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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.
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etiology and consequences of REDs (Hackney et al., 2023).

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

Problematic (i.e., severe or prolonged) low energy avail-
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
(Thle & 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(OH)D), vitamin B12,
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(OH)D concentrations <30nmol/L were
regarded as deficient, <50 nmol/L as insufficient (Itkonen
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etal.,2021),and <80 nmol/Lasbelowrecommendations for
athletes (Mountjoy et al., 2018; Tuma et al., 2023). Markers
of insufficient iron levels were low Fe (<10 pumol/L), low
ferritin (adolescents <23 pg/L, adults <30pug/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.
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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):

Energy availability =

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 pug)
(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)

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
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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.

= . = = =» 4.)
[ QuesTioNNAIRE | [ INVITATION ) ([ Foobp&TRAINING | [ h
(LEAM-Q + RESPONSES LAB VISIT 1 LOGS BETWEEN LAB VISIT 2
DEMOGRAPHIC) VISITS (MOBILE APP)
Seven-day photo
Complete response Accepted and « Body composition isted e hed food Resting metabolic rate
and invited to participated assisted weighed 100
(DXA) and training records (RMR)
measurements n=27 « Blood samples o
n=90 o .
- EDE-QS 6-7 days completed Valid/fasted measures
. EAI bl 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 shoew up instructions <5 days recorded n=4 n=7
§ =3 J ™ J J J J

N\

AV

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%)

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%)

L

Excluded from
analyses due to age
n=1

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(OH)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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with 6-7 days registered. Mean + SD Range values reference
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 111+29 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 (pg)
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 (ug) 338+99 170-653 300 5(26.3)
Vitamin B12 intake (pg) 6.5+3.5 2.7-18.9 3.2 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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4.1 | Energy availability and (Jurov et al., 2021; Lane et al., 2021). None of the ath-

physiological outcomes

The weekly mean EA averaged at 33 kcal/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

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 6-7days of food and training registrations.

Mean + SD Range
Weight (kg) 72.9+11.8 55.4-101.4
BMI (kg/m?) 224426 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 % 12.9+3.1 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 (umol/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) 2.4+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 <18 years
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



10 of 15
PHYSIOLOGICAL REPORTS 3

american

VARDARDOTTIR ET AL.

The
physiological %&/ Is’gzisgilognca

society’ =

(a) Testosterone (b) Whole body BMD FIGURE 4 Correlations between
40 4 number of low energy availability (LEA;
| r= -00(.512 20 3 . r=-0393 EA <25kcal/kg fat free mass) days with
30 . pRGsE | p=0.096 average (a) serum testosterone, (b) whole
o f . s . [ 2 : . body bone mineral density (BMD), (c)
g 20 f\ § 1 '\ transferrin saturation, and (d) resting
< { : : * N o . = metabolic rate (RMR) ratio. Correlations
10 ’ -1 s ¢ : presented as Pearson coefficients (r) with
5 best-fit lines and 95% confidence bands.
0 -
0 1 2 3 4 5 0 1 2 3 4 5
Number of LEA days Number of LEA days
(c) Transferrin saturation (d) RMR ratio
100 14
r=0.033 r=0.327
80+ p=0.893 1.3 . p=0234 .
e .
- 1.2
g " £ 11 . :
= : s 1
5 : 1.0 o .
* 20 ' . 0.9-
0 0.8
0 1 2 3 4 5 0 1 2 3 4 5
Number of LEA days Number of LEA days
(a) EDE-QS (b) MDDI (c) EAI
15 52 o138 30 = -0.020 .
p=0.190 . : . p=0934 Risk
p=0436 »  PE0SE .
24 . :
10 . . 39 s e
g . . g . : g 18 . U Some symptoms
o o . . o .
n »n . . ' n I
5 26 . . . .
LE] . o 12 ‘
sisie o ‘ . No symptoms
0+ v * 13 T 6
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Number of LEA days Number of LEA days Number of LEA days

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 EAL

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 80nmol/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 cutoft (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 10C 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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