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changes of FUEL—a digital sports
nutrition intervention on REDs
related symptoms in female
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Female endurance athletes are at high risk for developing Relative Energy
Deficiency in Sport (REDs), resulting in symptoms such as menstrual dysfunction
and gastrointestinal (GI) problems. The primary aim of this study was to
investigate effects of the FUEL (Food and nUtrition for Endurance athletes—a
Learning program) intervention consisting of weekly online lectures combined
with individual athlete-centered nutrition counseling every other week for
sixteen weeks on REDs related symptoms in female endurance athletes at risk of
low energy availability [Low Energy Availability in Females Questionnaire
(LEAF-Q) score ≥8]. Female endurance athletes from Norway (n= 60), Sweden
(n= 84), Ireland (n= 17), and Germany (n= 47) were recruited. Fifty athletes with
risk of REDs (LEAF-Q score ≥8) and with low risk of eating disorders [Eating
Disorder Examination Questionnaire (EDE-Q) global score <2.5], with no use of
hormonal contraceptives and no chronic diseases, were allocated to either the
FUEL intervention (n= 32) (FUEL) or a sixteen-week control period (n= 18)
(CON). All but one completed FUEL and n= 15 completed CON. While no
evidence for difference in change in LEAF-Q total or subscale scores between
groups was detected post-intervention (BFincl < 1), the 6- and 12-months
follow-up revealed strong evidence for improved LEAF-Q total (BFincl = 123) and
menstrual score (BFincl = 840) and weak evidence for improved GI-score (BFincl
= 2.3) among FUEL athletes. In addition, differences in change between groups
was found for EDE-Q global score post-intervention (BFincl = 1.9). The reduction
in EDE-Q score remained at 6- and 12- months follow-up among FUEL
athletes. Therefore, the FUEL intervention may improve REDs related symptoms
in female endurance athletes.

Clinical Trial Registration: www.clinicaltrials.gov (NCT04959565).
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1. Introduction

Sustainable and low-cost management of symptoms related to the

syndrome Relative Energy Deficiency in Sport (REDs) is of key interest

in female endurance athletes (1–3) due to the high reported prevalence

of symptoms, ranging from31% to 80% (4–8). The frequent occurrence

of negative health and performance related consequences, including

menstrual dysfunction with associated low bone mineral density and

overuse injuries (3) calls for action. Insufficient energy intake relative

to exercise energy expenditure, often denoted low energy availability

(LEA), is the underlying etiological factor for REDs (3). The

recommended treatment is therefore to increase energy intake,

reduce exercise energy expenditure or a combination of both (9, 10).

However, the evidence of intervention efficacy for the managements

of REDs symptoms is limited and primarily based on case studies

(11–13) and interventions without a control group (14, 15), or in

non-competitive females (16). Successful nutrition interventions have

suggested that future studies implementing strategies to provide more

personalized dietary interventions accounting for food preferences,

dietary patterns across the day, timing of food intake and

macronutrient composition may have the potential to be more

effective (16).

The menstrual cycle is an energy demanding process, involving

hormonal synthesis and follicular development, and eumenorrhea is

recognized as an important health indicator for female athletes (17).

Therefore, menstrual function is a frequently used marker when

screening for LEA and REDs and assessing the safety of female

athletes’ sports participation (4, 10, 18). In fact, it has been

suggested that assessing self-reported symptoms of LEA, including

menstrual function, provides a better assessment of the overall

health status of an athlete compared to a snapshot of current

energy availability, where assessment of dietary intake and exercise

energy expenditure is susceptible to several sources of errors

(6, 19, 20). The Low Energy Availability in Females Questionnaire

(LEAF-Q) (4), where the main emphasis is laid on menstrual

function, is one of the most frequently used screening tools for

detecting female athletes at risk of LEA and REDs (20). The

LEAF-Q is validated in endurance athletes (4) and this is also

where one of the highest prevalence of menstrual dysfunction is

reported in sports ranging from 0% to 20% for primary

amenorrhea (late menarche), 0%–56% for secondary amenorrhea

(no bleeding for minimum of three consecutive menstrual cycles),

and 0%–39% for oligomenorrhea (<9 menstrual bleedings per

year), depending on the diagnostic method used (21). Although

the infertility associated with menstrual dysfunction in athletes

may be transient (22), prolonged or severe LEA and the multiple

metabolic and endocrine alteration associated with menstrual

disturbances e.g., elevated cortisol and lowered estradiol, insulin

and T3 levels can have serious negative impact on bone health via

an estrogen-dependent and estrogen-independent pathway, which

may be irreversible (23, 24). Low bone mineral density constitutes

an increased risk for bone stress injuries, resulting in long

absences from sport participation (25, 26), emphasizing the need

for prevention at all levels (27).

Negative gastrointestinal tract function has also been associated

with LEA and REDs (3). More specifically, persistent LEA can
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result in mucosal atrophy characterized by diminished intestinal

function and morphological changes including decreased villous

height, crypt depth, surface area, and epithelial cell numbers

(28). In addition, LEA and REDs have been associated with an

excessive dietary fiber intake among female endurance athletes

(29). The gastrointestinal problems may appear as delayed gastric

emptying, bloating, constipation, and increased intestinal transit

time (3). Gastrointestinal problems, commonly reported by

endurance athletes, may not only be detrimental to health and

quality of life, but also to athletic performance (30, 31).

As formulated by Ackerman et al. (32) “It is time for a drastic

paradigm change in women’s sport, coupled with education at all

levels to improve the long-term health and athletic achievement of

female athletes” [(32), p.1 line 15–19]. One of the proposed steps

in the management of REDs is to raise awareness of the negative

effects of LEA so athletes can make wise decisions for their own

long-term health (32). In essence, inadequate knowledge of

optimal sports nutrition and the negative health and performance

consequences of LEA, coupled with a normalization of REDs

symptoms, e.g., menstrual dysfunction, appears to be frequent

underlying causes of LEA (33, 34). Though, adequate nutrition

knowledge is necessary for optimal nutrition habits, it may not be

a sufficient factor for ensuring a true change in nutritional

behavior in athletes (35). Furthermore, motivation, enabling, and

supporting athletes have been identified as additional components

necessary for changes in nutritional behavior (33). We have

previously reported strong evidence for improved sports nutrition

knowledge along with weaker evidence for increased energy intake

in female endurance athletes with risk of REDs after a 16-week

sports nutrition intervention, consisting of online sports nutrition

lectures combined with individual athlete-centered nutrition

counseling (the FUEL study) (36).

Parallel to measure physiological symptoms that may be

affected by a nutrition intervention, it is important to monitor

psychological symptoms associated with LEA. This includes

eating disorder symptoms. Nutrition education and counseling

have been reported to increase eating disorder symptoms in

young ballet dancers (37, 38). Hence, although LEA and REDs

occurs frequently without disordered eating behavior or eating

disorders (39–41), one may fear that a nutrition intervention

aiming at increasing energy intake may pose a risk for the

development of eating disorders in an already high-risk group

(42). Furthermore, there is a reported association between

symptoms of eating disorders and exercise addiction (43) and

REDs may therefore be associated with exercise addiction in

endurance athletes (39, 44).

Therefore, the primary aim of the present analysis was to

investigate immediate effects (pre-post intervention) and long-

term changes (6- and 12-months follow-up) of the FUEL

intervention study, on common symptoms associated with REDs;

menstrual and gastrointestinal function and injuries. Secondary,

the aim was to investigate any symptoms related to the risk of

eating disorders and exercise addiction. Specifically, the goal of

this analysis was to investigate whether the LEAF-Q, Eating

Disorder Examination (EDE-Q), and Exercise Addiction

Inventory (EAI) scores change differently from the pre- to
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postintervention in the intervention group compared to the control

group, and to investigate how the symptoms develop up to 12-

months follow-up in the intervention group.
2. Methods

The study design, recruitment process, and intervention

content have been described in detail elsewhere (36). The study

was approved by the regional ethics committee in Norway

(31,640), Sweden (2019-04809), and by the Norwegian Centre for

Research Data (968,634) and registered at www.clinicaltrials.gov

(NCT04959565). Originally, the study was planned and approved

to include a wide range of REDs related clinical biomarker

measurements and a control group prior to initiation of the

intervention. Due to the COVID-19 pandemic the first round of

recruitment had to be cancelled. Further, since all physical

contact with the participants was prohibited, the final design and

measures are strongly influenced by the pandemic restrictions.

Consequently, all medical procedures were excluded in the final

research plan, thus, the study did not need an additional ethical

approval at the other study sites (Germany and Ireland).
2.1. Study design

This was a multicenter study recruiting female endurance athletes

from Norway, Sweden, Ireland, and Germany. Athletes were

seasonally allocated to the FUEL intervention (FUEL) or a control

condition (CON). The intervention group received weekly online

lectures in sports nutrition combined with individual athlete-

centered nutrition counseling with an experienced sports

nutritionist for sixteen weeks. The control group received no

lectures or counseling. The study was initiated with a screening

phase, where athletes completed an online survey via the data

collection tool Nettskjema that was connected to the safe Services

for Sensitive Data (TSD) platform (University of Oslo). In this part

of the study, athletes provided background information and

completed the LEAF-Q (4), EDE-Q (45), and the Exercise

Addiction Inventory (46). Athletes with risk of LEA, defined as a

LEAF-Q score ≥8 (4), and low risk of disordered eating behavior,

defined as an EDE-Q global score <2.5 (47), were invited to

participate in the study. Athletes completed the same questionnaires

after the 16-week FUEL/CON condition. In addition, the FUEL

intervention group completed a 6- and 12-months follow-up

answering the LEAF-Q, the EDE-Q, and the EAI. Other

assessments included in the study, including diet and training log,

has previously been described and analyzed (36).
2.2. Eligibility criteria

Eligibility criteria for the study were (1) competitive female

endurance athlete, (2) 18–35 years of age, (3) training ≥5 times/

week, (4) no use of hormonal contraceptives for at least six

weeks prior to the study, (5) no chronic disease (e.g., Crohn’s
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disease or hypothyroidism) or diagnosed menstrual dysfunctions

not related to LEA (e.g., polycystic ovarian syndrome or

endometriosis), (6) non-smoker, (7) not pregnant or planning a

pregnancy, (7) speaking/understanding Norwegian, Swedish,

English, or German.
2.3. Recruitment

Athletes were recruited from November 2020 to September

2021 via Norwegian, Swedish, Irish, and German competitive

endurance sports clubs, coaches in endurance sports at the

Olympic sports center in Norway and via social media with a

link to the project website. The recruitment targeted summer

endurance disciplines (runners, orienteers, cyclists, and

triathletes) during November/December with the initiation to the

intervention in January, while the recruitment targeted winter

endurance disciplines (biathletes and cross-country skiers) in

May with the initiation to the intervention in June.

In total, 208 participants signed up for the study. Of these, 141were

excluded: n = 2 male athletes; n = 2 < 18 years; n = 1 > 35 years.; n = 1

badminton player; n = 3 with chronic diseases (n = 1: Crohn’s

disease, n = 1: Hashimoto’s thyroiditis, n = 1: hypothyroidism); n =

55 hormonal contraceptive users; n = 23 with a EDE-Q global score

≥2.5; n = 51 with a LEAF-Q score <8, and n = 3 for not providing

any contact information. The LEAF-Q responses of n = 67 athletes

were analyzed in more detail, and some were contacted to clarify

their answers. This resulted in n = 7 athletes being excluded due to a

suspected false positive identification of the risk of LEA. Further, n =

4 athletes were unavailable, n = 3 responded too late in relation to

intervention start-up and allocation to sports nutritionists, and n = 3

athletes declared severe illness ahead of the baseline measurements

(i.e., abdominal surgery and COVID-19). In total, n = 18 athletes,

who had signed up during their competition season, were allocated

to a 16-week waiting control condition (CON) of which n = 15

athletes completed (n = 1 wanted to start using hormonal

contraceptives, while we were unable to contact n = 2). In total,

n = 32 athletes were directly allocated to the FUEL intervention,

while n = 1 terminated participation in the project in week 13 due to

experiencing too much work related to the project. Consequently,

n = 31 (97%) completed the FUEL intervention and n = 15 (83%)

completed the CON condition.

2.3.1. Final inclusion of participants in the analyses
One athlete in FUEL missed the postintervention survey

relevant for this paper (but completed the other measurements),

while all participants in CON completed the survey with the

LEAF-Q, EDE-Q, and EAI pre- and postintervention.

Consequently, n = 30 and n = 15 athletes were included in the

analyses comparing pre- and post-measurements for FUEL and

CON, respectively. Twenty-six of the 30 FUEL athletes completed

the 6-months follow-up. In terms of the LEAF-Q analysis, n = 3

had started using hormonal contraceptives, n = 1 reported

pregnancy/breastfeeding and was therefore excluded from the

6-months follow-up. Twenty-three FUEL athletes completed the

12-months follow-up. Additional n = 2 had started using
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hormonal contraceptives and n = 1 reported pregnancy/

breastfeeding and was therefore excluded in the 12-months

follow-up for the LEAF-Q analyses.
2.4. Nutrition intervention

The 16-week intervention consisted of weekly online lectures in

sports nutrition targeting female endurance athletes with risk of

REDs, combined with individual athlete-centered nutrition

counseling every other week.

The sixteen sports nutrition lectures integrated evidence-based

sports nutrition information and recommendations. They were

developed by four researchers and practicing sports nutritionists,

initially in Norway and Sweden, including a comprehensive

manuscript for each session, and subsequently translated into

English and German. All sixteen lectures were comprehensively

reviewed and finally approved by all four researchers/sports

nutritionists. The recorded lectures had a mean duration time of

25.0 ± 8.4 min. Key topics were information about REDs, the

importance of the menstrual cycle for health and performance,

macronutrient recommendations for endurance athletes, and

nutritional periodization. Every week during the intervention,

participants received an e-mail with a link and password to the

lecture of the week located on a closed online platform. Participants

had the opportunity to watch the lectures when suitable during

their everyday lives and to watch them repeatedly if they wanted.

The nutrition counseling was administrated via the

teleconferencing platform Zoom, Zoom Video Communication,

Inc. (California, USA). The first consultation was scheduled to run

for 1.5 h (actual duration: 73 ± 15 min), while the following seven

consultations were scheduled to run for approximately 1 h (actual

duration: 55 ± 6 min). The team of counsellors, consisted of three

Norwegian, four Swedish, two Irish, and one German highly

experienced sports nutritionists, who work with Elite athletes on a

daily basis. Self-determination theory was chosen as a core

foundation for the FUEL counseling, since this approach has been

found to be effective in promoting behavior change (48). An

athlete-centered, empathic communication approach, inspired by

core skills in motivational interviewing (49) was utilized.
2.5. Measures and instruments

2.5.1. Low energy availability in females
questionnaire

The validated screening tool LEAF-Q (4) was used to assess

self-reported symptoms of LEA; injury frequency the past year,

current gastrointestinal function, and current and past

reproductive function. The LEAF-Q is validated in female

endurance athletes and has a total of 9–25 questions depending

on the respondent’s answer, including those related to hormonal

contraceptive use. A total score ≥8 was considered at risk of LEA

(4). Athletes completed the LEAF-Q at pre- and

postintervention/control period, and also at 6- and 12-months

follow-up for the FUEL group. Because a LEAF-Q score ≥8 was
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had a LEAF-Q score ≥8 at pretest. Since the LEAF-Q assesses

injuries the past year, the injury score was considered less

important at postintervention measurement. Similarly, it is not

possible to change the answer to some of the questions related to

menstrual function during a 16-week period [“How old were

when you had your first period?” and “Did your first

menstruation come naturally (by itself)?”]. Therefore, it was of

interest to look at possible changes on single questions related to

menstrual function, namely: “Do you have normal menstruation?”

and “Do you experience that your menstruation changes when

you increase your exercise intensity, frequency or duration?”

Minor clarifications from the original LEAF-Q were added and

has been described previously (39).

2.5.2. Eating disorder examination questionnaire
The EDE-Q was used to measure behavioral and cognitive

symptoms of eating disorders the past 28 days (45). It has been

validated in an athletic population (50) and is a frequently used

screening tool for disordered eating and LEA/REDs (20). The

EDE-Q consists of 28 items which can be divided into four

subscales (restraint, eating concern, shape concern, and weight

concern) and a global score averaging the subscales, used as

cut-off for eating disorder pathology. In the present study, a

global EDE-Q score ≥2.5 was used to classify athletes with

disordered eating behavior (39, 47, 51). Because an EDE-Q

global score <2.5 was used as an inclusion criterion, all included

athletes had an EDE-Q global score <2.5 at pretest.

2.5.3. Exercise addiction inventory
The EAI was used to assess symptoms of exercise addiction

with a score ≥24 considering participants at risk of exercise

addiction (46, 52). The EAI consists of six general components

describing the degree of addiction rated on a five-point Likert

scale: salience (exercise is the most important thing in life),

conflicts (e.g., interpersonal conflicts due to the exercise

behavior), mood modification (a coping strategy to regulate

emotions), tolerance (increasing amounts of exercise is needed to

achieve effect), withdrawal symptoms (e.g., irritability when an

exercise session is missed), and relapse (reversions to earlier

patterns). Originally, the EAI was validated in recreational

exercisers but has later been validated in elite athletes (53).
2.6. Statistics

Data analyses were conducted using JASP (version 0.17.1.0).

All analyses were conducted within the Bayesian statistical

framework (54, 55). Descriptive statistics were expressed as

frequencies with percentage for binary and categorical data and

as means ± standard deviation (SD) for continuous data. Group

comparisons for baseline characteristics were conducted using

Bayesian Independent Samples t-test for normally distributed

data and Mann–Whitney test for non-normally distributed data.

Bayesian contingency table tests were used to compare groups for

categorical data. Within-group differences from pre- to
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postintervention were investigated using Bayesian Paired Samples

t-test for normally distributed data and with Wilcoxon Signed-

Rank test for non-normally distributed data. Group comparisons

from pre- to postintervention were conducted using a Bayesian

repeated measures analysis of variance (ANOVA) with default

priors and compared to the null model. Non-normally

distributed data were transformed using SPSS [version 28.0.1.1

(14)] but did not change the interpretations of the results

compared to analyzing the non-transformed data. A group × time

interaction effect was hypothesized, i.e., that the FUEL and CON

group’s LEAF-Q scores would change differently over time

(alternative hypothesis). To calculate the Bayes Factor (BF) for

the interaction effect only inclusion probabilities for matched

models were considered (55). BFs between 1 and 3 were

considered to indicate weak evidence for the alternative

hypothesis, BFs between 3 and 10 were considered moderate

evidence for the alternative hypothesis, while BFs greater than 10

were considered as strong evidence for the alternative hypothesis

(56). Menstrual function for individual questions in the LEAF-Q

was analyzed in a descriptive manner due to insufficient number

of participants. Within FUEL group comparisons for LEAF-Q,

EDE-Q, and EAI scores for the four measurement time points

(pre-, postintervention, 6- and 12-months follow-up), were

conducted using a Bayesian repeated measures ANOVA.

Menstrual function for individual questions in the LEAF-Q was

analyzed in a descriptive manner.
3. Results

Endurance athletes from Norway (n = 11), Sweden (n = 17),

Ireland (n = 5), and Germany (n = 12) were included from the

following endurance disciplines: running (n = 14), orienteering (n

= 7), triathlon (n = 12), cycling (n = 5), cross country skiing (n =

1), and biathlon (n = 6). Participant characteristics are presented

in Table 1. There was no evidence of statistical differences when

comparing the two groups’ baseline characteristics (BFs < 1).
TABLE 1 Participant characteristics divided by intervention (FUEL) and
control (CON) groups.

FUEL (n = 30) CON (n = 15)
Age (years) 25.2 ± 4.09 24.1 ± 4.7

Height (cm) 169.5 ± 6.3 171.2 ± 7.1

Body weight (kg) 59.6 ± 7.1 59.3 ± 5.0

Body Mass Index (kg/m2) 20.7 ± 2.1 20.3 ± 1.7

Training volume (h/month) 45.2 ± 16.5 47.0 ± 18.9

Full-time athlete (%) 16.7 20.0

Level of competition
Club (%) 63.3 86.7

National team (%) 20.0 6.7

Professional (%) 10.0 6.7

Others (%)a 6.7 0.0

FUEL, the FUEL intervention group; CON, the control group.

Continuous data are presented as mean± SD and categorical data as percentage.
aAthletes who did not identify themselves as competing at club-, national team-, or

professional level, e.g., competing in one of the endurance disciplines but not

affiliating within a club.
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3.1.1. Comparing pre- and postintervention group
differences

The FUEL athletes reduced the LEAF-Q total score from

12.0 ± 2.8 to 9.8 ± 4.3 (BF10 = 20.92) compared to CON athletes

reducing the LEAF-Q total score from 11.0 ± 3.0 to 10.3 ± 2.5

(BF10 = 0.79) with no evidence for difference in change between

groups (Table 2). Nor did any of the changes in the LEAF-Q

subscale scores differ between groups as indicated by the lack of

an interaction effect (BFincl < 1). At posttest, total LEAF-Q score

was <8 for n = 11 (37%) of the FUEL athletes and n = 2 (13%) of

the CON athletes (BF10 = 1.267).

The number of participants that reported eumenorrhea

increased among FUEL athletes from 30% (n = 9 athletes) at

pretest to 67% (n = 20 athletes) at posttest and decreased among

CON athletes from 73% (n = 11) to 53% (n = 8) (Figure 1). Five

of the 14 (36%) FUEL athletes, who reported menstrual

dysfunction at pretest, reported eumenorrhea at posttest. Of the

FUEL athletes who reported menstrual dysfunction at pretest and

eumenorrhea at posttest, all reported their latest menstruation

within the last 0–3 month at pretest. Three FUEL athletes and one

CON athlete reported secondary amenorrhea at pretest. None of

them improved their menstrual function form pre to posttest.

Seven (23%) FUEL athletes and three (20%) CON athletes were

unaware whether they had normal menstruation at pretest. All

FUEL athletes were able to define whether they had normal

menstruation or not at posttest, while the number was

unchanged among CON athletes. The number of athletes who

reported reduced or absence of menstrual bleedings with

increased training load decreased from n = 21 (70%) to n = 14

(47%) among FUEL athletes while the number was unchanged

among CON athletes (n = 14/73%) (Figure 2). Twelve (40%)

FUEL athletes and four (27%) CON athletes reported late

menarche a (menarche after 15 years of age).
3.1.2. Six- and 12-months follow-up
Six- and 12-months follow-up revealed strong evidence for

improvement in LEAF-Q total score for FUEL athletes comparing

the three (BFincl = 441) and four (BFincl = 123) measurement

points, respectively (Figure 3A). This was explained by

improvements in the menstrual score (6-months: BFincl = 4,486,

12-months: BFincl = 840) (Figure 3B) and the gastrointestinal score

(6-months: BFincl = 9.5, 12-months: BFincl = 2.3) (Figure 3C). We

found weak evidence for an improvement in the gastrointestinal

score from 6- to 12-months follow-up (BF10= 1.2) while no

evidence for improvement in LEAF-Q total score, menstrual score

or injury score when comparing 6- and 12-months follow-up

(BF10 < 1) (Figure 3D).

At 6-months follow-up, 45% of FUEL athletes had a total

LEAF-Q score <8, and 21% at 12-months follow-up. The two

FUEL athletes with secondary amenorrhea at pretest, who was

eligible for long-term follow-up, still had not improved menstrual

function at 6 months follow-up, but one reported eumenorrhea

at 12-months follow-up.
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FIGURE 1

Self-reported eumenorrhea from the low energy availability questionnaire pre-and postintervention. Data are presented as percentages. CON, the control
group; FUEL, the FUEL intervention group.

TABLE 2 Low energy availability in females questionnaire scores pre- and postintervention.

FUEL (n = 30) CON (n = 15) Difference in change
between groups,

BFinclPre Post Difference
pre-post

Pre Post Difference
pre-post

LEAF-Q total score 12.0 ± 2.8 9.8 ± 4.3 −2.2 ± 3.6 11.0 ± 3.0 10.3 ± 2.5 −0.7 ± 1.7 0.850

Injury score 3.2 ± 2.3 2.8 ± 2.3 −0.3 ± 2.0 3.7 ± 2.0 3.5 ± 2.1 −0.3 ± 1.4 0.320

Gastro-intestinal score 2.3 ± 2.1 1.7 ± 1.5 −0.6 ± 1.6 2.3 ± 1.7 2.1 ± 1.5 −0.1 ± 1.6 0.544

Menstrual score 6.6 ± 2.5 5.3 ± 3.0 −1.2 ± 1.8 5.1 ± 2.7 4.7 ± 2.3 −0.4 ± 2.2 0.729

Data are presented as mean ± SD.

BFincl, bayes factor for inclusion of group× time interaction; CON, control group; FUEL, the FUEL intervention group, LEAF-Q, low energy availability in females

questionnaire.
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3.2. Symptoms of disordered eating
behavior

3.2.1. Comparing pre- and postintervention group
differences

The EDE-Q global score decreased from 1.03 ± 0.73 to

0.72 ± 0.69 (BF10 = 11.84) among FUEL athletes and was

unchanged among CON athletes (0.80 ± 0.74 at pretest and

0.96 ± 0.85 at posttest, BF10 = 0.41) with weak evidence for a

difference in change between groups as indicated by the

interaction effect of BFincl = 1.858 (Table 3). The largest

within-group difference among FUEL athletes for the EDE-Q

subscales was detected for the restraint subscale score (BF10 =

14.87). In contrast, weak evidence for an increase in the

EDE-Q subscale weight concern was found among controls

(BF10 = 1.68).

The EDE-Q global score increased above the 2.5 threshold

post-intervention for two (7%) FUEL athletes

(pre-intervention EDE-Q global scores of 0.4 and 2.4,

respectively) and one (7%) CON athlete (pre-intervention

EDE-Q global score 2.4) to EDE-Q global scores 2.8, 3.0,

and 2.5, respectively.
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3.2.2. Six- and 12-months follow-up
Long-term follow-up revealed moderate evidence (BFincl = 5.18)

for reduced EDE-Q global score for FUEL athletes comparing all

four measuring points (Figure 4). The largest reduction in the EDE-

Q subscale scores was seen in the restraint subscale (BFincl = 16.45).

The two FUEL athletes with EDE-Q global scores ≥2.5 at

postintervention, had EDE-Q global scores of 0.0 and 0.3,

respectively, at 6-months follow-up and 0.3 and 0.8, respectively,

at 12-months follow-up.
3.3. Exercise addiction inventory

3.3.1. Comparing pre- and postintervention group
differences

Within group analyses revealed no evidence for changes from

pre- to posttest in EAI total or the six item scores among FUEL

nor CON athletes (BF10 < 1). Nor did we find evidence for

difference in change between groups for the EAI total score

(FUEL pre: 20.7 ± 3.0, FUEL post: 20.8 ± 2.7 vs. CON pre:

20.6 ± 3.0, CON post: 21.1 ± 2.9) or any of the six item scores

(BFincl < 1).
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FIGURE 2

Reduced, or absence of, menstrual bleedings with increased training load from the low energy availability questionnaire pre-and postintervention. Data
are presented as percentages. CON, the control group; FUEL, the FUEL intervention group.

FIGURE 3

Changes in LEAF-Q (A) total score, (B) menstrual score, (C) gastrointestinal score, and (D) injury score for the FUEL athletes at pre- and postintervention,
and at 6- and 12-months follow-up. Data are presented as mean and 95% credible intervals. BFincl, bayes factor for inclusion of time interaction, LEAF-Q,
low energy availability in females questionnaire.
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TABLE 3 Eating disorder examination questionnaire scores pre- and postintervention among FUEL (n = 30) and CON athletes (n = 15).

FUEL (n = 30) CON (n = 15) Difference in change
between

groups, BFinclPre Post Difference
pre-post

Pre Post Difference
pre-post

EDE-Q global 1.03 ± 0.73 0.72 ± 0.69 −0.31 ± 0.76 0.80 ± 0.74 0.96 ± 0.85 0.16 ± 0.56 1.858

EDE-Q restraint 0.79 ± 0.94 0.38 ± 0.62 −0.41 ± 0.98 0.96 ± 1.21 0.83 ± 1.08 −0.16 ± 0.51 0.498

EDE-Q eating concern 0.72 ± 0.75 0.46 ± 0.62 −0.25 ± 0.64 0.39 ± 0.39 0.51 ± 0.45 0.12 ± 0.30 2.006

EDE-Q weight concern 1.18 ± 0.85 0.97 ± 0.90 −0.21 ± 0.96 0.92 ± 1.08 1.4 ± 1.3 0.46 ± 1.08 1.768

EDE-Q shape
concern

1.42 ± 0.94 1.05 ± 0.95 −0.37 ± 1.02 0.98 ± 0.65 1.16 ± 1.11 0.18 ± 0.83 1.230

Data are presented as mean ± SD.

BFincl, bayes factor for inclusion of group × time interaction; CON, the control group; FUEL, the FUEL intervention group; EDE-Q, eating disorder examination

questionnaire.

FIGURE 4

Eating disorder examination questionnaire global score for the FUEL
athletes at pre- and postintervention, and at 6- and 12-months
follow-up. Data are presented as mean and 95% credible intervals.
BFincl, bayes factor for inclusion of time interaction; EDE-Q, eating
disorder examination questionnaire.
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3.3.2. Six- and 12-months follow-up
Six- and 12-months follow-up revealed strong evidence

(BFincl = 31.50) for reduced EAI total score for FUEL athletes

comparing the four measuring points (Figure 5).
FIGURE 5

Exercise addiction inventory total score for the FUEL athletes at pre-
and postintervention, and at 6- and 12-months follow-up. Data are
presented as mean and 95% credible intervals. BFincl, bayes factor for
inclusion of time interaction; EAI, exercise addiction inventory.

Frontiers in Sports and Active Living 08
4. Discussion

To our knowledge, this is the first study to explore changes on

several REDs related symptoms in female endurance athletes with

risk of REDs after a nutrition intervention using validated

screening tools, comparison with a control group, and inclusion

of long-term follow-up. More specifically the current study

explored changes in menstrual and gastrointestinal function,

injuries, eating disorder and exercise addiction symptoms. The

FUEL study was an international multicenter study with weekly

online sports nutrition lectures combined with individual

consultations every other week. The lectures were specifically

designed for female endurance athletes with risk of REDs.

Although no evidence for difference in change between FUEL

and CON athletes pre- to postintervention were found in

LEAF-Q scores, long-term follow-up revealed strong evidence for

reduced LEAF-Q total and menstrual scores among FUEL

athletes. Importantly, the nutrition intervention did not result in

negative effects related to eating disorder or exercise addiction

symptoms. Rather, there was evidence for improved EDE-Q

scores after the FUEL intervention. The reduction in eating

disorder symptoms for FUEL athletes remained at 6- and 12-

month follow-up.

In this study, athletes were categorized with risk of REDs using

the LEAF-Q (4). The LEAF-Q has been validated in female

endurance athletes, 18–39 years of age, training ≥5 times/week

with Cronbach’s Alpha 0.61–0.79, and an acceptable sensitivity

(78%) and specificity (90%) (4), making it a good alternative to

assess symptoms of LEA in this group of athletes. The LEAF-Q

has subsequently been validated in a mixed sport-cohort (n = 75,

18–32 years), which demonstrated high sensitivity for the

detection of low bone mineral density and menstrual

dysfunction, suggesting that injury and menstrual function cutoff

score also may be appropriate in mixed-sport cohort (57). The

researchers concluded that LEAF-Q total score <8 can be used to

determine females at low risk of LEA related conditions given

the high negative predictive values identified in this study (57).

In the present study we examined all LEAF-Q responses in detail

and excluded athletes who had been diagnosed with menstrual

dysfunction not related to LEA and others where false positive

identification of problematic LEA was expected (e.g., athletes who

had been involved in a bicycle crash and menstrual dysfunction
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in the past resulting in a LEAF-Q total score ≥8). Nevertheless,
using screening tools as inclusion and exclusion criteria contains

a risk of including false positive cases (e.g., high LEAF-Q total

score due to acute injuries), including false negative cases (e.g.,

athletes reporting eumenorrhea while undetected subclinical

menstrual dysfunction (23, 58), as well as excluding false

negative cases (e.g., high menstrual function score due to

polycystic ovarian syndrome while coexisting symptoms of LEA).

In our study, the decline in LEAF-Q total score was 18%

among FUEL and 6% among CON athletes. Although there was

a lower risk rate of LEA among FUEL (64%) compared to CON

(87%) athletes at posttest, we did not detect between group

difference from pre- to post intervention when comparing LEAF-

Q total score. The 16-week intervention period may have been

too short to detect differences in the measured symptoms.

Especially regarding the LEAF-Q injury score, which is related to

the previous year and associated with low bone mineral density

(4, 57), where an improvement cannot be expected within the

time frame of the study period (59). But the absence of

intervention effect may also be attributed to the time required to

restore normal menstrual function and the complexity of

changing eating habits.

All FUEL athletes who reported menstrual dysfunction at

pretest but eumenorrhea at posttest, had reported a recent

bleeding at pretest, while none of the three FUEL athletes

reporting long-term absence of bleeding at pretest, had improved

menstrual function at posttest. The two FUEL athletes with long-

term absence of bleeding, who were eligible for long-term follow-

up, still had not improved menstrual function at 6-months

follow-up, but one reported eumenorrhea at 12-months follow-

up, suggesting that recovery time from more severe menstrual

disorders may be longer. Previous studies have reported mean

time to restoration of menstruation to be as high as 16 ± 3

months among college athletes with nonpharmacologic therapies

(60) and researchers have suggested that the time required to

resume menstruation depends to a large extend on the starting

point, including the duration of the menstrual dysfunction (14,

15). Unfortunately, the maximum duration of menstrual

dysfunction assessed in the present study was ≥6 months

(corresponding to the response option when answering “no” to

“do you have normal menstruation”). In the present study six

athletes, all with menstrual dysfunction, reported bone stress

injuries during the last year at pretest, indicating long-term

exposure of LEA.

Indeed, habits may take more than sixteen weeks to change

(61) and we have previously emphasized the complexity of

improving eating habits in this group of athletes (36). Since the

increase in energy intake was modest among FUEL athletes

(138 ± 453 kcal/day, corresponding to an increase of only 5%)

(36), it may have been insufficient for improving REDs related

symptoms in some of the athletes. The five FUEL athletes who

reported menstrual dysfunction at pretest and eumenorrhea at

posttest had a slightly higher increase in energy intake compared

to the nine FUEL athletes who reported menstrual dysfunction

both at pre- and posttest (7% vs. 1%). Previous studies with

athletes and active females have reported increase in energy
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intake of 17% (14) and 18% (15, 16) after nutrition interventions

of 6, 9, and 12 months, respectively. In these studies, 88% (14)

and 23% (15) of the athletes restored regular menstruation after

the intervention, while De Souza et al. reported improved

menstrual function in 64% in a group of active females (16).

Although we recognized the complexity of habitual changes in

the study planning phase and implemented individual athlete-

centered nutrition counseling, sixteen weeks may be too short for

changing eating habits that can result in improvement of REDs

symptoms. Since energy availability is energy intake relative to

exercise energy expenditure, changes in LEAF-Q score could also

be attributed to changes in training volume. We have previously

reported decreased training volume among FUEL and CON

athletes from pre to posttest with no difference in change

between groups (36). Hence, training load was reduced

independent of group and athletic season. Although training

adjustment was not a part of the FUEL intervention, it is

possible that some athletes deliberately have reduced their

training volume to improve REDs symptoms. While the relative

increase in energy intake may be crucial, it has been suggested

that increase in body fat mass is an important predictor of

restoration of menstrual function in athletes and active females

(15, 16). Unfortunately, body composition was not possible to

measure in the present study due to the COVID-19 pandemic (39).

At pretest ∼20% of the participants in the present study were

unable to define their menstrual status while all FUEL athletes

could define their menstrual status at posttest, with unchanged

results for CON athletes, suggesting that the FUEL intervention

succeeded in increasing the awareness of the menstrual cycle. Being

aware of one’s menstrual cycle, and the importance of having a

regular menstrual cycle, seems like an obvious first step in the

prevention of problematic LEA and REDs for female athletes.

Especially since menstrual dysfunction is associated with low bone

mineral density reported in 17%–45% of female endurance athletes

(6, 40, 62–64) and an increased risk for bone stress injuries,

resulting in long absences from sport participation (25, 26).

Among FUEL athletes the 6- and 12-months follow-up

revealed strong evidence for improvement of LEAF-Q total score

explained by improvements in the gastrointestinal score and in

particular the menstrual score. Although positive changes in

LEAF-Q total and subscale scores were observed, menstrual-,

injury-, and total scores were all above the suggested cut-offs [≥2
for injuries, ≥2 for gastrointestinal symptoms, ≥4 for menstrual

function, and ≥8 for total score (4)] at all four measuring points.

At 6-months follow-up, 45% had a LEAF-Q score <8, while only

21% at 12-months follow-up. These findings may indicate that

these female athletes need continuous nutritional support (e.g.,

individual follow-up sessions).

Importantly, no adverse effects on eating disorder or exercise

addiction symptoms were found after participating in the FUEL

intervention. Rather, we found evidence for a difference in

change between groups for the EDE-Q global score, while long-

term follow-up for FUEL athletes suggested persistent reduction

in EDE-Q global and a reduction in EAI score. A recent

systematic review of eating psychopathology interventions

delivered to athletes (65, 66) found that less than half of the
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included studies reported sustained reductions in eating

psychopathology, while two studies on ballet dancers reported an

increase in eating psychopathology symptoms following the

interventions. Importantly, our study differentiates from the

studies in the systematic review by excluding athletes with risk of

eating disorders, since these athletes are recommended an

interdisciplinary treatment including psychiatric treatment (66).

Interestingly, the authors of the review conclude that future

interventions should investigate other modes of delivery beyond

face-to-face group sessions, including digital approaches, which

makes intervention retention more flexible for the participants

but also serve to overcome stigma (65). This may in part explain

the positive development in EDE-Q scores among FUEL athletes

in the present study, but the explanation may also be found in

the principles of the FUEL intervention reflected in the teaching

videos and the individual consultations: Focus away from body

weight and more towards food as fuel and that there are no

“good” or “bad” foods. Two FUEL athletes had increased EDE-Q

global score above the 2.5 cut-off from pre- to posttest which

reduced well-below the 2.5 at long-term follow-up indicating that

some athletes may have transient changes in eating disorder

symptoms during the athletic seasons, and that regular screening

and follow up assessments are needed.

Among FUEL athletes, post-hoc tests found weak to moderate

evidence for change comparing the preintervention EAI total score

with 6- and 12-months follow-up, respectively. Although no

difference in changes in EAI scores between FUEL and CON

athletes were detected postintervention, it is interesting that

FUEL athletes reduced their score at long-term follow-up. This

should be seen in light of the reduced LEA and eating disorder

symptoms at 6- and 12-months follow-up, symptoms that have

been reported to be associated with symptoms of exercise

addiction (39, 43, 44). However, both changes in athletic season

(67) and the COVID-19 pandemic (68) may also be explanatory

factors to the changes in exercise addiction symptoms. Further,

FUEL athletes with risk of primary exercise addiction

preintervention, reduced and increased LEAF-Q total score,

respectively, suggesting a complex symptom picture and the

potential interaction between exercise addiction and risk of REDs.
4.1. Strengths and limitations

A strength of the present study is the combined intervention

design, including both online lectures and individual consultations,

which were athlete-centered and aimed at inducing long-term

behavioral change by enabling female athletes to actively formulate

nutritional and behavioral goals to support their own long-term

health, as researchers have requested (32). As previously

recommended (16), this type of intervention opens for a more

individual-centered approach compared to previous studies aiming at

improving REDs related symptoms in females (16). The knowledge

and tools acquired by the athletes presumably enables a longer-

lasting behavior change compared to studies where the participants

are given nutritional supplements only (14). Other strengths of the

present study are the use of validated screening tools, long-term
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follow-up, and inclusion of a control group, which have been lacking

in previous studies (14, 15). In addition, hormonal contraceptive

users were excluded, in order to get the true picture of menstrual

function. This, however, complicates the recruitment of the

participants since the prevalence of hormonal contraceptive users

among endurance athletes have been reported to be as high as 68%

(69). Although the participant information material described that

hormonal contraception users could not participate, we had to

exclude 28% of the athletes who had signed up for the study due to

the use of hormonal contraceptives. Unfortunately, the exclusion of

hormonal contraceptive users may have prevented potential REDs

cases to participate, e.g., since hormonal contraceptives may mask

underlying menstrual dysfunctions.

A limitation of the present study is the lack of long-term

follow-up in the CON athletes. Consequently, the long-term

effects of the FUEL intervention can only be speculative. By

having long-term follow-up of the CON condition, athletes

would have to wait an additional year before being offered the

FUEL intervention, thereby increasing the risk of a higher drop-

out rate in this group. There may also be ethical considerations,

since these athletes all have REDs related symptoms, early

intervention is important. While prioritizing the intervention in

athletes’ off-season, it is a limitation that data assessment was

conducted at different phases of the athletic season for the

intervention group and the control group, which may reduce

comparability between the two groups.

The low number of participants in the CON group is also a

limitation. Based on an initial analysis during the recruitment phase

with an expected improvement in LEAF-Q score of 3 and type I

and Type II error of 5% and 20% respectively, the power calculation

suggested 28 subjects in each group, suggesting an insufficient

number of CON athletes. In addition, the expected improvement in

LEAF-Q score of 3 is theoretically founded based on a project group

discussion, without any previous studies to lean on.

Although it would have been interesting to collect data via

physical laboratory tests, e.g., including body composition and

female sex hormones to verify menstrual status, this study and its

measurement methods more closely reflect what is practically

possible for most athlete-based centers where time and resources

are a critical constraint. The intervention and methods used may

therefore more easily be implemented in real life settings.

Despite that this study included a combination of online

lectures and individual consultations using behavior change

theories and approaches, intervening athletes alone may be

insufficient for behavior change and thus changes in REDs

related symptoms. As previously addressed (36), cultural

revolutions and changes in social norms are needed, which

involves inclusion of coaches, health professionals, entire teams/

clubs, and relatives of the athletes. Hence, future research should

aim for also including the athletes’ entourage.
5. Conclusion

In this group of endurance athletes, participating in the FUEL

intervention implies long-term improvement of REDs related
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symptoms, including menstrual function. In addition, short and

long-term follow-up suggest no adverse effects on eating disorder

symptoms. The lack of long-term follow-up for the CON

condition indicates, however, that the results should be

interpreted with caution. Nevertheless, the FUEL intervention

seems promising as a part of management of REDs related

symptoms in female endurance athletes.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The study was approved by the regional ethics committee in

Norway (31,640), Sweden (2019-04809), and by the Norwegian

Centre for Research Data (968,634) and registered at www.

clinicaltrials.gov (NCT04959565).
Author contributions

IF: Conceptualization, Data curation, Formal Analysis,

Investigation, Methodology, Visualization, Writing – original

draft, Writing – review & editing. AM: Conceptualization,

Investigation, Methodology, Supervision, Writing – review &

editing. IG: Conceptualization, Methodology, Supervision,

Writing – review & editing. PW: Investigation, Writing – review

& editing, Data curation, Methodology, Resources. AI: Formal

Analysis, Methodology, Supervision, Writing – review & editing.

S-MH-S: Methodology, Resources, Writing – review & editing,

Conceptualization, Supervision. KK: Methodology, Resources,

Writing – review & editing, Investigation. DL: Investigation,

Resources, Writing – review & editing. SM: Investigation,

Resources, Writing – review & editing. MG: Investigation,
Frontiers in Sports and Active Living 11
Writing – review & editing. MT: Conceptualization, Data

curation, Investigation, Methodology, Project administration,

Resources, Supervision, Visualization, Writing – review & editing.
Funding

This work was supported by Grants from the University of

Agder and the Norwegian Olympic Sports Center.
Acknowledgments

We greatly appreciate the athletes’ contribution to the
FUEL project. We would also like to thank professor and
psychiatrist Finn Skåderud for being the medical responsible
and the master students Ingvild Brattekleiv, Mona Saller, and
Miriam Myhren Bouchleh for assisting with the recruitment
and data collection.
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.
References
1. Gastrich MD, Quick V, Bachmann G, Moriarty AM. Nutritional risks among
female athletes. J Womens Health (Larchmt). (2020) 29(5):693–702. doi: 10.1089/
jwh.2019.8180

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 J 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 J Sports Med. (2018) 52(11):687–97. doi: 10.1136/
bjsports-2018-099193

4. Melin A, Tornberg ÅB, Skouby S, Faber J, Ritz C, Sjödin 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

5. Folscher LL, Grant CC, Fletcher L, van Rensberg DC J. Ultra-marathon athletes at
risk for the female athlete triad. Sports Med Open. (2015) 1(1):29. doi: 10.1186/s40798-
015-0027-7
6. 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. (2017):1–30. doi: 10.1123/
ijsnem.2017-0313

7. Kettunen O, Ihalainen JK, Ohtonen O, Valtonen M, Mursu J, Linnamo V. Energy
availability during training camp is associated with signs of overreaching and changes
in performance in young female cross-country skiers. Biomed Hum Kinet. (2021) 13
(1):246–54. doi: 10.2478/bhk-2021-0030

8. Jesus F, Castela I, Silva AM, Branco PA, Sousa M. Risk of low energy availability
among female and male elite runners competing at the 26th European cross-country
championships. Nutrients. (2021) 13(3):873. doi: 10.3390/nu13030873

9. Joy E, De Souza MJ, Nattiv A, Misra M, Williams NI, Mallinson RJ, et al. 2014
female athlete triad coalition consensus statement on treatment and return to play
of the female athlete triad. Curr Sports Med Rep. (2014) 13(4):219–32. doi: 10.1249/
JSR.0000000000000077

10. Mountjoy M, Sundgot-Borgen J, Burke L, Carter S, Constantini N, Lebrun C,
et al. The IOC relative energy deficiency in sport clinical assessment tool (RED-S
CAT). Br J Sports Med. (2015) 49(21):1354. doi: 10.1136/bjsports-2015-094873
frontiersin.org

https://www.clinicaltrials.gov
https://www.clinicaltrials.gov
https://doi.org/10.1089/jwh.2019.8180
https://doi.org/10.1089/jwh.2019.8180
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-2013-093240
https://doi.org/10.1136/bjsports-2013-093240
https://doi.org/10.1186/s40798-015-0027-7
https://doi.org/10.1186/s40798-015-0027-7
https://doi.org/10.1123/ijsnem.2017-0313
https://doi.org/10.1123/ijsnem.2017-0313
https://doi.org/10.2478/bhk-2021-0030
https://doi.org/10.3390/nu13030873
https://doi.org/10.1249/JSR.0000000000000077
https://doi.org/10.1249/JSR.0000000000000077
https://doi.org/10.1136/bjsports-2015-094873
https://doi.org/10.3389/fspor.2023.1254210
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Fahrenholtz et al. 10.3389/fspor.2023.1254210
11. Dueck CA, Matt KS, Manore MM, Skinner JS. Treatment of athletic amenorrhea
with a diet and training intervention program. Int J Sport Nutr. (1996) 6(1):24–40.
doi: 10.1123/ijsn.6.1.24

12. Kopp-Woodroffe SA, Manore MM, Dueck CA, Skinner JS, Matt KS. Energy and
nutrient status of amenorrheic athletes participating in a diet and exercise training
intervention program. Int J Sport Nutr. (1999) 9(1):70–88. doi: 10.1123/ijsn.9.1.70

13. Mallinson RJ, Williams NI, Olmsted MP, Scheid JL, Riddle ES, De Souza MJ. A
case report of recovery of menstrual function following a nutritional intervention in
two exercising women with amenorrhea of varying duration. J Int Soc Sports Nutr.
(2013) 10:34. doi: 10.1186/1550-2783-10-34

14. Cialdella-Kam L, Guebels CP, Maddalozzo GF, Manore MM. Dietary
intervention restored menses in female athletes with exercise-associated menstrual
dysfunction with limited impact on bone and muscle health. Nutrients. (2014) 6
(8):3018–39. doi: 10.3390/nu6083018

15. Lagowska K, Kapczuk K, Jeszka J. Nine-month nutritional intervention improves
restoration of menses in young female athletes and ballet dancers. J Int Soc Sports
Nutr. (2014) 11(1):1–9. doi: 10.1186/1550-2783-11-1

16. De Souza MJ, Mallinson RJ, Strock NCA, Koltun KJ, Olmsted MP, Ricker EA,
et al. Randomised controlled trial of the effects of increased energy intake on
menstrual recovery in exercising women with menstrual disturbances: the
“REFUEL” study. Hum Reprod. (2021) 36(8):2285–97. doi: 10.1093/humrep/deab149

17. Harber VJ. Energy balance and reproductive function in active women. Can
J Appl Physiol. (2004) 29(1):48–58. doi: 10.1139/h04-005

18. Joy EA, Nattiv A. Clearance and return to play for the female athlete triad. Curr
Sports Med Rep. (2017) 16(6):382–5. doi: 10.1249/JSR.0000000000000423

19. Burke LM, Lundy B, Fahrenholtz IL, Melin AK. Pitfalls of conducting and
interpreting estimates of energy availability in free-living athletes. Int J Sport Nutr
Exerc Metab. (2018) 28(4):350–63. doi: 10.1123/ijsnem.2018-0142

20. Sim A, Burns SF. Review: questionnaires as measures for low energy availability
(LEA) and relative energy deficiency in sport (RED-S) in athletes. J Eat Disord. (2021)
9(1):41. doi: 10.1186/s40337-021-00396-7

21. Gimunová M, Paulínyová A, Bernaciková M, Paludo AC. The prevalence of
menstrual cycle disorders in female athletes from different sports disciplines: a
rapid review. Int J Environ Res Public Health. (2022) 19:14243. doi: 10.3390/
ijerph192114243

22. Fujita Y, Sasaki E, Yoneda K, Kinugasa S, Oishi M, Tsuda E, et al. Menstrual
status and pregnancy in former elite long-distance runners with menstrual
disorders. Clin J Sport Med. (2023) 33(2):172–8. doi: 10.1097/JSM.0000000000001083

23. Redman LM, Loucks AB. Menstrual disorders in athletes. Sports Med. (2005) 35
(9):747–55. doi: 10.2165/00007256-200535090-00002

24. Keen AD, Drinkwater BL. Irreversible bone loss in former amenorrheic athletes.
Osteoporos Int. (1997) 7(4):311–5. doi: 10.1007/BF01623770

25. Hutson MJ, O’Donnell E, Brooke-Wavell K, Sale C, Blagrove RC. Effects of low
energy availability on bone health in endurance athletes and high-impact exercise as a
potential countermeasure: a narrative review. Sports Med. (2021) 51:391–403. doi: 10.
1007/s40279-020-01396-4

26. Beck B, Drysdale L. Risk factors, diagnosis and management of bone stress
injuries in adolescent athletes: a narrative review. Sports. (2021) 9(4):52. doi: 10.
3390/sports9040052

27. Torstveit MK, Ackerman KE, Constantini N, Holtzman B, Koehler K, Mountjoy
ML, et al. Primary, secondary and tertiary prevention of relative energy deficiency in
sport (REDs): a narrative review by a subgroup of the IOC consensus on REDs. Br
J Sports Med. (2023) 57(17):1119–26. doi: 10.1136/bjsports-2023-106932

28. Shaw D, Gohil K, Basson MD, Osawa JS. Intestinal mucosal atrophy and
adaptation. World J Gastroenterol. (2012) 18(44):6357–75. doi: 10.3748/wjg.v18.i44.
6357

29. Melin A, Tornberg Å, Skouby S, Møller SS, Faber J, Sundgot-Borgen J, et al.
Low-energy density and high fiber intake are dietary concerns in female endurance
athletes. Scand J Med Sci Sports. (2016) 26(9):1060–71. doi: 10.1111/sms.12516

30. Jeukendrup AE. Training the gut for athletes. Sports Med. (2017) 47:101–10.
doi: 10.1007/s40279-017-0690-6

31. De Oliveira EP, Burini RC, Jeukendrup A. Gastrointestinal complaints during
exercise: prevalence, etiology, and nutritional recommendations. Sports Med. (2014)
44(Suppl 1):S79–85. doi: 10.1007/s40279-014-0153-2

32. Ackerman KE, Stellingwerff T, Elliott-Sale KJ, Baltzell A, Cain M, Goucher K,
et al. #REDS (relative energy deficiency in sport): time for a revolution in sports
culture and systems to improve athlete health and performance. Br J Sports Med.
(2020) 54(7):369–70. doi: 10.1136/bjsports-2019-101926

33. Logue DM, Mahony L, Corish CA, Tobin D, Doherty R, O’Higgins G, et al.
Athletes’ and coaches’ perceptions of nutritional advice: eating more food for health
and performance. Nutrients. (2021) 13(6):1925. doi: 10.3390/nu13061925

34. Verhoef SJ, Wielink MC, Achterberg EA, Bongers MY, Goossens SMTA.
Absence of menstruation in female athletes: why they do not seek help. BMC Sports
Sci Med Rehabil. (2021) 13(1):146. doi: 10.1186/s13102-021-00372-3
Frontiers in Sports and Active Living 12
35. Pelly FE, Thurecht RL, Slater G. Determinants of food choice in athletes: a
systematic scoping review. Sports Med Open. (2022) 8:77. doi: 10.1186/s40798-022-
00461-8

36. Fahrenholtz IL, Melin AK, Garthe I, Hollekim-Strand SM, Ivarsson A, Koehler
K, et al. Effects of a 16-week digital intervention on sports nutrition knowledge and
behavior in female endurance athletes with risk of relative energy deficiency in
sport (REDs). Nutrients. (2023) 15(5):1082. doi: 10.3390/nu15051082

37. Doyle-Lucas AF, Davy BM. Development and evaluation of an educational
intervention program for pre-professional adolescent ballet dancers: nutrition for
optimal performance. J Dance Med Sci. (2011) 15(2):65–75. doi: 10.1177/
1089313X1101500203

38. Kaufman BA, Warren MP, Hamilton L. Intervention in an elite ballet school.
Womens Stud Int Forum. (1996) 19(5):545–9. doi: 10.1016/0277-5395(96)00049-0

39. Fahrenholtz IL, Melin AK, Wasserfurth P, Stenling A, Logue D, Garthe I, et al.
Risk of low energy availability, disordered eating, exercise addiction, and food
intolerances in female endurance athletes. Front Sports Act Living. (2022) 4:869594.
doi: 10.3389/fspor.2022.869594

40. Melin A, Tornberg ÅB, Skouby S, Møller SS, 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

41. Sharps FRJ, Wilson LJ, Graham CAM, Curtis C. Prevalence of disordered eating,
eating disorders and risk of low energy availability in professional, competitive and
recreational female athletes based in the United Kingdom. Eur J Sport Sci.
(2021):1–7. doi: 10.1080/17461391.2021.1943712

42. Sundgot-Borgen J, Torstveit MK. Prevalence of eating disorders in elite athletes
is higher than in the general population. Clin J Sport Med. (2004) 14(1):25–32. doi: 10.
1097/00042752-200401000-00005

43. Lichtenstein MB, Hinze CJ, Emborg B, Thomsen F, Hemmingsen SD.
Compulsive exercise: links, risks and challenges faced. Psychol Res Behav Manag.
(2017) 10:85–95. doi: 10.2147/PRBM.S113093

44. Torstveit MK, Fahrenholtz IL, Lichtenstein MB, Stenqvist TB, Melin AK.
Exercise dependence, eating disorder symptoms and biomarkers of relative energy
deficiency in sports (RED-S) among male endurance athletes. BMJ Open Sport
Exerc Med. (2019) 5(1):e000439. doi: 10.1136/bmjsem-2018-000439

45. Fairburn CG, Beglin SJ. Assessment of eating disorder psychopathology:
interview or self-report questionnaire. Int J Eating Disord. (1994) 16(4):363–70.
doi: 10.1002/1098-108X(199412)16:4<363::AID-EAT2260160405>3.0.CO;2-#

46. 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/
16066350310001637363

47. Rø Ø, Reas DL, Stedal K. Eating disorder examination questionnaire (EDE-Q) in
Norwegian adults: discrimination between female controls and eating disorder
patients. Eur Eat Disord Rev. (2015) 23(5):408–12. doi: 10.1002/erv.2372

48. Sheeran P, Wright CE, Avishai A, Villegas ME, Lindemans JW, Klein WMP,
et al. Self-determination theory interventions for health behavior change: meta-
analysis and meta-analytic structural equation modeling of randomized controlled
trials. J Consult Clin Psychol. (2020) 88(8):726–37. doi: 10.1037/ccp0000501

49. Miller WR, Rollnick S. Motivational interviewing: Helping people change. 3rd ed.
New York: Guilford Press (2012). 482.

50. Lichtenstein MB, Haastrup L, Johansen KK, Bindzus JB, Larsen PV, Støving RK,
et al. Validation of the eating disorder examination questionnaire in danish eating
disorder patients and athletes. J Clin Med. (2021) 10(17):3976. doi: 10.3390/
jcm10173976

51. 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

52. Griffiths MD, Szabo A, Terry A. The exercise addiction inventory: a quick and
easy screening tool for health practitioners. Br J Sports Med. (2005) 39(6):e30. doi: 10.
1136/bjsm.2004.017020

53. Lichtenstein MB, Melin AK, Szabo A, Holm L. The prevalence of exercise
addiction symptoms in a sample of national level elite athletes. Front Sports Act
Living. (2021) 3:635418. doi: 10.3389/fspor.2021.635418

54. Wagenmakers EJ, Marsman M, Jamil T, Ly A, Verhagen J, Love J, et al. Bayesian
inference for psychology. Part I: theoretical advantages and practical ramifications.
Psychon Bull Rev. (2018) 25(1):35–57. doi: 10.3758/s13423-017-1343-3

55. van den Bergh D, van Doorn J, Marsman M, Draws T, van Kesteren EJ, Derks K,
et al. A tutorial on conducting and interpreting a Bayesian ANOVA in JASP. Annee
Psychol. (2020) 120(1):73–96. doi: 10.3917/anpsy1.201.0073

56. van Doorn J, van den Bergh D, Böhm U, Dablander F, Derks K, Draws T, et al.
The JASP guidelines for conducting and reporting a Bayesian analysis. Psychon Bull
Rev. (2021) 28(3):813–26. doi: 10.3758/s13423-020-01798-5

57. 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 J Sport Nutr Exerc Metab. (2021) 31(5):427–37. doi: 10.1123/ijsnem.2020-0233
frontiersin.org

https://doi.org/10.1123/ijsn.6.1.24
https://doi.org/10.1123/ijsn.9.1.70
https://doi.org/10.1186/1550-2783-10-34
https://doi.org/10.3390/nu6083018
https://doi.org/10.1186/1550-2783-11-1
https://doi.org/10.1093/humrep/deab149
https://doi.org/10.1139/h04-005
https://doi.org/10.1249/JSR.0000000000000423
https://doi.org/10.1123/ijsnem.2018-0142
https://doi.org/10.1186/s40337-021-00396-7
https://doi.org/10.3390/ijerph192114243
https://doi.org/10.3390/ijerph192114243
https://doi.org/10.1097/JSM.0000000000001083
https://doi.org/10.2165/00007256-200535090-00002
https://doi.org/10.1007/BF01623770
https://doi.org/10.1007/s40279-020-01396-4
https://doi.org/10.1007/s40279-020-01396-4
https://doi.org/10.3390/sports9040052
https://doi.org/10.3390/sports9040052
https://doi.org/10.1136/bjsports-2023-106932
https://doi.org/10.3748/wjg.v18.i44.6357
https://doi.org/10.3748/wjg.v18.i44.6357
https://doi.org/10.1111/sms.12516
https://doi.org/10.1007/s40279-017-0690-6
https://doi.org/10.1007/s40279-014-0153-2
https://doi.org/10.1136/bjsports-2019-101926
https://doi.org/10.3390/nu13061925
https://doi.org/10.1186/s13102-021-00372-3
https://doi.org/10.1186/s40798-022-00461-8
https://doi.org/10.1186/s40798-022-00461-8
https://doi.org/10.3390/nu15051082
https://doi.org/10.1177/1089313X1101500203
https://doi.org/10.1177/1089313X1101500203
https://doi.org/10.1016/0277-5395(96)00049-0
https://doi.org/10.3389/fspor.2022.869594
https://doi.org/10.1111/sms.12261
https://doi.org/10.1080/17461391.2021.1943712
https://doi.org/10.1097/00042752-200401000-00005
https://doi.org/10.1097/00042752-200401000-00005
https://doi.org/10.2147/PRBM.S113093
https://doi.org/10.1136/bmjsem-2018-000439
https://doi.org/10.1002/1098-108X(199412)16:4%3C363::AID-EAT2260160405%3E3.0.CO;2-&num;
https://doi.org/10.1080/16066350310001637363
https://doi.org/10.1080/16066350310001637363
https://doi.org/10.1002/erv.2372
https://doi.org/10.1037/ccp0000501
https://doi.org/10.3390/jcm10173976
https://doi.org/10.3390/jcm10173976
https://doi.org/10.3390/nu13082601
https://doi.org/10.1136/bjsm.2004.017020
https://doi.org/10.1136/bjsm.2004.017020
https://doi.org/10.3389/fspor.2021.635418
https://doi.org/10.3758/s13423-017-1343-3
https://doi.org/10.3917/anpsy1.201.0073
https://doi.org/10.3758/s13423-020-01798-5
https://doi.org/10.1123/ijsnem.2020-0233
https://doi.org/10.3389/fspor.2023.1254210
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Fahrenholtz et al. 10.3389/fspor.2023.1254210
58. De Souza MJ, Miller BE, Loucks AB, Luciano AA, Pescatello LS, Campbell CG,
et al. High frequency of luteal phase deficiency and anovulation in recreational women
runners: blunted elevation in follicle-stimulating hormone observed during luteal-
follicular transition. J Clin Endocrinol Metab. (1998) 83(12):4220–32. doi: 10.1210/
jcem.83.12.5334

59. De Souza MJ, Ricker EA, Mallinson RJ, Allaway HC, Koltun KJ, Strock NC, et al.
Bone mineral density in response to increased energy intake in exercising women with
oligomenorrhea/amenorrhea: the REFUEL randomized controlled trial. Am J Clin
Nutr. (2022) 115(6):1457–72. doi: 10.1093/ajcn/nqac044

60. Arends JC, Cheung MYC, Barrack MT, Nattiv A. Restoration of menses with
nonpharmacologic therapy in college athletes with menstrual disturbances: a 5-year
retrospective study. Int J Sport Nutr Exerc Metab. (2012) 22(2):98–108. doi: 10.
1123/ijsnem.22.2.98

61. Lally P, Van Jaarsveld CHM, Potts HWW, Wardle J. How are habits formed:
modelling habit formation in the real world. Eur J Soc Psychol. (2010) 40
(6):998–1009. doi: 10.1002/ejsp.674

62. Rauh MJ, Tenforde AS, Barrack MT, Rosenthal MD, Nichols JF. Sport
specialization and low bone mineral density in female high school distance runners.
J Athl Train. (2020) 55(12):1239–46. doi: 10.4085/1062-6050-0547.19

63. Barrack MT, van Loan MD, Rauh MJ, Nichols JF. Physiologic and behavioral
indicators of energy deficiency in female adolescent runners with elevated bone
turnover. Am J Clin Nutr. (2010) 92(3):652–9. doi: 10.3945/ajcn.2009.28926

64. Pollock N, Grogan C, Perry M, Pedlar C, Cooke K, Morrissey D, et al.
Bone-mineral density and other features of the female athlete triad in
Frontiers in Sports and Active Living 13
elite endurance runners: a longitudinal and cross-sectional observational
study. Int J Sport Nutr Exerc Metab. (2010) 20(5):418–26. doi: 10.1123/ijsnem.
20.5.418

65. Sandgren SS, Haycraft E, Plateau CR. Nature and efficacy of interventions
addressing eating psychopathology in athletes: a systematic review of randomised
and nonrandomised trials. Eur Eat Disord Rev. (2020) 28(2):105–21. doi: 10.1002/
erv.2704

66. Bratland-Sanda S, Sundgot-Borgen J. Eating disorders in athletes: overview of
prevalence, risk factors and recommendations for prevention and treatment. Eur
J Sport Sci. (2013) 13(5):499–508. doi: 10.1080/17461391.2012.740504

67. Bueno-Antequera J, Oviedo-Caro MA, Legaz-Arrese A, Paris-Garcia F,
Guille N-Correas R, Munguı A-Izquierdo D, et al. Exercise addiction stability
and health effects. A 6-month follow-up postcompetition study in amateur
endurance cyclists. J Addict Med. (2022) 16(3):e140–9. doi: 10.1097/ADM.
0000000000000888

68. Bonfanti RC, Lo Coco G, Salerno L, Di Blasi M. The thin ideal and attitudes
towards appearance as correlates of exercise addiction among sporty people
during the COVID-19 pandemic. Behav Sci. (2022) 12(6):187. doi: 10.3390/
bs12060187

69. Engseth TP, Andersson EP, Solli GS, Morseth B, Thomassen TO, Noordhof DA,
et al. Prevalence and self-perceived experiences with the use of hormonal
contraceptives among competitive female cross-country skiers and biathletes in
Norway: the FENDURA project. Front Sports Act Living. (2022) 4:873222. doi: 10.
3389/fspor.2022.873222
frontiersin.org

https://doi.org/10.1210/jcem.83.12.5334
https://doi.org/10.1210/jcem.83.12.5334
https://doi.org/10.1093/ajcn/nqac044
https://doi.org/10.1123/ijsnem.22.2.98
https://doi.org/10.1123/ijsnem.22.2.98
https://doi.org/10.1002/ejsp.674
https://doi.org/10.4085/1062-6050-0547.19
https://doi.org/10.3945/ajcn.2009.28926
https://doi.org/10.1123/ijsnem.20.5.418
https://doi.org/10.1123/ijsnem.20.5.418
https://doi.org/10.1002/erv.2704
https://doi.org/10.1002/erv.2704
https://doi.org/10.1080/17461391.2012.740504
https://doi.org/10.1097/ADM.0000000000000888
https://doi.org/10.1097/ADM.0000000000000888
https://doi.org/10.3390/bs12060187
https://doi.org/10.3390/bs12060187
https://doi.org/10.3389/fspor.2022.873222
https://doi.org/10.3389/fspor.2022.873222
https://doi.org/10.3389/fspor.2023.1254210
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Short-term effects and long-term changes of FUEL—a digital sports nutrition intervention on REDs related symptoms in female athletes
	Introduction
	Methods
	Study design
	Eligibility criteria
	Recruitment
	Final inclusion of participants in the analyses

	Nutrition intervention
	Measures and instruments
	Low energy availability in females questionnaire
	Eating disorder examination questionnaire
	Exercise addiction inventory

	Statistics

	Results
	Symptoms of low energy availability
	Comparing pre- and postintervention group differences
	Six- and 12-months follow-up

	Symptoms of disordered eating behavior
	Comparing pre- and postintervention group differences
	Six- and 12-months follow-up

	Exercise addiction inventory
	Comparing pre- and postintervention group differences
	Six- and 12-months follow-up


	Discussion
	Strengths and limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


