and the American College of Sports Medicine:

Frontiers in Sports and Active Living

13

10.3389/fspor.2024.1390558

nutrition and athletic performance. J Acad Nutr Diet. (2016) 116(3):501-28. doi: 10.
1016/j.jand.2015.12.006

60. Phillips SM, Van Loon LJC. Dietary protein for athletes: from requirements to
optimum adaptation. J Sports Sci. (2011) 29(Supp 1):529-38. doi: 10.1080/02640414.
2011.619204

61. Maughan R], Depiesse F, Geyer H. The use of dietary supplements by athletes.
J Sports Sci. (2007) 25(S1):S103-13. doi: 10.1080/02640410701607395

62. McClung JP, Gaffney-Stomberg E, Lee JJ. Female athletes: a population at risk of
vitamin and mineral deficiencies affecting health and performance. J Trace Elem Med
Biol. (2014) 28(4):388-92. doi: 10.1016/j.jtemb.2014.06.022

63. Todd JJ, Pourshahidi LK, McSorley EM, Madigan SM, Magee PJ. Vitamin D:
recent advances and implications for athletes. Sports Med. (2015) 45(2):213-29.
doi: 10.1007/s40279-014-0266-7

64. Backx E, van der Avoort C, Tieland M, Maase K, Kies A, van Loon L, et al.
Seasonal variation in vitamin D status in elite athletes: a longitudinal study. Int
J Sport Nutr Exerc Metab. (2017) 27(1):6-10. doi: 10.1123/ijsnem.2016-0177

65. Petkus DL, Murray-Kolb LE, De Souza M]J. The unexplored crossroads of the
female athlete triad and iron deficiency: a narrative review. Sports Med. (2017) 47
(9):1721-37. doi: 10.1007/s40279-017-0706-2

66. Pedlar CR, Brugnara C, Bruinvels G, Burden R. Iron balance and iron
supplementation for the female athlete: a practical approach. Eur ] Sport Sci. (2018)
18(2):295-305. doi: 10.1080/17461391.2017.1416178

67. Lippi G, Sanchis-Gomar F. Epidemiological, biological and clinical update on
exercise-induced hemolysis. Ann Transl Med. (2019) 7(12):270. doi: 10.21037/atm.
2019.05.41

68. McKay AKA, Pyne DB, Burke LM, Peeling P. Iron metabolism: interactions with
energy and carbohydrate availability. Nutrients. (2020) 12(12):3692. doi: 10.3390/
nul2123692

69. Rogers MA, Drew MK, Appaneal R, Lovell G, Lundy B, Hughes D, et al.
The utility of the low energy availability in females questionnaire to detect
markers consistent with low energy availability-related conditions in a mixed-
sport cohort. Int ] Sport Nutr Exerc Metab. (2021) 31(5):427-37. doi: 10.1123/
ijsnem.2020-0233

70. Dasa MS, Friborg O, Kristoffersen M, Pettersen G, Sagen JV, Sundgot-Borgen J,
et al. Evaluating the suitability of the low energy availability in females questionnaire
(LEAF-Q) for female football players. Sports Med Open. (2023) 9(1):54. doi: 10.1186/
$40798-023-00605-4

71. Langbein RK, Martin D, Allen-Collinson J, Crust L, Jackman PC. “T'd got self-
destruction down to a fine art”: a qualitative exploration of relative energy deficiency
in sport (RED-S) in endurance athletes. J Sports Sci. (2021) 39(14):1555-64. doi: 10.
1080/02640414.2021.1883312

72. Lichtenstein MB, Johansen KK, Runge E, Hansen MB, Holmberg TT, Tarp K.
Behind the athletic body: a clinical interview study of identification of eating
disorder symptoms and diagnoses in elite athletes. BMJ Open Sport Exerc Med.
(2022) 8(2):e001265. doi: 10.1136/bmjsem-2021-001265

73. Kuikman MA, Mountjoy M, Burr JF. Examining the relationship between
exercise dependence, disordered eating, and low energy availability. Nutrients.
(2021) 13(8):2601. doi: 10.3390/nu13082601

74. Gemming L, Utter ], Ni Mhurchu C. Image-assisted dietary assessment: a
systematic review of the evidence. J Acad Nutr Diet. (2015) 115(1):64-77. doi: 10.
1016/j.jand.2014.09.015

75. Byrne NM, Hills AP, Hunter GR, Weinsier RL, Schutz Y. Metabolic equivalent:
one size does not fit all. J Appl Physiol. (2005) 99(3):1112-9. doi: 10.1152/japplphysiol.
00023.2004

frontiersin.org


https://doi.org/10.1097/00005768-200009001-00009
https://doi.org/10.1097/00005768-200009001-00009
https://doi.org/10.1016/j.ijcard.2010.10.139
https://doi.org/10.3390/nu15224747
https://doi.org/10.3389/fnut.2022.984541
https://doi.org/10.3389/fnut.2022.984541
https://doi.org/10.3390/nu14091873
https://doi.org/10.1371/journal.pone.0152744
https://doi.org/10.1080/16066350310001637363
https://doi.org/10.1080/16066350310001637363
https://doi.org/10.1016/j.bodyim.2004.01.001
https://doi.org/10.1037/a0024338
https://doi.org/10.1186/s40798-020-00275-6
https://doi.org/10.3390/nu14050986
https://doi.org/10.3390/nu9040350
https://doi.org/10.3390/nu9040350
https://doi.org/10.1111/sms.12261
https://doi.org/10.1371/journal.pone.0171998
https://doi.org/10.1016/j.csm.2006.11.004
https://doi.org/10.1123/ijsnem.2018-0127
https://doi.org/10.1007/s40279-021-01508-8
https://doi.org/10.1016/j.jand.2015.12.006
https://doi.org/10.1016/j.jand.2015.12.006
https://doi.org/10.1080/02640414.2011.619204
https://doi.org/10.1080/02640414.2011.619204
https://doi.org/10.1080/02640410701607395
https://doi.org/10.1016/j.jtemb.2014.06.022
https://doi.org/10.1007/s40279-014-0266-7
https://doi.org/10.1123/ijsnem.2016-0177
https://doi.org/10.1007/s40279-017-0706-2
https://doi.org/10.1080/17461391.2017.1416178
https://doi.org/10.21037/atm.2019.05.41
https://doi.org/10.21037/atm.2019.05.41
https://doi.org/10.3390/nu12123692
https://doi.org/10.3390/nu12123692
https://doi.org/10.1123/ijsnem.2020-0233
https://doi.org/10.1123/ijsnem.2020-0233
https://doi.org/10.1186/s40798-023-00605-4
https://doi.org/10.1186/s40798-023-00605-4
https://doi.org/10.1080/02640414.2021.1883312
https://doi.org/10.1080/02640414.2021.1883312
https://doi.org/10.1136/bmjsem-2021-001265
https://doi.org/10.3390/nu13082601
https://doi.org/10.1016/j.jand.2014.09.015
https://doi.org/10.1016/j.jand.2014.09.015
https://doi.org/10.1152/japplphysiol.00023.2004
https://doi.org/10.1152/japplphysiol.00023.2004
https://doi.org/10.3389/fspor.2024.1390558
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

‘A £ ‘@2ueInpud ‘p 2191YIY ‘A 9T “onsyisae ‘g a1vIYIY

3 9 S 14 € Z 3 - 0% L 9 S v € z 3 o
P S S R SR S S PO S S S S S SR
L e —r— -oz- ——e—3 Loz
T f L s s v ¢ ¢z 1+ [® — o s | oz
L IR S S SR S S - I -
R S € \/\.’/‘||o||o 9 m . ¥ t 0 m
S e o |
u\l;u|'/¢/\ Lr o 0z BM \ : o £
ueiold -e Fs = FOY q uBlold e s = lov @
Le @ v3 = . - - | Lo © y3 o a
Bl - [, 4 Los = Q4 - [, los =
OHO -+ e 33+ Los OHO o lg 333 = L os
L ERS L
. 8 L 1. 6 ER
4. Lo oot 4. Lo Loo
. i’ /. . / /.
A €2 ‘lleq ‘T LYY A g ‘ssep-iysiam ‘T a18|yay
L 9 s v £ T ot s v €z 1 - 0F~
L P S S S PR R S S S
— T 0z- -0z
e -” L 8 s ¥ £ T . = ., st =3 M
— g ; z
e 0z 5 | o
v @ z v e 0 =
uslolg e s & . - o -, uelold e S = o @
Lo V3 .- H b . 8 ]
Qg - L 09 = 12q14 - V3 e )
. 333 - 7 -0 =
OHO -8 08 QHD -= 8 333 -
4 e -6 [ERY o - 08
Loy 001 ] e 13 -
o L o001

(axeaur a1eapAyoqued jewndo 03 Juanwyns + Aljiqejieae AS1aua jewndo 03 Ju3PLYNS) OHIS+VIS

's24n3Y 9y31 mo|aq papinoid ale a3e pue

dnoug 10ds 1noge uonewJoju] ‘(Mg 3%/8 €) seyeiul OHD MO JoJ pasn Jo-1nd ay] Juasaldal sa4nSy JuaLIINUOId_W Y] UO aul| panop pue ‘(IA44 3%/1ed 0€>)
H0-1N2 Y37 paysl|qe1sa ay3 syuasaudas sain8y Anjige|ieae AS1aua ay3 uo aul| papoq 'SIXe-x ayl uo umoys aJe (siaquinu) sAep uoneuisidal ay] ‘(sqj uedpped
WI0J) JUSIYIP pUB) WOoPpUES BSIMIDYIO0 dJk S1aquinu J1ay) Ing sdnoud OHD+v3 Aq paSuelie aie saundi4 *(T=u) syuedionJed ||e Joj yejul JuaLIINUoIdEW
aALe[al (g pue ‘(44 3)/|e2y ul (333) a4nyipuadxe ASisua asiouaxa pue ‘(13) ayeiul ASisua ‘(v3) Aujige|ieae A3iaus Jo suianed (Y moys mojaq saunsy ayl

‘pue|ad] YInefjAsy ‘salpnis aunsia 13 1ods ‘uonowold yijeaH jo Aynoe4 ‘puejad) jo Aysianiun

{amopsje|0 °S euuy ‘UmopendsAi) ewy uaj|3 Jmropspunwpng ele]anpldiS ‘(sI'ly@ealq) JopJaepleA eulig :,sa13|yie sjewsay ul Alljigejieae ASisus mo| apnews|qold
pue a|geidepe usaM1aq lenualayIp Mjelul elpAyogled pue Ajljige|ieae AS1aua Jo suianed,, ‘UuollIINN 951249X3 pue Jods — SUIAIT 9ALRDY pue S1iods ul siauol4
9|y |eaudw|ddns



uiBiod e
18q14 e
OHO -

B4 e

uBjold e
18q4 -
OHD -+

'y .

uslold e
Joqgid e
QHO -e-

B4 &

uelold e
12q14 e
OHD -

] e

‘A T€ ‘@oueinpus ‘g1 ANBYIY

9 s ¥ L ror
L L Foz-
[ ———— e I s s v £z
— H S-S S S
€ \/\/\ Loz 4
Ly < a uslold e §
?|\Q.\\>Q\h S m v - <l]h\ . o 3 9
z 294 e
Lo . » - Los = :
M 333 - . OHO -~ 8
-8 13 - o el e °
(e L ook °
Low
. ‘ ‘
A8l Med ‘oL aa2yy
L9 s v £ T or
PR S S S R S Y
[ b Nt L 9 s v g z 1 [% Fi
- - . - - 1 1 1 1 1 1 1 o r
e, Z N m :
- £ 0\.//‘\.‘.’."\.1’1.
Q\ru\ /“ v W t\uf Iroe .m rr
s oy uBjold - rs
28 3 - !\\“\“ /\b 3 >|Q|/Y\h ro
i . e 09 = T Lo
s 393 - L og OHD -+ e
6 13 . [s
o Loos *d . Lo
‘A g€ ‘@2ueJInpud ‘g d11IYIY
L 9 s T oz ror
R PR .
— [ L o s v ot z 1 [ :
. .
L e |2 0ttt H B g e
[ \\\o\[l\tlla Loz £ fld\to\\olfi\i\a v
Le 2 . Loy .ﬁ usiold e < M
g @ v3 = 4 : loe 2 o1 - M
e et * Lo OHO = 4
Le ERY 001 od e o
Low
‘A £T ‘sse[2-1ySiam ‘9 are|yay
L9 s v £ T b L 9 s v %
P S S S PSS S
“ . +‘ “ o Ly I"l’.‘{’.‘l‘ V
. — i
Seee e e 1 | g et M
€ m £
-\‘11/\\\0|¢ ¥ e a F¥ @
”“ 5 w3 M uejold e ”“ a
Lz 333 - 2qld e Lo
re 3 . OHO -e- Ls
L& oot Ed . [e
Lov Lo

‘A ST ‘lleq ‘TT a9 |Yv

ror
L9 s v g oz 1 [%
& & 4 & 1 1 1 =
R — Loz W
M Lor S,
V3 e . Loo 2
333 - .
08
13 -
001
‘A 6T ‘lleq ‘6 @191y
-0
L s s v g z 1 [%
-0 x
IQA“;ILH_.I 3
-0z 5
$ Loy 5,
v3 - [ Loo 2
333 -
I-08
[ERR
L ook
‘A 8T ‘@2ueinpus ‘£ 219 IYIY
.
: 9 s v g z 1 [%
P S S S =
!/Q\h\/l\ Loz W
e For 5
VA - .o -~ o oo 2
333 - Fos
3.
L ook
‘A9 ‘@doueinpus ‘g adYay
0%
t 9 s v g z 1 [%®
a— 44y
1//!0\\1/‘. °F
Foz
For 5
v3 - - . * Foe 2
333 - .
. Log
3 -e
Loos




‘A €2 ‘sse|d-1ySiam ‘LT 219y

‘A 6T u3y1sae ‘9T 1YY

o
.” 1 9 s v £ z 1 [%® '
P S S S
z —_——— e, = 4 F
1 e & b £
@ Lor 5 uBloid e § = -
”nuuq V3 -e- {/ﬂ\“/ﬂ\nusm s - wﬁ wM“H 3
L 333 - L og OHD -+~ 8 0
8 B -. ey . & 3. 00k
6 oou o
13
(xejul areapAyoqaed moj + Aljiqejiene ASiaus jewndo 03 JuaYns) OHI1+v3IS
‘A 6 ‘@2ueINpUD ‘ST 919|YIY
L 9 S v € z rov
P A o [
eyt [ o 5
- ¢ e £
\\)\/ o2 tor &
uiBlold -e Fs V3 - o
1Bq4 e o © 333 - [ =
» -
OHD - -8 13 e
' . e -oo
ol 13
‘A O€ ‘lleq ‘bT 19|y ‘A g€ ‘9ouBINpUS ‘EL 21YIY
L 9 S v € z 3 o o
. M H L I A ' L9 s v ¢ oz + [®
— — - 1 4 1 1 1 1 1 B .
- R z z 0 =
'/u\./ ' \l’/\\.‘l -0z H € %
e R I - H -\ v g e =
v o/\\n\| . -or _.m_ uelold e //\ / g @ '3 a
uelold - = W V3 - - I 9 L a
’ o @ - . o9 = 3Gl - M ¥3 - L - 09 2
1eqly -e [, 333 L og OHD = H 333 - .
OHO = ”M B - Lon 'y . ¢ 3. o
14 e
ol 13




‘A £T ‘sseo-1yslam ‘v 2191Uyy

1
z
bt
v
uBIold e s M.. V3 -
118Gl - w 333 -
OHO - g [ -
LA 6
oL
. ‘ ‘
A g1 ‘Ohvyisae ‘€z Yy
L 9 § ¥ £ T 1 - Op- o
S A S S S ) o .
—t o Ly t 9 s v ¢ z 1+ [%® '
-t rlo.[o\- Lz I S S S S S = M =
t\‘\\’ s.l¢ I ———— Loz W e - W
[’ e o R ’ w g
uelold e s > s 0¥ uigjold -e- S ]
N @ vy3 -- P hd ] 9 09 =
10014 —- re Los = 1°qld - P
Fz 333 - L 08
OHO - Lg o8 OHO -+ 8 13 .
jEed -e il 13 e L oo 'y - ] 0oL
Lo oL
o or
0z [y oz-
[ rZ 0 =
w & w &
| = v 1 z
o 5 ulold e s m. [T
uiejold e 0 2 12414 -e- .w i w 2
10q14 e ", OHO - g 08
L6 3 e
OHO - oo LR LS, 00k
el e
. ‘ ‘
A 9T ‘lleq ‘8T 291UV
o L 9 s ¥ £ z 13 or
P S S S
0% R e e “~.
Lz =
0 mn !\\bllllo/ \/i . ou 2
0z o ~ Ly . H
or
uiBjold -e- or _m__ e ~e- Hw m ¥3 e 09 M
18G4 - 09 = g4 - L EEEIRS
. OHO o H o8
OHO - 08 re B o0
4 e e
4 ook Lot




uiglald -
sy -
OHO -+

JLE S

d
e

S
r9
=3
re
6
=0l

uiejoig

.-

10914 -
QHD -e=
B4 e

usiold e
o014 -
OHD -e-

JEEIE

uBlold e
18q14 .-
OHD -e-

JLE S

OO~V T MNTC

By

BB

‘A Tz ‘@dueINpUD ‘€ dIBIYIY

o
o0z
=
0z W
o 'a
V3 = 0 M
333 -
]
[ERS
004
‘A £T 2u3yisae ‘O€ 319|yIy
or
0z
g
T =
«
U]
v3 - o 2
333 -
08
13 e
00k
g
H
V3 - B
=
333 -
13 -
00l
‘A 8T ‘28y1sae ‘9z 13|y
ot
: 9 s v g z + [%®
§ bz £
—4 . - . “ For .M_
Y3 - L oo M
333 -
08
[ERR S
~o00L

‘A 0z ‘@dueInpuUd ‘TE IBIYIVY

[P v
[ D e [t
T+ . [z x
€ g
or:/ololvf\- Fv .m
uiold e S W m
Lg @ V3 -e ]
014 e =
Mt 333 -
OHD -e- e 3 08
-
R e ook
Loy
. i’ ‘
A2z ‘lleq ‘62 31| Yv
L8 s ¥ £ T o
S S S S
—— L oz-
-3 Ta L9 s z L [%®
. I . L L4 L
: e - M \y\' ; W
oz
c/\. -y =
uiBlold -e- Le M oll:l\o 2 P m_
Lo V3 - . . -
Q3 -+ 2 . Log =
OHO -+ [¢ 333 = L os
ey -6 13 -e L
* Low ook
s s ¥ £ T
s DS S |
~—2 ¥
-~ N m
e e H
uslold - .w.
18ql4 .= M
OHD -o-
le4 o
L9 § ¥ £ T
P S R A S S
\ t 9§ ¥ g 7
z O S S S SR S T Y m
. M VOA’\< oz £
Qe « e % oy S
uglold -e- S = n
9 & Y3 -e L oo m
o . 1 333 -
OHO = g 5 . los
el . 6 L oot
oL

(e eaul a1espAyoqaed jewndo o1 Juapyns + Ayjiqejieae AS1aus mo) QHIS+VYI1



uiBlold -e
1804 -
OHO -

4 -

uiglold e
FLLEE
OHO -»

' .

uRlold -
101 -
OHO -&-

1By .

‘A 0T ‘lleq ‘6€ @181y

v £ oz
L
D e
o« 2 |z =
et
g 2
™ m
=}
Lo V3 - M
B 333 -
s
Le 13 e
Loi
L9 s v ot oz 1 ~0b-
—
e . et L t 9 s v £ z 1 [
Y A [z P S S S
— =
H
N e Foz 2
b «Q
ws AR 2 /\o o Lor G
r V3 - . i
Lz Log =
kg 333 -
-og
re 13 -
Lo Loor

g
v =
s & «@
99 v3 - 3
L 0 =
g 333 -
08
6 3 .
0L 00k

‘A 0z ‘41amod ‘g€ 13|y

L 9 s v £ T o
S S S S S S
—_, %o | L 0z
T~ hz LI
-~ _ £ o
=
/ Fv a
uRiold e bs & o .
e B 0w =
Jaqu.
g Fe 333 - v
OHO - o
e 13 e
ey . 6 00k
Lo

8

>

]
W Bsyresy

uBjold e S m V3 -e- H
1804 - [7 =333 = o
OHO -e -8 13 e

. Le 004
~ok
L 9 s ¥ € 2 3
PR .\\Q\ - |,
-/o\&/.\v/\- Lz x
; £
¥

u@jold -e rs m ..m_
18qld - Hw V3 - 2
OHO o tg 3 08

ré [ER S

' > Lo 00k

(yeaul ajeapAyoqaed moj + Ayijiqejiene AS1aus mo1) OHIT+Y3a1
‘A 6T ‘lleq ‘€€ 13|y

=
£
H
uislold -e 3
18ql] - 09 =

OHO -+ o8

[ 13

e .




"A 07 2u8Yisae Ty 31|y ‘A €€ 4amod ‘op 219y

L 9 S 14 € z I L9 S ¥ €z 3
L ——be L1 o
T s ¢ [, —-+ e ¢
-, e [, = —g ey |z g
g ’ H
Ly |
Le % .W uejoly -e- Le & a
a - Le @ v3 - kil
re V3 e ] Bqly - 09 =
e = [t 333 -
[¢ 333 = OHO o Lo - o
Le 3 . 08 ey e re 001




Paper lll

123






Received: 30 April 2024

Revised: 6 June 2024

Accepted: 6 June 2024

DOI: 10.14814/phy2.16112

ORIGINAL ARTICLE

9
N\ Bsooses e,k PHYSIOLOGICAL REPORTS 8

physiclogical
Sodiety

A real-life snapshot: Evaluating exposures to low energy
availability in male athletes from various sports

Birna Vardardottir

Faculty of Health Promotion, Sport &
Leisure Studies, University of Iceland,
Reykjavik, Iceland

Correspondence

Birna Vardardottir, Faculty of Health
Promotion, Sport & Leisure Studies,
University of Iceland, Reykjavik,
Iceland.

Email: biva@hi.is

Funding information

University of Iceland Research Fund;
Icelandic Sport Fund, Grant/Award
Number: 222533-2501; Icelandic Public
Health Fund, Grant/Award Number: P-
2020-10-13-0042; University of Iceland
doctoral grants fund

1 | INTRODUCTION

| Anna S. Olafsdottir

| Sigridur Lara Gudmundsdottir

Abstract

Problematic low energy availability (LEA) is the underlying cause of relative en-
ergy deficiency in sport (REDs). Male specific etiology, as well as the duration and
degree of LEA exposures resulting in REDs remain to be adequately described.
The present study aimed to assess occurrences of LEA (energy availability [EA]
<25kcal/kg fat-free mass/day) in male athletes from various sports over 7days.
Associations between number of LEA days, physiological measures, and body
image concerns were subsequently evaluated. The athletes recorded their
weighed food intakes and training via photo-assisted mobile application. Body
composition and resting metabolic rates were measured, and venous blood sam-
ples collected for assessments of hormonal and nutrition status. Participants also
answered the Low Energy Availability in Males Questionnaire (LEAM-Q), Eating
Disorder Examination—Questionnaire Short (EDE-QS), Exercise Addiction
Inventory (EAI), and Muscle Dysmorphic Disorder Inventory (MDDI). Of 19 par-
ticipants, 13 had 0-2, 6 had 3-5, and none had 6-7 LEA days. No associations
were found between the number of LEA days with the physiological and body
image outcomes, although those with greatest number of LEA days had highest
EEE but relatively low dietary intakes. In conclusion, this group displayed con-
siderable day-to-day EA fluctuations but no indication of problematic LEA.

KEYWORDS

energy availability, male athletes, nutrition status, relative energy deficiency, sport nutrition

etiology and consequences of REDs (Hackney et al., 2023).
Problematic (i.e., severe or prolonged) low energy avail-

The vast majority of sport science research has been con-
ducted on males, with the explicit exception of relative en-
ergy deficiency in sport (REDs). Accordingly, only 20% of
athletes featured in original RED investigations between
2018 and 2023 were males (Mountjoy et al., 2023). This has
left a gap in the scientific understanding on male-specific

ability (LEA) is the underlying culprit of REDs, but the
duration and degree of LEA resulting in a problematic
scenario is yet to be defined (Burke et al., 2023). The
often-used energy availability (EA) cutoff of 30kcal/kg
fat-free mass (FFM) comes from laboratory-based studies
on nonathletic females in early 2000s, where menstrual
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disturbances occurred at EA levels below this threshold
(Ihle & Loucks, 2004; Loucks & Thuma, 2003). The univer-
sal applicability of such a cutoff has been questioned due
to individual and sex differences (De Souza et al., 2019;
Mountjoy et al., 2023). It has further been suggested
that if a male-specific threshold would exist it would be
lower than for females, or somewhere in the range of
9-25kcal/kg FFM/day (Jurov et al., 2021; Jurov, Keay, &
Rauter, 2022; Lane et al., 2021; Sim et al., 2024), with male
bodies proposedly more physiologically resistant to energy
deficiency (Mountjoy et al., 2023).

Among factors that confuse establishment of reliable
LEA cutoffs is that EA and its components, energy intake
and exercise energy expenditure (EEE), tend to fluctuate
markedly from day-to-day in real life (Taylor et al., 2022).
In accordance, adaptable LEA refers to an occasional
or short-term exposures to LEA and can as part of peri-
odized nutrition protocols stimulate training adaptations
(Mountjoy et al., 2023; Mujika et al., 2018). There may
also be circumstances where weight or body composition
manipulations, and thus slight or temporary reductions in
EA, are reasonably needed. Weight or body composition
goals must, however, always be approached in a way that
does not sacrifice athletes' mental and/or physical health
(Mathisen et al., 2023).

Low or reduced testosterone is a primary male-
specific indicator of REDs, as defined by the International
Olympic Committee (IOC), while other proposed physi-
ological perturbations are supported by weaker evidence
(Hackney et al., 2023; Mountjoy et al., 2023; Stellingwerff
et al, 2023). The Low Energy Availability in Males
Questionnaire (LEAM-Q) (Lundy et al., 2022) was re-
cently developed and resembles an older screening tool for
physiological complications of LEA in females (LEAF-Q)
(Melin et al., 2014). However, validated LEAM-Q scores
and cutoffs, other than for sex drive, could not be de-
rived due to lack of associations between the generated
scores and clinical markers (Lundy et al., 2022). In addi-
tion, disordered eating (DE) and eating disorders (ED) are
well known risk factors of REDs (Torstveit et al., 2019;
Vardardottir et al., 2023) but most available screening
tools for ED and DE are primarily focused on female spe-
cific symptoms and/or concerns. Therefore, it has been
suggested that questionnaires or items used to screen
for muscle dysmorphic traits could be better for captur-
ing the problem in males and sports where muscularity
is perceived as advantageous (Forrest et al., 2019; Prnjak
et al., 2022). Consequently, screening for muscle dysmor-
phia could play a role in early detection of REDs. Some
symptoms are shared between DE/ED and muscle dys-
morphia, including fear of gaining body fat or strong de-
sire to become leaner (Vardardottir et al., 2023). REDs
may also occur unwittingly when athletes are exposed to

problematic LEA due to unawareness of their energy re-
quirements or very high EEE that make sufficient fuelling
a challenge (Melin et al., 2023).

The primary ambition of dedicated sport practitioners
and scientists alike is to help athletes maximize their po-
tentials, without causing harmful health effects (Hackney
et al.,, 2023). Therefore, it is important to understand
how much energy-related stress an athlete can tolerate
and adapt to, and when it becomes too much. The pres-
ent study aimed to assess occurrences of LEA exposures
in males from various sports over 7days. Associations of
the number of LEA days with dietary intake, physiological
measures, and body image concerns were subsequently
evaluated.

2 | METHODS

2.1 | Study population

This study used data from male participants in the RED-I
research project which aim was to evaluate EA and risk
factors of REDs in high-level Icelandic athletes. As pre-
cisely described elsewhere (Vardardottir et al., 2023),
athletes had to be at least 15years old and defined by the
National Olympic Committee of Iceland as either elite or
sub-elite. The athletes came from six different sport groups
that were defined according to published literature: ball,
endurance, aesthetic, technical, weight-class, and power
sports (Torstveit & Sundgot-Borgen, 2005; Vardardottir
et al., 2023). The research was conducted in two parts: (1)
Online questionnaire (July to December 2021) and (2) Two
laboratory visits and assessments of dietary intake and EA
over seven consecutive days (April to September 2022).
All eligible respondents with complete or near-complete
response to the online questionnaire were invited to the
second part. In the case of athletes under 18years old the
invitation was sent to both them and their parents/legal
guardians. Those who did not respond to the initial in-
vitation received at least two reminders. The study pro-
tocol was approved by the Icelandic Ethics Committee
(VSNb2021050006/03.01). Informed written consent was
collected from all participants prior to participation.

2.2 | Low Energy Availability in Males
Questionnaire

Participants responded to the LEAM-Q and demographic
questions online via the Qualtrics XM Platform in the first
part of the study. LEAM-Q was recently developed for
screening of physiological symptoms of REDs in athletic
males. LEAM-Q consists of several categories: dizziness,
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gastrointestinal function, resting thermoregulation, injury
and illness interfering with training and competition, fa-
tigue (lethargy, tiredness, difficulties with concentration),
fitness (body aches, stiff muscles, physical exhaustion,
and injury proneness), sleep, recovery (physical recovery
and perceived training progress), energy levels (training
readiness, perceived happiness, and energetic levels), and
sex drive (general sex drive rating and average number of
weekly morning erections). Of the various LEAM-Q out-
comes, validated scores are only available for sex drive. A
low sex drive is indicated if respondents (A) rate their sex
drive as low or report that they do not have much interest
in sex OR (B) report rarely or never having morning erec-
tions (in the past month) AND consider that to be a little
or much less frequent than what is normal for themselves
(Lundy et al., 2022). Responses to the other LEAM-Q
items and prevalence of negative/undesirable outcomes
were also evaluated.

2.3 | Laboratory measurements

Participants included in the second part of the study ar-
rived at the first lab visit in a fasted state in the morning.
Body composition was measured with whole body Dual
Energy X-Ray Absorptiometry (GE Lunar iDXA; GE
Medical Systems, Belgium) and a venous blood sample was
drawn for assessment of hormonal and nutrition status.
The blood samples were analyzed for serum testosterone,
thyroid stimulating hormone (TSH), Immunoglobulin
A (IgA), iron (Fe), ferritin, total-iron-binding-capacity
(TIBC), 25-OH-Vitamin D (25(0H)D), vitamin BI2,
calcium, and magnesium. Testosterone, 25(OH)D,
and vitamin B12 were measured on Roche Cobas® 801
(Electrochemiluminescence  binding  assay/competi-
tion principle). Fe and TIBC were measured on Cobas
702, with Fe measured via colorimetric assay (FerroZine
method without deproteinization). Unsaturated IBC
(UIBC) was assessed via direct determination with the
FerroZine method and sum of serum Fe and UIBC rep-
resents the TIBC. Ferritin and TSH were measured on
Cobas 801 (Electrochemiluminescence binding assay/
Sandwich principle). IgA, calcium and magnesium were
measured on Cobas 702. IgA was assessed via immuno-
turbidimetric assay and magnesium with colorimetric
assay. The reaction of calcium ions with NM-BAPTA
forms a complex, which subsequently reacts with EDTA,
and the absorbance change is directly proportional to
the calcium concentration (measured photometrically).
Testosterone levels <8 nmol/L were considered clinically
low and 8-12nmol/L as sub-clinically low (Fredericson
et al., 2021). 25(0OH)D concentrations <30nmol/L were
regarded as deficient, <50 nmol/L as insufficient (Itkonen
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etal.,2021),and <80nmol/Lasbelowrecommendationsfor
athletes (Mountjoy et al., 2018; Tuma et al., 2023). Markers
of insufficient iron levels were low Fe (<10 pmol/L), low
ferritin (adolescents <23 pg/L, adults <30pg/L), and high
TIBC (>70pumol/L). Transferrin saturation (TSAT) was
calculated by dividing Fe with TIBC and multiply by 100.
TSAT <20% has been used as an indication of iron defi-
ciency (Reinke et al., 2012). The reference ranges used
for TSH was 0.4-4.0mU/L, IgA 0.7-3.7g/L, vitamin B12
142-725pmol/L, calcium 2.15-2.6mmol/L, and mag-
nesium 0.74-0.99 mmol/L, as defined by the laboratory.
Approximately 2weeks after the initial visit, participants
arrived again in a fasted state in the morning at another
lab for RMR measurements via indirect calorimetry (ven-
tilated hood; Vyntus CPX). RMR was also estimated from
the Cunningham formula (Cunningham, 1991) and RMR
ratio was calculated by dividing measured with estimated
RMR. RMR ratio <0.90 is among suggested markers of
REDs (Stellingwerff et al., 2023; Sterringer & Larson-
Meyer, 2022). FFM index (FFMI) was calculated by divid-
ing total FFM in kg with height in meters squared (Kyle
et al., 2003). The DXA, blood analyses and RMR measure-
ments have been described in further details elsewhere
(Vardardottir et al., 2023).

2.4 | Energy availability and
dietary intake
2.4.1 | Digital food and training logs

At the end of the first lab visit participants were asked to
install a mobile application (app), on their phones and re-
ceived encoded login info. Thereafter they were verbally
instructed on how to use the app for seven consecutive
days. Detailed written instructions were also provided,
and all were carefully informed about the aims of the di-
etary and training assessments. Participants were then
instructed not to change their dietary and/or training be-
haviors due to participation in the study. The app was in
Icelandic and sent daily reminders during the registration
period. Further information about the app and the ration-
ale behind remote food and training photography meth-
ods are provided in a previous female specific publication
from the RED-I study (Vardardottir et al., 2024).

Briefly, the athletes logged all foods, beverages other
than still water, and supplements in the app. They were
asked to weigh all foods (kitchen scales were provided if
needed) and upload before and after photos of all meals
and snacks. Examples of meal photos registered in the
app are shown in Figure 1. During the same period, all
completed training sessions were recorded in the app with
information on type of training, duration, and intensity.



VARDARDOTTIR ET AL.

FIGURE 1 Examples of before and after photos from meals registered in the mobile application. The examples are random and from six

different individuals.

Before starting the app registration, the athletes were
asked about average number of weekly training hours via
questionnaire. The food photography readings and inter-
pretation were based on a validated approach (Olafsdottir
et al., 2016). Researchers and assistants involved with
screening, coding, and calculations from registered data
all had separate tasks in the process which they were spe-
cially trained for.

2.4.2 | Dietary intake and energy availability
calculations

After coding (i.e., assigning each meal item an identifying
code for linkage with the Icelandic food composition da-
tabase, ISGEM), food records data were transported to the
ICEFOOD calculation program for calculations of energy,
macro- and micronutrient intakes, as described earlier
(Vardardottir et al., 2024). Estimations of EEE were based
on registered training information; exercise mode, inten-
sity and/or perceived exertion, and duration. Training
sessions, or different sessions' parts, were assigned a meta-
bolic equivalent (MET) value relevant for the activity type
and intensity (Ainsworth et al., 2000). Total EEE was cal-
culated by multiplying the MET scores with the session/
activity duration. Measured or estimated RMR was then
subtracted from total EEE to only capture the energy cost
of the exercise.

Daily EA was calculated using the following formula
(Loucks et al., 2011):

A threshold of 25kcal/kg FFM/day was used to define
LEA, as this is the upper level of the currently proposed LEA
range (Jurov, Keay, & Rauter, 2022; Mountjoy et al., 2023).
Accordingly, number of LEA days hereafter refer to the
number of registered days below this value. When appli-
cable, percentage with macro- and micronutrient intakes
below reference values were checked. Low intake of car-
bohydrate intake was defined as mean intakes <4.0g/kg/
day (Burke et al., 2011; Slater & Phillips, 2013) and low pro-
tein intake <1.5g/kg/day (Knuiman et al., 2018; Slater &
Phillips, 2013). Low daily intakes of fiber (<25g) (Carlsen
& Pajari, 2023), vitamin D (<15pg) (Itkonen et al., 2021),
iron (<9mg) (Domellof & Sjoberg, 2024), folate (<300 pg)
(Bjorke-Monsen & Ueland, 2023), and vitamin B12 (<3.2 ug)
(Bjorke-Monsen & Lysne, 2023) were defined according to
the Icelandic and Nordic nutrition recommendations.

2.5 | Disordered eating, muscle
dysmorphia, and compulsive exercise

As part of the initial lab visit, the athletes were asked
to answer three brief questionnaires that screen for DE,
muscle dysmorphia and compulsive exercise symptoms:
Eating Disorder Examination—Questionnaire Short
(EDE-QS) (Gideon et al., 2016), Muscle Dysmorphic
Disorder Inventory (MDDI) (Hildebrandt et al., 2004),
and Exercise Addiction Inventory (EAI) (Terry
et al., 2004). Each of the 12 EDE-QS items are rated on a
4-point scale (score 0-3), with the cutoff score set at >15.

Energy intake (kcal) — Exercise energy expenditure (kcal)

Energy availability =

Fat free mass (kg)
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The 13 MDDI items are rated on a 5-point scale (score
1-5), with the cut off score set at >39. EAI consists of six
items rated on a 5-point scale (score 1-5). Individuals
scoring >24 on EAI are considered at risk of compulsive
exercise, while 13-23 indicates some symptoms, and
6-12 no symptoms.

2.6 | Data analysis

SPSS 29.0.1.1 and GraphPad Prism 10 were used for statis-
tical analyses, with significance set to « < 0.05. Distribution
of continuous variables was checked with Shapiro-Wilk
and Q-Q plot observations. Continuous variables were
summarized as mean+SD for normally distributed data,
and medians with 25 and 75 interquartile (IQR) ranges
for nonparametric data. When applicable, a comparison
of intakes and serum status of certain nutrients between
participants using supplements containing the nutrient of
interest and those who did not was conducted using in-
dependent samples t-test. Correlations of dietary intakes,
physiological measures and scores on EDE-QS, EAI and
MDDI with number of LEA days were evaluated with

- Q]/ 50f15
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the Pearson's r coefficient for parametric and Spearman's
rank coefficient for nonparametric data. Simple linear re-
gression was applied for graphical illustrations of the best-
fit line.

3 | RESULTS

3.1 | Participants and study flow

A total of 93 (23.5+9.5years) athletes responded to the
online questionnaire. Thereof, three only completed a
small part of it or did not fulfill the eligibility criteria
and were therefore excluded. The remaining 90 par-
ticipants and/or their parents/legal guardians received
an invitation for further participation via email, and 33
accepted. The flow of participants through the study is
summarized in Figure 2. Of those who accepted the in-
vitation, 27 (26.2 + 11.4 years) showed up for the first out
of two laboratory visits. All returned to the second visit
for measurements on resting metabolic rate (RMR) but
seven did not follow instructions of arriving in a fasted
state and therefore their RMR could only be estimated.

e e = = = 9]
QUESTIONNAIRE INVITATION FOOD & TRAINING
(LEAM-Q + RESPONSES LAB VISIT 1 LOGS BETWEEN LAB VISIT 2
DEMOGRAPHIC) VISITS (MOBILE APP)
Seven-day photo
Complgte response Accggted and « Body composition assisted v?lle‘i)ghed food Resting metabolic rate
andiinvited:to participated (DXA) and training records (RMR)
measurements n=27 « Blood samples 9
n=90 « EDE-QS 6-7 days completed Valid/fasted measures
« EAl n=20 n=20
Incomplete Accepted but then . MDDI -
response or eligbility cancelled or did not « Mobile application No records n=3 Non-fasted/not valid
criteria not met Sh%W up instructions <5 days recorded n=4 n=7
L n=3 ) L n= ) L ) J \ J

\V4

AV

Respondents' sport groups

(Total n=93) (Total n=27)

Participants' sport groups

Participants with 6-7 days
registered (Total n=20) Excluded from
analyses due to age

n=1

Ball n=38 (40.8%)
Endurance n=18 (19.4%)
Technical n=11 (11.8%)
Aesthetic n=9 (9.7%)
Power n=9 (9.7%)
Weight-class n=8 (8.6%)

Ball n=7 (26.0%)
Endurance n=8 (29.6%)
Technical n=0
Aesthetic n=4 (14.8%)
Power n=4 (14.8%)

Weight-class n=4 (14.8%)

Ball n=2 (10.0%)
Endurance n=7 (35.0%)
Technical n=0

Aesthetic n=4 (20.0%)
Power n=4 (20.0%)
Weight-class n=3 (15.0%)

e

RMR only predicted
n=4

FIGURE 2 Flow of participants through the study. LEAM-Q: Low Energy Availability in Males Questionnaire; DXA: dual energy x-ray
absorptiometry; EDE-QS: Eating Disorder Examination-Questionnaire short; EAI: exercise addiction inventory; MDDI: muscle dysmorphic
disorder inventory. Ball sports: football, handball, basketball, volleyball, table tennis, badminton; Endurance: middle to long distance
running, swimming, cycling, triathlon; Technical: golf, horse riding, archery; Aesthetic: gymnastics, ballroom dancing, ballet; Power:

sprinting, throwing, and jumping events, alpine skiing; Weight-class: powerlifting, weightlifting, taekwondo, judo.
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Finally, 24 started the food and training registrations
in the app and 20 had six or seven complete days regis-
tered. One was excluded from the analyses due to physi-
ological effects of age (>50years). Of the remaining 19
(26.5+10.3years), 15 had a valid RMR measurement.
While majority of those who responded to the online
questionnaire were ball sport athletes, they became a
minority among those who completed all parts of the
study. Moreover, no athlete from technical sports con-
tinued to the measurement phase.

3.2 | Energy availability and
dietary intakes

For the 19 eligible athletes with 6-7days registered in
the app, the number of LEA days (EA <25kcal/kg FFM)
ranged between 0 and 5; Odays (n=6), 1day (n=4),
2days (n=3), 3days (n=1), 4days (n=3), and 5days
(n=2). Average EA and relative macronutrient intakes
are summarized in Table 1 and individual plots showing
day-to-day patterns of EA and macronutrient intakes are
shown in the File S1. Typical number of weekly training
hours, derived from questionnaire, were 13.0 + 5.0 (range:
7.5-26), while average training hours registered in the
app were 11.1+6.0 (range: 4-25). Number of LEA days
were inversely correlated with EA, with lowest mean EA
observed in those with 4-5days of LEA (Figure 3a). In
contrast, EEE was positively correlated with the number
of LEA days, with mean EEE >1000kcal/day for all ath-
letes with 4-5days of LEA (Figure 3c) while their energy
intakes ranged from ~2100 to 3250kcal/day (Figure 3b).
Absolute carbohydrate intake was also inversely corre-
lated with the number of LEA days (Figure 3d) but be-
came non-significant after adjusting for total bodyweight
(r=-0.292, p=0.224). Of evaluated micronutrient in-
takes, a significant inverse correlation was found between
iron intakes and number of LEA days (Figure 3h) but not
the other nutrients.

Vitamin D supplements were used by nine and their
total vitamin D intakes averaged at 19.9 + 8.8 pg compared
to 6.3+2.1pg in those 10 that did not take vitamin D sup-
plements (p < 0.001). Five used vitamin supplements with-
out vitamin D, six minerals and/or electrolytes, and two
used supplements with iron. Most (n=15) reported using
one or more type of supplemental protein; protein en-
riched dairy drinks (n=10), protein powder (n=7), and/
or protein snacks (n==8). Moreover, five reported using
caffeine-rich energy or pre-workout drinks, five ergogenic
aids (e.g., creatine), and seven exogeneous carbohydrates
(e.g., gels or powders). Visual inspection did not reveal
any trends in supplement patterns based on LEA days.

3.3 | Body composition and
physiological outcomes

Physiological characteristics and nutrition status of
participants are presented in Table 2. None of the body
composition nor any of the other physiological meas-
ures were associated with the number of LEA days
(Figure 4). Moreover, no participant had clinically low
levels of testosterone but one, with four LEA days, had
sub-clinically low levels (11 nmol/L) (Figure 4a). That
athlete also had serum iron below the reference value,
and low TSAT but did otherwise not display any other
objective REDs symptoms. Highest Z-scores for whole
body BMD were observed among athletes with 0days
of LEA, but no athlete had score <—1 (Figure 4b).
Moreover, no athlete had low ferritin levels while three
had low levels of Fe and four TSAT <20% (Figure 4c).
RMR ratio was <0.90 for one athlete which had one
LEA day but no trends for associations of RMR ratio
with number of LEA days were detected (Figure 4d).
Serum 25(OH)D concentrations were below what has
been recommended for athletes (<80nmol/L) in 10 out
of the 19, but none had vitamin D deficiency or insuf-
ficiency. 25(0OH)D did not differ between those who
reported using vitamin D supplements and those who
did not (72.3+10.5 vs. 84.6+18.1nmol/L, p=0.089).
None had TSH below reference range but four margin-
ally exceeded the upper reference value. No athlete had
IgA, calcium, and magnesium levels outside reference
ranges, but two exceeded the reference range for vita-
min B12.

Occurrences of negative self-reported symptoms,
among all 90 athletes that responded to LEAM-Q, are
summarized in the File S2 (Table S1). Of the 19 athletes
that participated in all parts of the study, five had a low
sex drive according to LEAM-Q (two with 0 and the re-
maining three with 1, 2, and 4 LEA days) with all but one
<18years old. The one athlete with sub-clinically low tes-
tosterone rated his sex drive as high.

3.4 | Bodyimage

The median EDE-QS score was 2.0 (IQR: 1.0-5.0), with
none exceeding the cutoff. However, those displaying
most DE symptoms had >2 LEA days (Figure 5a). In ac-
cordance, the highest EDE-QS score was 10, displayed by
one aesthetic (four LEA days) and one ball sport (two LEA
days) athlete. The mean MDDI score was 27.9 + 8.8 (range:
14-47) and two exceeded the cutoff. The mean EAI score
was 18.6 +4.7 (range: 9-27) and three were considered at
risk, thereof one of those exceeding the MDDI cutoff. No
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TABLE 1 Mean energy availability

and dietary intakes of the 19 participants Reference n (%) below
. Ty X P P Mean + SD Range values® reference
with 6-7 days registered.
Energy availability (kcal/  33.4+11.8 11.6-57.0 25.0 4(21.1)
kg FFM)
Exercise energy 758 £402 269-1562 - -
expenditure (kcal)
Energy intake (kcal)
Kcal 2799+ 531 2075-3705 - -
Kcal from supplements ~ 175+144 0-502 - -
Carbohydrate intake
g 285+70 147-389 = =
g/kg 40+1.1 1.9-6.6 4.0 11 (57.9)
g from sport foods/ 21.0+24.1 0-91 - -
supplements
Protein intake
g 145+39 78-227 - -
g/kg 2.0+0.5 1.3-3.3 1.5 4(21.1)
g from sport foods/ 15.7+16.7 0-55.0 - -
supplements
Fat intake
g 111429 73-191 - -
g/kg 1.6+0.5 1.0-2.5 - -
g from sport foods/ 3.0+2.7 0-10.5 - -
supplements
Fiber intake
g 23.6+6.7 12.6-34.5 25.0 8(42.1)
g/kg 0.3+0.1 0.2-0.5 - -
g from sport foods/ 0.7+1.0 0-2.9 - -
supplements
Vitamin D intake (pug)
Total 12.8+9.2 3.4-35.7 15.0 14 (73.7)
From supplements 6.4+8.7 0-27.8 - -
Iron intake (mg) 14.8+4.9 8.4-25.0 9.0 2(10.5)
Folate intake (pg) 338+99 170-653 300 5(26.3)
Vitamin B12 intake (pg) 6.5+3.5 2.7-18.9 32 1(5.3)

Note: Data presented as means with standard deviations (SD) and value ranges (min-max). Reference
values and percentage of participants below the reference are also provided when applicable.

“The lower end of athlete specific recommendations for energy availability, carbohydrate, and protein
intake in male athletes. Reference values for fiber, vitamin D, iron, folate, and vitamin B12 are derived
from the Icelandic and Nordic nutrition recommendations.

correlations were found between the number of LEA days ~ Subsequently, associations of the number of LEA days
and scores on EDE-QS, EAI, and MDDI (Figure 5a-c). with dietary intake, physiological measures, and body
image concerns were evaluated. The number of LEA
days were associated with higher EEE, and inversely

4 | DISCUSSION with intakes of total energy, carbohydrates, and iron.
Neither intakes of other nutrients, nor any of the physi-
This study aimed to assess occurrences of LEA ex- ological and body image measures were associated with

posures in males from various sports over 7days. the number of LEA days.
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(a) Energy availability (b) Energy intake FIGURE 3 Correlations between
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4.1 | Energy availability and
physiological outcomes

The weekly mean EA averaged at 33kcal/kg FFM/day
with four having mean values below 25, and additional
two or in total around 30% below 30kcal/kg FFM/
day which is similar to earlier investigations assessing
3-7days of EA in male populations (Jurov et al., 2021;
Lane et al., 2019, 2021). Previous cross-sectional inves-
tigations have reported no to inconclusive associations
between mean EA and proposed biomarkers of REDs

(Jurov et al., 2021; Lane et al., 2021). None of the ath-
letes in this study had continuously low EA throughout
the registered week (i.e., all 6-7days). However, males
with highest EEE appeared to have greatest number of
LEA days. For example, there were cases of participants
with mean daily EEE of up to 1500 kcal while their reg-
istered energy intakes marginally exceeded 2000 kcal on
average, consequently resulting in low calculated EA.
This agrees with a recent study describing vast day-to-
day EA fluctuations in male cyclists, where high EEE
were often insufficiently compensated by energy intakes
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TABLE 2 Physiological characteristics and nutrition status of
the 19 participants with 6-7 days of food and training registrations.

Mean + SD Range
Weight (kg) 72.9+11.8 55.4-101.4
BMI (kg/m?) 22.4+2.6 18.4-29.6
DXA FFM (kg) 60.5+8.9 45.0-75.6
FFMI (kg/m?) 18.6+1.8 15.2-22.1
DXA Fat mass (kg) 9.6+3.5 5.1-21.7
DXA Body fat % 11228253111 8.2-21.4
DXA Whole body BMD Z-score 0.78+1.14 —0.7t0 3.4
RMR (kcal)* 1928 +177 1556-2242
RMR ratio™” 1.07+0.13 0.86-1.31
Testosterone (nmol/L) 20.5+6.1 11.0-33.0
TSH (mU/L) 23+13 0.8-4.6
IgA (g/L) 2.0+0.8 0.7-3.5
Fe (pmol/L) 19.6+8.6 4.0-39.0
Ferritin (pg/L) 115+ 60 34-243
TIBC (pmol/L) 52.9+6.4 41-67
Transferrin saturation (%) 38.1+18.7 7.8-80.5
Vitamin 25(0H)D (nmol/L) 78.8+15.9 58.0-112.0
Calcium (mmol/L) 24+0.1 2.3-2.7
Magnesium (mmol/L) 0.9+0.1 0.8-1.0
Vitamin B12 (pmol/L) 468 +168 196-899

Note: Data presented as means with standard deviations (SD) and value
ranges (min-max).

Abbreviations: BMD, bone mineral density; BMI, body mass index; DXA,
dual energy x-ray absorptiometry; Fe, iron; FFM, fat free mass; FFMI, FFM
index; IgA, immunoglobulin A; TIBC, total-iron-binding-capacity; TSH,
thyroid stimulating hormone.

“Resting metabolic rate (RMR) measured via indirect calorimetry (valid
measure available for 15 participants).

bCalculated RMR ratio: measured RMR/estimated via the Cunningham
formula.

(Taylor et al., 2022). It is likely that such mismatches, if
frequently repeated over time, would become problem-
atic. What remains to be defined is indeed the duration
and degree of LEA resulting in disrupted physiological
function and sport performance. Accordingly, only a
few days of LEA exposures have been found to impact
health and performance in females (Melin et al., 2023;
Oxfeldt et al., 2023; Papageorgiou et al., 2017). The ab-
sent associations of the number of LEA days and the ob-
jective outcomes of interests indicate that REDs occurs
after longer and/or more drastic LEA exposures in males
versus females. In accordance, intervention studies on
males have reported that physiological complications
(i.e., problematic LEA) are primarily observed at the
more extreme ends (Jurov, Keay, & Rauter, 2022; Sim
et al., 2024). A recent study on 12 trained to well-trained
male endurance athletes used a three-stage intervention
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with 14days at each stage (EA reduced by 25%, 50%,
and 75% from baseline) and one-month wash-out pe-
riods. They concluded that there was no evident cutoff
but rather an EA range between 9 and 25kcal/kg/FFM/
day where detrimental effects occurred in their sample.
Another interesting finding of that study was also that
the athletes’ wellbeing and performance were impacted
before hormone concentrations decreased (Jurov, Keay,
Spudi¢, & Rauter, 2022). Thus, the use of subjective
measures may aid early detection of REDs. That partly
contradicts with the finding that generated scores, other
than those related to sex-drive, for the newly developed
LEAM-Q are currently considered ineffective in identi-
fying REDs cases (Lundy et al., 2022). Here we found
no associations between the sex drive score and number
of LEA days, perhaps because that score was validated
in males >18years of age while most of those defined as
having low sex drive in the current study were <18years
old. As summarized in the supplement to this paper
undesirable symptoms related to perceived wellbeing
were prevalent in the larger RED-I study. Future stud-
ies, accounting for age and sport-specific factors may aid
further development of valid screening tools for males
(Lundy et al., 2022). Moreover, as the IOC recently pub-
lished an updated clinical assessment tool or REDs CAT2
(Mountjoy et al., 2023; Stellingwerff et al., 2023), the
present study may be replicated using the newly defined
primary and secondary indicators. To date, one study
on female football players only has assessed the risk of
REDs according to REDs CAT2 (Dasa et al., 2024).

4.2 | Dietary intakes and nutrition status
Continuous or prolonged LEA is not only related to subop-
timal total energy intakes but also increases likelihood of
low macro- and micronutrient intakes (Jordan et al., 2020;
Vardardottir et al., 2024). That trend was indeed seen for
carbohydrate, fiber, and iron intakes in the current study,
but chronically low intakes of those and other nutrients
would undoubtedly pose a threat to both health and per-
formance (Jordan et al., 2020; Logue et al., 2018). Low
carbohydrate availability, especially, has been suggested
to increase the risk of REDs (Fensham et al., 2022; Jagim
et al., 2022; McKay et al., 2022; Vardardottir et al., 2024).
Absolute but not relative carbohydrate intakes were sig-
nificantly associated with the number of LEA days in this
study. Moreover, as for total energy intakes the athletes had
considerable between-day fluctuations in carbohydrate
intakes. From screening the dietary and training records it
also appeared that some of the athletes with highest num-
ber of LEA days often used exogeneous carbohydrates to
fuel long training sessions. Such compensatory behaviors
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FIGURE 5 Correlations between number of low energy availability (LEA; EA <25kcal/kg fat free mass) days and (a) Eating Disorder
Examination-Questionnaire Short (EDE-QS), (b) Muscle Dysmorphic Disorder Inventory (MDDI), and (c) Exercise Addiction Inventory
(EAI). Dotted lines represent the questionnaires’ cutoffs. Correlations presented as Spearman's rank coefficients for EDE-QS and Pearson

coefficients (r) for MDDI and EAIL

or strategies could theoretically mitigate the risk of REDs
(Podlogar & Wallis, 2022).

There is limited to absent evidence for direct causal
relationships between micronutrient status and REDs,
although intakes from foods and dietary supplements
are among contributors to blood concentrations of vita-
min D, iron, and other micronutrients. Thus, sufficient
nutrition status may be regarded as a protective factor
while insufficiencies are likely to exacerbate the conse-
quences of REDs (Jordan et al., 2020). Apart from three
males having low serum iron and four low TSAT, no

evident nutrient deficiencies were observed. The prev-
alence of iron deficiency has been estimated to be 5%-
11% in male athletes (Sim et al., 2019). The athlete with
sub-clinically low testosterone also presented low serum
iron and TSAT, but we have previously reported associa-
tions between iron status and testosterone (Vardardottir
et al., 2023). Importantly though, both testosterone and
iron status are not only influenced by dietary intakes,
but also exercise-related factors and adaptive mech-
anisms (Hackney, 2020; Sim et al., 2019). Vitamin D
plays a major role for health and performance, while
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suboptimal status may further induce negative impact
of REDs on bone health (Todd et al., 2015). A recent
meta-analysis of eight studies reported no significant
sex differences in the prevalence of vitamin D insuffi-
ciency (<50nmol/L) in elite athletes (male range: 0%—
62%, female range: 0%-83%) (Harju et al., 2022). In
contrast with results of our female study where approxi-
mately 20% had vitamin D insufficiency or deficiency no
athlete in the present study was insufficient or deficient
in vitamin D. However, half of them had levels below
the athlete specific recommendation of 80 nmol/L but
this percentage was 75% for the females (Vardardottir
et al., 2024). The visual sex differences may partly be ex-
plained by the fact that only 29% (12 out of 41) in the
female study supplemented vitamin D compared to a
half of the males in this study. In addition, most male
athletes were measured in the summer to early autumn,
but most females came in the spring and early summer.
Seasonal variation must therefore also be considered
(Backx et al., 2017).

4.3 | Bodyimage concerns in males
Negative body image and DE behaviors are known
risk factors of REDs (Mountjoy et al., 2023; Torstveit
et al., 2019; Vardardottir et al., 2023). The reported inci-
dence of ED is 0%-19% in male athletes and is generally
found to be lower than in females (Oevreboe et al., 2023;
Sundgot-Borgen & Torstveit, 2004). However, much
less focus has been placed on body image concerns and
associated psychological traits in males. As addressed
previously body image concerns are multifactorial but
commonly used screening instruments are largely female
centric (Vardardottir et al., 2023). A recent study on male
and female Norwegian athletes reported a higher preva-
lence of obsessive-compulsive disorder (OCD) or related
disorders (18.9%; females 22.2%, males 15.4%) than ED
(5.7%; females 11.1%, no male) based on a diagnostic in-
terview. However, a slightly higher percentage or 8.5%
exceeded the EDE-QS cutoff. A total of ~14% and three
out of four with OCD had a body dysmorphic disorder in
that study (Oevreboe et al., 2023). That is in good agree-
ment with our previous publication where we reported
that 8.4% of the 83 participants (6/56 females, 1/27 males)
who started the measurement phase of the RED-I study
exceeded the EDE-QS and 13.3% the MDDI cutoff (eight
females, three males). There we also reported significant
associations of the MDDI scoring with calculated scores
for fitness (assessing occurrence of symptoms such as bod-
ily and muscle pains or stiffness, injury vulnerability, and
physical exhaustion) and sleep on LEAM-Q in the males
(Vardardottir et al., 2023).
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Although none of the athletes included in the present
investigation exceeded the EDE-QS cutoff a few reported
symptoms such as strong desire to lose weight and/or that
they feared gaining weight. All athletes with <1 LEA days
scored low on EDE-QS while highest scores were found
for individual athletes with two to five LEA days. This
suggests that body image concerns might to some extents
have influenced dietary intakes and/or exercise behav-
iors, and consequently EA as well. The MDDI scores were
more spread with one athlete with zero and one with two
LEA days exceeding the cutoff. Some features are shared
between restrictive ED and muscle dysmorphia, includ-
ing leanness focus, fear of gaining body fat and adherence
to excessive exercise and dietary behaviors. Therefore,
one does not necessarily rule out the other (Lichtenstein
et al., 2022; Vardardottir et al., 2023). Importantly, MDDI
and similar screening tools for muscle dysmorphia have
primarily been validated among bodybuilders and habit-
ual exercisers but not specially in athletic populations
(Cooper et al., 2020; Hildebrandt et al., 2004). More rig-
orous qualitative studies could aid understanding of how
multifaceted body image concerns present in male ath-
lete populations and how they may contribute to the de-
velopment of REDs (Oevreboe et al., 2023; Vardardottir
et al., 2023).

Finally, scoring on EAI was not associated with num-
ber of LEA days, but other studies have suggested that the
link between compulsive exercise and REDs is mitigated
by the absence of disordered or restrictive eating behav-
iors (Kuikman et al., 2021).

4.4 | Contribution of practical challenges
to the male specific knowledge gap

Males represent only around 20% of athletes included in
REDs investigations worldwide, while their participa-
tion is dominant in other types of sport science research
(Cowley et al., 2021; Mountjoy et al., 2023). The IOC re-
cently urged scientific action to bridge the male-specific
knowledge gap, and increase awareness of REDs in male
athletes (Hackney et al., 2023). Sex differences in athletes'
interest and willingness to participate in research have
been suggested, with females reported to be more inter-
ested in for example, psychological and mental health
outcomes (Nuzzo & Deaner, 2023). The potentially more
female appealing research questions of this project may
partly explain why, despite the authors' intentions of
reaching equal sex participation rates, one-third% of those
who participated in both parts of the study were males.
(Vardardottir et al., 2023). Future concerns include how
scientists can reach the relevant target group, especially
males and ball sports athletes. It could also be argued
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that data driven athletes with high health literacy, and/or
those who can afford the time and manage the logistics of
a study are most likely to participate, resulting in a volun-
teer bias (Tripepi et al., 2010). Another potential influen-
tial factor in the present and similar studies is the interest,
availability, and attitudes of parents/legal guardians and
even coaches or other team members. Accordingly, the
mean age increased from 23.5 to 26.5years between the
study parts, with 14 out of the 19 who had sufficient regis-
trations in the app being older than 18years. In contrast,
adolescents (<18years) represented approximately 36%
of the 90 athletes with complete response to the online
questionnaire.

4.5 | Study limitations

A few limitations apply to this and other studies using a
similar design. This includes that a week of EA assess-
ments only provides a snapshot of individuals' lives and
does not provide information on past LEA exposures nor
between-week variations. Another limitation is the rela-
tively low number of athletes with sufficient dietary and
training records to be included in the main analyses. It
should also be mentioned that the athletes did not par-
ticipate during predefined training seasons, but EEE com-
monly varies between seasons and this limitation could
thus have interfered with the analyses. In addition, despite
advantages of using photo-supported mobile applications
for dietary and training registrations, some errors are near
inevitable, for example, due to the possibility of under- or
overreporting. The reporting of max HR during training
session was optional (as its measurement is not always al-
lowed and/or practical during training and competitions)
which may have made the EEE evaluation via assigned
METs less accurate in athletes who did not report this.
However, that limitation was partly compensated for by
accounting for measured RMR. The athletes did not re-
spond to LEAM-Q at the same time they participated in
the measurement phase, and thus it is possible that some
would have responded differently to the sex-drive items if
the questionnaire had been administered at the time as the
other data collection or repeated at that time. Other limi-
tations of the greater RED-I project have been thoroughly
outlined elsewhere (Vardardottir et al., 2023, 2024).

5 | CONCLUSION AND FUTURE
DIRECTIONS

Considerable day-to-day EA fluctuations but not con-
tinuously low EA were observed in participants of this

study. We did not find any associations between the num-
ber of LEA days with the physiological and body image
outcomes, although those with greatest number of LEA
days had highest EEE but relatively low dietary intakes.
These findings must be confirmed by more robust studies,
preferably including more male specific REDs markers or
indicators. In a wider context, the evident male specific
knowledge gap on REDs can only be adequately filled by
considerable contribution from all stakeholders, includ-
ing scientists, practitioners, and athletes themselves. Joint
efforts can drive the advancement of our understanding
on REDs in male athletes, fostering a healthier, more in-
formed athletic community.
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Table S1. continued.

Table S1. Prevalence of negative or undesirable symptoms based on responses to the Low
Energy Availability in Males (LEAM-Q). Data presented as percentage of all males (n=90) in the
RED-I study reporting that they often (several times a week to always) had a given negative

symptom or rarely-to-never had a positive symptom.

%

Dizziness

Often Feeling dizzy or ligtheaded when rising quickly
Often Problems with vision (e.g., blurring, seeing spots, tunnel vision)
Gastrointestinal symptoms

Often Feeling gaseous or bloated in the abdomen
Often Cramps or stomachache

Bowel movements every other day or less often
Normal stool: Diaorrhea like (watery)

Normal stool: Hard and dry

Thermoregulation at rest

Often Feeling very cold even when normally dressed
Often Dressed more warmly than companions regardless of weather
Fatigue

Often Feeling tired from work or school

Often Feeling overtired

Often Unable to concentrate well

Often Feeling lethargic

Often Put off making decisions

Fitness

Often Body parts are aching

Often Muscles feel stiff or tense during training
Often Muscle pain after performance

Often Feeling vulnerable to injuries

Often Having headache

Often Feeling physically exhausted

Rarely/never Feeling strong and making good progress with strength training

7.8
4.4

133
2.2
6.7
2.2
1.1

6.7
111

26.7
244
16.7
7.8

211

27.8
14.4
6.7

10.0
6.7

14.4
21.1




Table S1. Continued

Sleep

Rarely/never Getting enough sleep

Rarely/never Falling asleep satisfied and relaxed
Rarely/never Waking up well rested

Often Sleeping restlessly

Often Sleep is easily interrupted

Average (absolute range) hours slept per night in the past month
Recovery

Rarely/never Recovering well physically

Rarely/never Feeling in good physical shape

Rarely/never Achieving deserved progress in training and competition
Rarely/never Body feels strong

Energy levels

Rarely/never Feeling very energetic in general

Rarely/never Feeling invigorated for training sessions and
ready to perform well

Rarely/never Feeling happy and on top of life outside sport
Often Feeling down and less happy than usually or desired
Sex drive

General sex drive: low

General sex drive: not very interested in sex

Sex drive in the past month a little less than usual

Sex drive in the past month much less than usual

Morning erections 1-2 times per week in the past month
Morning erections rarely or never in the past month

Weekly morning erections in past montbh little less than usual
Weekly morning erections in past month much less than usual

17.8
14.4

26.7

17.8

17.8

7.5 (4.5-9.5)

18.9
6.7

21.1
14.4

20.0
17.8

14.4
11.1

16.7
6.7
111
5.6
36.7
20.0
10.0
3.3




Number of acute injures in past 6 months
None
1-2
3-4
Number of overload injuries (same reoccuring overload injury counts as a
new injury for every new period) in past 6 months
None
1-2
3-4
5 or more
Number of training breaks due to illness in past 6 months
None
1-2
3-4
5 or more
Max days in a row absent from training/competition or not able to perform
optimally due to an injury or illness in past 6 months
Acute injury
None
1-7 days
8-14 days
15-21 days
22 days or more
N/A
Overload injury
None
1-7 days
8-14 days
15-21 days
22 days or more
N/A
lliness
None
1-7 days
8-14 days
15-21 days
22 days or more
N/A

56.7
35.6
7.8

54.4
311
8.9
5.6

46.7
45.6
33
4.4

53.3
233
7.8
4.4
5.6
5.6

51.1
28.9
2.2
6.7
33
7.8

4.4
41.1
4.4
4.4
1.1
4.4

Outcomes based on responses to the Low Energy Availability in Males Questionnaire

(LEAM-Q).
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Appendix A: Characteristics of all eligible respondents and summary of
responses to individual items on the LEAF-Q and LEAM-Q,
presented by sex.

Table Al. Self-reported characteristics of all 212 eligible athletes.

Females (n=122) Males (n=90)
Age 20.0 (17.0-27.0) 20.0 (17.0-27.0)
Age <18 years, n (%) 46 (37.7) 32 (35.6)

Sport group, n (%)

Ball 45 (36.9) 38 (42.2)

Endurance 32 (26.2) 17 (18.9)

Aesthetic 14 (11.5) 8(8.9)

Weight-class 12 (9.8) 8(8.9)

Power 10(8.2) 9(10.0)

Technical 9(7.4) 10(11.1)
Weight (kg) 63.5 (56.3-72.0) 85 (67.8-84.0)
Height (cm) 169.5 (164-174) 181 (177.4-186)
BMI (kg/m?) 22.4 (20.3-24.8) 22.8(21.3-24.3)

BMI <18.5, n (%) 4(3.3) 0

BMI 18.5-20.0, n (%) 19 (15.6) 10(11.1)

BMI 20.0-25.0, n (%) 73 (59.8) 62 (68.9)

BMI 25.0-30.0, n (%) 19 (15.6) 16 (17.8)

BMI >30.0, n (%) 7(5.7) 2(2.2)

Continuous variables presented as medians and interquartile range (IQR, 25p-75p). BMI: Body
Mass Index, Ball: football, handball, basketball, volleyball, badminton, table tennis; Endurance:
middle to long distance running, cycling, swimming, triathlon; Aesthetic: ballroom dancing,
gymnastics, figure skating, ballet; Weight-class: powerlifting, weight lifting, wrestling, judo,
taekwondo, Brazilian jiu jitzu; Power: sprinting, throwing, and jumping events, alpine skiing;
Technical: golf, horse riding, archery.



Table A2. Prevalence of negative or undesirable symptoms based on the LEAF-Q and LEAM-Q derived
items. Data presented as percentage of all females (n=122) and males (n=90) reporting that they often
(several times a week to always) had a given negative symptom or rarely-to-never had a positive symptom.

Females (%) Males (%)

Dizziness
Often Feeling dizzy or ligtheaded when rising quickly 36.1 7.8
Often Problems with vision (e.g., blurring, seeing spots, tunnel vision) 21.3 4.4

Gastro-intestinal symptoms
Often Feeling gaseous or bloated in the abdomen 23.8 13.3
(females: also when not having your period)

Often Cramps or stomachache (females: not related to your period) 9.0 2.2
Bowel movements every other day or less often 17.2 6.7
Normal stool: Diaorrhea like (watery) 4.1 2.2
Normal stool: Hard and dry 6.6 1.1
Thermoregulation at rest
Often Feeling very cold even when normally dressed 36.0 6.7
Often Dressed more warmly than companions regardless of weather 23.8 111
Fatigue
Often Feeling tired from work or school 47.5 26.7
Often Feeling overtired 36.9 24.4
Often Unable to concentrate well 35.3 16.7
Often Feeling lethargic 19.7 7.8
Often Put off making decisions 336 21.1
Fitness
Often Body parts are aching 30.3 27.8
Often Muscles feel stiff or tense during training 22.9 14.4
Often Muscle pain after performance 18.1 6.7
Often Feeling vulnerable to injuries 14.8 10.0
Often Having headache 18.0 6.7
Often Feeling physically exhausted 21.3 14.4
Rarely/never Feeling strong and making good progress with strength 4.1 21.1
training
Sleep
Rarely/never Getting enough sleep 131 17.8
Rarely/never Falling asleep satisfied and relaxed 18.9 14.4
Rarely/never Waking upp well rested 36.0 26.7
Often Sleeping restlessly 23.8 17.8
Often Sleep is easily interrupted 21.3 17.8
Average (absolute range) hours slept per night in the past month 7.5 7.5
(3.5-10.0) (4.5-9.5)
Recovery
Rarely/never Recovering well physically 26.3 189
Rarely/never Feeling in good physical shape 10.7 6.7
Rarely/never Achieving deserved progress in training and competition 319 21.1
Rarely/never Body feels strong 18.9 14.4
Energy levels
Rarely/never Feeling very energetic in general 27.9 20.0
Rarely/never Feeling invigorated for training sessions and 24.6 17.8
ready to perform well
Rarely/never Feeling happy and on top of life outside sport 21.3 14.4
Often Feeling down and less happy than usually or desired 21.3 11.1
Sex drive
General sex drive: low 27.0 16.7
General sex drive: not very interested in sex 20.5 6.7
General sex drive: question skipped 2.5 2.2
Sex drive in the past month a little less than usual 14.8 11.1
Sex drive in the past month much less than usual 131 5.6
Sex drive in the past month: question skipped 7.4 3.3
Morning erections 1-2 times per week in the past month - 36.7
Morning erections rarely or never in the past month - 20.0
Weekly morning erections in past month little less than usual - 10.0

Weekly morning erections in past month much less than usual - 33




Table A3. Self-reported menstrual function and contraceptive use in female participants (n=122).

n %
Currently using oral contraceptives 30 24.6
Previous use of oral contraceptives 34 27.9
Currently using other types of hormonal contraceptives 14 11.5
Age at menarche
11 years or younger 9 7.4
12-14 years old 83 68.0
15 years or older 28 23.0
Don’t remember 1 0.8
Never had menstruation 1 0.8
First menstruation came naturally (by itself) 120 98.4
Currently having normal menstruation 82 67.2
Periods ever stopped for 3 consecutive months or longer (besides pregnancy)
Yes, currently 7 5.7
Yes, has happened before 32 26.2
Menstruation changes when exercise intensity, frequency or duration increases 42 34.4
Outcomes based on responses to the Low Energy Availability in Females Questionnaire (LEAF-Q).
Table A4. Self-reported injuries in female participants (n=122).
n %
Absences from training or competition during the past one year due to injuries
Not at all 51 41.8
Yes, once or twice 41 33.6
Yes, 3-4 times 9 7.4
Yes, 5 times or more 21 17.2
Days absent from training or competition due to injuries in the past one year
1-7 days 20 16.4
8-14 days 16 13.1
15-21 days 8 6.6
22 days or more 27 22.1
NA 51 41.8

Outcomes based on responses to the Low Energy Availability in Females Questionnaire (LEAF-Q).



Table A5. Self-reported injury and illness in male participants (n=90).

n %
Number of acute injures in past 6 months
None 51 56.7
1-2 32 35.6
3-4 7 7.8
Number of overload injuries (same reoccuring overload injury counts as a new
injury for every new period) in past 6 months
None 49 54.4
1-2 28 31.1
3-4 8 8.9
5 or more 5 5.6
Number of training breaks due to illness in past 6 months
None 42 46.7
1-2 41 45.6
3-4 3 33
5 or more 4 4.4
Max days in a row absent from training/competition or not able to perform
optimally due to an injury or illness in past 6 months
Acute injury
None 48 53.3
1-7 days 21 23.3
8-14 days 7 7.8
15-21 days 4 4.4
22 days or more 5 5.6
N/A 5 5.6
Overload injury
None 46 51.1
1-7 days 26 28.9
8-14 days 2 2.2
15-21 days 6 6.7
22 days or more 3 3.3
N/A 7 7.8
lliness
None 40 44.4
1-7 days 37 41.1
8-14 days 4 4.4
15-21 days 4 4.4
22 days or more 1 11
N/A 4 4.4

Outcomes based on responses to the Low Energy Availability in Males Questionnaire (LEAM-Q).
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Appendix B: Responses of female and male
participants to individual EDE-QS and MDDI items
(supplementary tables to paper Il and IlI).

On how many of the past 7 days.....

1.Have you been deliberately trying to limit the amount of food you eat to
influence your weight or shape (whether or not you have succeeded)?

SEA +SCHO SEA+LCHO LEA + SCHO LEA + LCHO
0 days 12 4 7 2
1-2 days 2 4 i 2
3-5days 1 i) i§ 3
6-7 days 1

2. Have you gone for long periods of time (e.g., 8 or more waking hours)
without eating anything at all in order to influence your weight or shape?

SEA +SCHO SEA +LCHO LEA + SCHO LEA + LCHO
O days 15 9 ] 6
1-2 days 2
3-b days
6-7 days

3. Has thinking about food, eating or calories made it very difficult to concentrate
on things you are interested in?

SEA + SCHO SEA + LCHO LEA + SCHO LEA +LCHO
0 days 14 6 7 5
1-2 days 1 2 1
3-5 days 1 g rd
6-7 days B

4. Has thinking about your weight or shape made it very difficult to concentrate
on things you are interested in?

SEA + SCHO SEA +LCHO LEA +SCHO LEA +LCHO
O days 14 [ 6 5
1-2 days 3 2
3-5 days 1 3 1

6-7 days

5. Have you had a definite fear that you might gain weight?

SEA + SCHO SEA +LCHO LEA + SCHO LEA+LCHO
0 days 12 3 4 2
1-2 days 2 3 2 3
3-5days 1 B 3 2
6-7 days 2 1

Figure B1. Responses of females with sufficient food and training registration (n=41) to
individual items on the Eating Disorder Examination — Questionnaire Short (EDE-QS).
Presented as proportion (n) of athletes within energy availability (EA) and carbohydrate
(CHO) groups.SEA + SCHO: Sufficient to optimal EA and sufficient to optimal CHO; SEA +
LCHO: SEA and low CHO; LEA + SCHO: low EA and SCHO; LEA + LCHO: LEA and
LCHO.



On how many of the past 7 days.....

6. Have you had a strong desire to lose weight?

SEA + SCHO SEA + LCHO LEA + SCHO LEA +LCHO

0 days 12 4 6
1-2 days 1 3 2 5]
3-5 days 2
6-7 days 2 3

7. Have you tried to control your weight or shape by making yourself sick (vomit)
or taking laxatives?

SEA + SCHO SEA + LCHO LEA + SCHO LEA + LCHO

0 days 15 9 9 7
1-2 days 1
3-5 days
6-7 days

8. Have you exercised in a drive or compulsive way as a means of controlling your
weight, shape or body fat, or to burn off calories?

SEA + SCHO SEA + LCHO LEA + SCHO LEA + LCHO
0 days 15 7 8 4
1-2 days 2 1 3
3-5 days 1

6-7 days

9. Have you had a sense of having lost control over your eating (at the time you
were eating)?

SEA + SCHO SEA + LCHO LEA + SCHO LEA + LCHO

0 days 12 6 5 4
1-2 days 3 2 2 4
3-5 days 2
6-7 days 1

10. On how many of these days (i.e., days on which you had a sense of having lost
control over your eating) did you eat what other people would regard as
unusually large amount of food in one go?

SEA + SCHO SEA + LCHO LEA + SCHO LEA + LCHO
0 days 13 8 7 7
1-2 days 2 2 1
3-5 days
6-7 days 1

Figure B1. Continued.



Over the past 7 days...

11. Has your weight or shape influenced how you think about (judge) yourself

as a person?

SEA + SCHO SEA + LCHO LEA + SCHO

Not at all 10 4 3
Slightly 5 2 4
Moderately 2 2
Markedly &

12. How dissatisfied have you been with your weight or shape?

SEA + SCHO SEA + LCHO LEA +SCHO

Not at all 9 3 3
Slightly 2 2 5
Moderately 4 3 3
Markedly 1

Figure B1. Continued.

LEA + LCHO

LEA + LCHO



1.1 think my body is too small.
SEA + SCHO SEA + LCHO

Never 4 9
Rarely 9
Sometimes 2
Often
Always

LEA + SCHO

6
3

2.l wear loose clothing so that people cannot see my body.

SEA + SCHO SEA + LCHO

Never 7 B
Rarely 4
Sometimes 2 1
Often 2 3
Always 1

3. I hate my body.
SEA + SCHO SEA + LCHO

Never 10 5
Rarely 1 1
Sometimes 3 3
Often 1
Always

4.1 wish | could get bigger.

SEA + SCHO SEA + LCHO

Never 2
Rarely 4 1
Sometimes 7 5
Often 2 B
Always

5. 1 think my chest is too small.

SEA +SCHO SEA + LCHO

Never 11 6
Rarely 1 1
Sometimes 1 2
Often 2
Always

LEA + SCHO

6

LEA + SCHO

5
3
1

LEA + SCHO

LEA + SCHO

8

LEA + LCHO
6

LEA + LCHO

LEA + LCHO

LEA + LCHO

LEA + LCHO

5

Figure B2. Responses of females with sufficient food and training registration (n=41)
to individual statements on the Muscle Dysmorphic Disorder Inventory (MDDI).
Presented as numbers and proportion of athletes within energy availability (EA) and
carbohydrate (CHO) groups. SEA + SCHO: Sufficient to optimal EA and sufficient to
optimal CHO; SEA + LCHO: SEA and low CHO; LEA + SCHO: low EA and SCHO;

LEA + LCHO: LEA and LCHO.



6. | think my legs are too thin.

SEA + SCHO SEA + LCHO LEA + SCHO
Never 11 8 4
Rarely 1 1 3
Sometimes 2 2
Often
Always 1

7. | feel like | have too much body fat.

SEA + SCHO SEA + LCHO LEA + SCHO

Never 8 i 1
Rarely < 1 5
Sometimes 1 3 2
Often 3 8 1
Always i

8. 1 wish my arms were bigger.

SEA + SCHO SEA + LCHO LEA +SCHO
Never 1 2 4
Rarely 8 1 2
Sometimes 5 5 1
Often 1 1 2

Always

9. lam very shy about letting people see me with my shirt off.

SEA + SCHO SEA + LCHO LEA + SCHO
Never 6 4 8
Rarely 6 2 1
Sometimes 3 2
Often i

Always

10. | feel anxious when | miss one or more workout days.

SEA +SCHO SEA + LCHO LEA + SCHO

Never b 2
Rarely 5 3 3

Sometimes 4 2

Often &
Always 1 2

Figure B2. Continued.

LEA + LCHO

7

LEA + LCHO

i
2
1

LEA + LCHO

1
2
4

LEA + LCHO

LEA + LCHO

1



11. | pass up social activities with friends because of my workout schedule.

Never
Rarely
Sometimes
Often
Always

SEA +SCHO

2

SEA + LCHO

LEA + SCHO
1 2
2
5 3
2
1 2

12. | feel depressed when | miss one or more workout days.

Never
Rarely
Sometimes
Often
Always

SEA + SCHO

2
5
7

SEA + LCHO

LEA + SCHO
2
1L
4 2
2 1
2

LEA + LCHO

LEA +LCHO

13. | pass up chances to meet new people because of my workout schedule.

Never
Rarely
Sometimes
Often
Always

Figure B2. Continued.

SEA +SCHO

=)

4
4
2

SEA + LCHO

LEA + SCHO
il 1
2 2
1

1| 3

LEA+LCHO

1
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