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Abstract

Background. The Female Athlete Triad and Relative Energy Deficiency in Sport (RED-S) are multifactorial
conditions primarily driven by low energy availability and associated with impaired physiological function and
reduced athletic performance. Despite extensive theoretical and observational evidence, controlled experimental
studies evaluating structured, personalised nutritional interventions remain limited.

Objectives. To evaluate the effectiveness of a structured, personalised, multidisciplinary nutritional intervention on
sport-specific performance, energy availability, and risk indicators of the Female Athlete Triad in competitive female
athletes.

Material and Methods. A multicentre controlled quasi-randomised study included 480 competitive female athletes
(25.1 + 4.3 years), assigned to an intervention group (IG, n = 240) or control group (CG, n = 240) for 24 weeks. The
intervention combined individualised dietary planning, structured nutritional education, and continuous follow-up.
Primary outcomes were sport-specific performance (normalised composite index) and estimated energy availability
(kcal/kg FFM/day). Secondary outcomes included Triad risk (LEAF-Q > 8), eating behaviour (EDE-Q), nutritional
knowledge (NSKQ), and body composition (DXA). Mixed-effects and multivariate regression models were applied
(p < 0.05).

Results. The intervention group demonstrated significantly greater improvements in sport-specific performance
compared with the control group (-5.8% + 3.1 vs —=0.9% =+ 2.8; p = —0.31; 95% CI —-0.42 to —0.20; p < 0.001), with

a large standardized effect size (Cohen’s d = 1.66). Estimated energy availability increased significantly in the IG
compared with the CG (+6.3 £ 5.9 vs +0.8 + 4.7 kcal/kg FFM/day; = 0.28; 95% CI 0.19-0.37; p < 0.001; Cohen’s
d=1.03).

The prevalence of Triad risk (LEAF-Q > 8) decreased from 30.4% to 18.0% in the IG compared with 29.2% to 27.9%
in the CG (OR = 0.49; 95% CI 0.34-0.71; p < 0.001). Significant improvements were observed in eating behaviour
(EDE-Q: B = —0.24; 95% CI -0.35 to —0.12; p = 0.002) and nutritional knowledge (NSKQ: = 0.41; 95% CI 0.29-0.53;
p <0.001). No significant changes were observed in bone mineral density or body composition.

Conclusions. A structured, personalised nutritional intervention significantly improves sport-specific performance,
increases energy availability, and reduces the risk of the Female Athlete Triad in competitive female athletes.

These findings provide experimental evidence supporting the implementation of multidisciplinary, individualised
nutritional programmes as an effective strategy for improving both health and performance in women’ sport.
Keywords: Female Athlete Triad, RED-S, energy availability, nutritional intervention, sports performance.

Introduction clinical condition involving the interaction of nutritional,
endocrine, metabolic and behavioural factors. First formally
health i . it ; Tt ) described by the American College of Sports Medicine

calth Issues In compelilive womens Sport. IL1s @ compleX (A cgM) in the 1990s, the Triad is characterised by the

The Female Athlete Triad is one of the main emerging

© Palmiero, E, Tafuri, G., Amato, G., & Romano, G., 2026. presence of three interconnected components: low energy
availability (LEA), menstrual dysfunction, and reduced
(@ EECT'S"VS bone mineral density (BMD) (American College of Sports
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Medicine, 1997; Nattiv et al., 2007). These components do
not necessarily occur simultaneously or in a clinically overt
form, and they can occur along a continuum of severity,
which often makes early recognition of the condition
difficult.

Understanding of the Female Athlete Triad has evolved
significantly over the past two decades. In particular, the
International Olympic Committee (IOC) proposed the
concept of Relative Energy Deficiency in Sport (RED-S) in
2014, subsequently updating it to include the systemic effects
of LEA on numerous physiological systems, regardless of
biological sex (Mountjoy et al., 2014; Mountjoy et al., 2018).
The RED-S model recognises that chronic energy deficiency
relative to training-induced expenditure compromises
reproductive function, bone health, basal metabolism,
protein synthesis, immune function, cardiovascular health,
glycaemic regulation, gastrointestinal function, and mental
health (Mountjoy et al., 2018). Furthermore, the RED-S
model places specific emphasis on the consequences of
LEA for performance, such as reduced training capacity, an
increased risk of injury, impaired recovery and decreased
competitive performance (Mountjoy et al., 2018).

Low energy availability is now considered the primary
aetiological factor in both the Athlete’s Triad and Relative
Energy Deficiency in Sport (RED-S) (Mountjoy et al., 2018).
This is defined as the energy remaining for physiological
functions after the energy cost of physical exercise is
subtracted from total calorie intake and normalised for
lean body mass (kcal/kg of fat-free mass per day). Studies
indicate that values below 30 kcal/kg FFM/day are associated
with the suppression of the hypothalamic-pituitary-
gonadal axis, alterations in GnRH pulsatile secretion, and
consequent functional hypoestrogenism (De Souza et al.,
2014). However, suboptimal levels between 30 and 45 kcal/kg
FFM/day can also lead to negative physiological adaptations,
particularly if they are prolonged or associated with high
training loads (De Souza et al., 2014).

The prevalence of the Athlete’s Triad and RED-S-related
conditions varies greatly in the literature, with estimates
ranging from 20% to 60% for the presence of at least one
component depending on the sport, competitive level, and
diagnostic criteria used (Nattiv et al., 2007; Mountjoy et
al., 2014). Endurance sports (e.g. long-distance running,
cycling and triathlons), aesthetic disciplines (e.g. artistic
gymnastics, dance and figure skating) and weight-class
sports are particularly high-risk contexts due to high energy
expenditure, aesthetic expectations and pressure to maintain
alow body mass. Nevertheless, recent evidence indicates that
LEA and dysfunctional eating behaviours are also prevalent
in team and power sports, particularly during periods of
intense competitive training (Mountjoy et al., 2018).

A critical aspect of managing the Athlete Triad is its
subclinical and underdiagnosed nature. Many female athletes
with chronic EAA do not report complete amenorrhoea,
but experience less obvious menstrual changes such as
oligomenorrhoea or anovulatory cycles, which may go
unnoticed by both the athlete and technical/health staff.
Similarly, BMD reduction can develop progressively over
time, increasing the risk of stress fractures and reducing
peak bone mass (Nattiv et al., 2007; De Souza et al., 2014).
This can have long-term consequences for skeletal health
and increase the risk of osteoporosis in adulthood.

Alongside the pathophysiological aspects, psychological
and socio-cultural factors also play a decisive role. Numerous
qualitative and quantitative studies have demonstrated that
female athletes are frequently subjected to explicit or implicit
pressures concerning body weight, body composition, and
the aesthetics of sporting performance (Trakman et al., 2018;
Heaney et al., 2011). Coaches, judges, the media and social
networks often contribute to the construction of unrealistic
body ideals, encouraging the normalisation of dietary
restriction and the adoption of nutritional practices that
are not based on scientific evidence (Trakman et al., 2018).
In this context, carbohydrate restriction is one of the most
frequently reported behaviours, despite extensive literature
demonstrating the fundamental role of carbohydrates in
supporting high-intensity training and preserving energy
availability (Burke et al., 2019).

Poor nutritional knowledge is an additional risk factor.
Studies of athletes at different competitive levels show
that a significant proportion have incomplete or incorrect
knowledge of energy requirements, nutritional timing, and
the consequences of low energy availability (LEA) (Trakman
et al,, 2018; Alaunyte et al., 2015). This lack of information
is often exacerbated by limited access to qualified sports
nutrition professionals, particularly at amateur or university
level (Heaney et al., 2011). Consequently, many athletes
adopt self-taught dietary strategies influenced by non-
scientific sources, which can have negative repercussions for
their health and performance (Heaney et al., 2011).

From a performance perspective, LEA and the Athlete
Triad are associated with a reduction in the ability to adapt
to training, an increased perception of fatigue, longer
recovery times, and an increased risk of musculoskeletal
injuries (Mountjoy et al., 2014; Heikura et al., 2017). Stress
fractures, tendinopathies and recurrent infections are
common clinical manifestations of chronic EAA in female
athletes, significantly impacting training continuity and
sporting careers (Nattiv et al., 2007). These issues emphasise
that nutrition is a central, rather than accessory, factor in
performance and sporting longevity.

Available evidence suggests that an energy availability
of at least 45 kcal/kg FFM/day is necessary to maintain
menstrual function, bone health, and optimal physiological
function in female athletes (De Souza et al., 2014). However,
it is difficult to translate these theoretical recommendations
into daily practice, particularly when faced with high training
volumes, academic or work commitments, and logistical
limitations. Furthermore, most of the studies that have
contributed to defining these thresholds are observational or
short-term experimental in nature and are often conducted
in controlled laboratory settings.

A significant limitation of the existing literature is
the lack of controlled experimental studies that evaluate
the effectiveness of structured, personalised nutritional
interventions within the context of competitive sport. While
many studies focus on the association between LEA and
clinical outcomes, few have systematically tested intervention
programmes integrating dietary plans, nutritional education,
and multidisciplinary support to assess their impact on
health and sporting performance.

Despite the growing scientific interest in the Female
Athlete Triad and RED-S, a critical gap persists in the
translation of theoretical knowledge into effective preventive
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strategies within real sporting environments. Current
research has clearly established low energy availability as the
central aetiological mechanism underlying these conditions;
however, most prevention approaches continue to rely
primarily on screening tools, general nutritional guidelines,
or educational recommendations rather than structured
intervention models (Mountjoy et al., 2018).

This creates an unresolved contradiction in the current
literature: while RED-S is recognised as a multifactorial
condition requiring behavioural, nutritional and organisational
modifications, the majority of existing strategies focus mainly
on risk identification rather than on experimentally tested,
comprehensive prevention programmes.

As a result, athletes may be screened and informed
about the risks of low energy availability without receiving
practical, personalised strategies capable of modifying
dietary behaviours within the context of demanding training
schedules and sociocultural pressures.

Consequently, the effectiveness of current prevention
approaches remains limited. Generic nutritional advice,
short-term educational sessions, and non-individualised
dietary recommendations often fail to produce sustainable
behavioural changes or to adequately restore energy
availability in athletes exposed to high training loads
(Heaney et al., 2011; Trakman et al., 2018).

This limitation highlights the need for experimentally
tested, multidisciplinary interventions capable of integrating
personalised nutritional planning, structured education and
continuous monitoring within real competitive settings.

In light of these considerations, large-scale experimental
studies conducted in multicentre settings that are
representative of real-world sporting practices are needed
to evaluate the effectiveness of evidence-based nutritional
interventions in preventing the female athlete triad and
relative energy deficiency in sport (RED-S).

These studies should consider not only physiological and
performance outcomes, but also educational, cultural, and
organisational factors influencing adherence to proposed
nutritional strategies.

This experimental study therefore aims to address this
gap by evaluating the impact of a personalised, structured,
multidisciplinary nutritional intervention on sports
performance and risk indicators for the Female Athlete
Triad in a large sample of competitive female athletes.

By experimentally testing a personalised, multidisci-
plinary nutritional intervention implemented in real-world
competitive environments, the present study seeks to move
beyond observational associations and provide practical evi-
dence for effective prevention strategies.

Integrating quantitative and qualitative measures will
provide an in-depth understanding of the mechanisms
through which nutrition can support health and performance
in women’s sport.

This will contribute to the development of replicable,
evidence-based intervention models.

Study hypotheses

Based on the existing literature on low energy availability
and the Female Athlete Triad, this study tested a set of
predefined primary and secondary hypotheses regarding the
effects of a structured, personalised nutritional intervention
in competitive female athletes.

Primary hypotheses

1. Athletes receiving the personalised nutritional
intervention will show significantly greater
improvements in sport-specific performance
compared with athletes receiving generic nutritional
guidance.

2. Athletes in the intervention group will demonstrate
a significantly greater increase in estimated energy
availability (kcal/kg FFM/day) compared with the
control group.

Secondary hypotheses

In addition to the primary outcomes, the intervention
is expected to produce favourable changes in several health
and behavioural indicators associated with the Female
Athlete Triad and RED-S:

3. 'The prevalence of Triad risk (LEAF-Q > 8) will
decrease significantly in the intervention group
compared with the control group.

4. Eating disorder risk behaviours, assessed using the
EDE-Q, will decrease in the intervention group.

5. Sports nutrition knowledge, measured through the
NSKQ, will increase significantly in the intervention
group.

6. The intervention will support the maintenance or
improvement of body composition and bone health
indicators, assessed using DXA.

These hypotheses guided the selection of outcome

measures and the statistical analyses applied in the study.

Materials and methods

Study Design

A multicentre, controlled, quasi-randomised
experimental study conducted between January 2022 and
December 2025 at sports medicine centres, universities and
competitive sports clubs.

Participants

480 competitive female athletes (average age 25.1 +
4.3 years) were recruited.

Inclusion Criteria:

« Biological female.

. Aged 18-35.

o Participation in official competitions.

« Training >5 hours/week.

Exclusion Criteria:

o pregnancy or breastfeeding

o known endocrine disorders

o use of hormonal contraceptives in the previous 6

months
o injuries limiting performance

Grouping

The athletes were assigned to:
 Intervention Group (IG; n=240)
« Control Group (CG; n=240)
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The assignment was stratified by sport type and
competitive level.

Experimental Nutritional Intervention

The experimental nutritional intervention was designed
based on the latest scientific evidence in the fields of sports
nutrition, women’s health, and the prevention of the Female
Athlete Triad and Relative Energy Deficiency in Sport
(RED-S). The rationale behind the intervention recognises
low energy availability (LEA) as the primary cause of
the endocrine, metabolic and bone changes observed in
female athletes, and as a key factor in decreased athletic
performance. Consequently, the programme adopted a
personalised, progressive and multidimensional approach,
integrating nutritional assessment, dietary planning,
nutritional education and continuous follow-up.'

Initial Individual Nutritional Assessment

The initial phase of the intervention involved a thorough,
personalised nutritional assessment. This was considered
essential for the early identification of LEA conditions and
for establishing effective, sustainable dietary strategies. The
literature highlights that standardised, non-personalised
approaches are often ineffective at correcting LEA in female
athletes, particularly in contexts involving a high training load.

The assessment included:

o Analysis of total energy expenditure, estimated
by combining training data (duration, intensity
and frequency), validated questionnaires and,
where available, instrumental measurements (e.g.
accelerometry). An accurate estimate of energy
expenditure is essential, as underestimating the cost of
exercise is one of the main causes of unintentional EER.

o Estimation of energy availability, calculated as the
difference between energy intake and exercise cost,
normalised for lean body mass (kcal/kg FFM/day).
Numerous studies have shown that EAE is a more
reliable predictor of menstrual dysfunction and bone
health alterations than simple energy balance.

« Qualitative and quantitative analysis of eating habits
using food diaries and structured interviews. This
phase identified restrictive eating patterns, incorrect
macronutrient distribution, inadequate nutritional
timing, and dysfunctional eating beliefs, all of which
are frequently reported in athletes.

Personalised nutrition plan:

Based on the initial assessment, a personalised nutrition
plan was developed for each athlete in the intervention group.
Personalisation is a central element of the intervention,
as the literature shows that nutritional strategies tailored
to individual needs improve adherence and long-term
effectiveness.

The dietary plan was structured according to the following
principles:

o Target energy availability =45 kcal/kg FFM/d, a

value commonly recognised as the threshold for
maintaining endocrine function and bone health

in female athletes. This target was progressively
adjusted in cases of severe AED in order to reduce the
risk of poor adaptation or psychological resistance to
increased energy intake.

« Carbohydrates: 5-8 g/kg/d, modulated according to
training load, stage of the season and sport discipline.
An adequate carbohydrate intake is essential to
support performance, preserve muscle glycogen and
reduce the endocrine stress associated with intense
training. Carbohydrate restriction, frequently
observed in female athletes, has been associated with
an increased risk of LEA and menstrual disturbances.

o Protein: 1.6-2.0 g/kg/day, in line with
recommendations for athletes engaged in endurance
and strength training. Adequate protein intake
supports lean mass maintenance, muscle protein
synthesis and recovery, which are particularly
important in conditions of previous LEA.

o Fats 225-30% of total energy, with attention to the
quality of fatty acids. Insufficient lipid intake has been
associated with reduced steroid hormone production
and impaired reproductive function.

o Peri-workout nutritional timing, including pre- and
post-exercise meals and snacks, with the aim of
reducing prolonged periods of intra-diurnal energy
deficit. Emerging evidence indicates that the timing
of energy intake, in addition to the total amount, also
influences hormonal regulation and the risk of LEA.

Structured nutritional education

A distinctive feature of the intervention was the
structured nutrition education programme, divided into six
sessions spread throughout the intervention, conducted both
individually and in small groups. The literature emphasises
that dietary prescriptions alone are often insufficient to bring
about lasting changes in eating behaviours, especially in the
presence of deep-rooted beliefs and socio-cultural pressures.

The educational sessions addressed the following topics in
a progressive and interactive manner:

o physiopathology of the Athlete Triad and RED-S;

« role of energy availability in health and performance;

« importance of carbohydrates in women’s sport;

« nutrition and bone health;

o nutritional strategies for recovery and injury

prevention.

This educational approach aims to improve nutritional
knowledge, which has been associated in several studies with
better diet quality and a reduction in risky eating behaviours
(Trakman et al., 2018; Alaunyte et al., 2015).

Follow-up and monitoring

Monthly follow-ups were a key component of the
intervention, allowing for dynamic adaptation of the
nutrition plan based on changes in training load, the
competitive season, and individual responses. Previous
studies indicate that continuous monitoring significantly
increases adherence to and effectiveness of nutrition
interventions in female athletes (Burke et al., 2019).

During the follow-ups, the following were assessed:

o adherence to the nutritional plan
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o changes in energy availability

« any logistical or psychological difficulties

o subjective perception of energy, recovery and
performance

Control group

The control group received only generic, non-
personalised nutritional guidance, in line with standard
practice in many sporting contexts. This approach reflects
the reality of many competitive environments, where
specialist nutritional support is limited or absent, and allows
for a comparison of the effectiveness of the structured
intervention with current practices (Heaney et al., 2011).

Assessments

The assessments were selected in order to capture the
multidimensional effects of nutritional intervention on the
health, eating behaviour and athletic performance of female
athletes. In line with methodological recommendations
for studies on RED-S and the Female Athlete Triad, an
integrated approach combining physiological, performance,
psychometric and qualitative measures was adopted.
This strategy allows us to overcome the limitations of
studies focused on individual outcomes and to explore the
interactions between nutritional, endocrine and behavioural
factors.

Primary outcome

Performance

Sports performance was defined as the primary outcome
because it represents a relevant functional indicator for both
athletes and technical staff, and is one of the key elements
through which LEA and the Athlete Triad influence
sporting careers. Discipline-specific tests were used, selected
according to the type of sport practised (endurance, team
sports, aesthetic disciplines or weight categories), in order to
ensure ecological validity and applicability.

The use of specific tests, rather than generic fitness
measures, is supported by literature highlighting how LEA
differentially affects performance components depending on
the metabolic and neuromuscular demands of the discipline
(Heikura et al., 2017). Performance was assessed under
standardised conditions and replicated over time to reduce
intra-individual variability.

Estimated energy availability

Estimated energy availability (kcal/kg of lean body
mass per day) represents the second primary outcome, as
it is considered the central physiological determinant of the
Athlete Triad and RED-S. The decision to include energy
availability as a primary outcome is consistent with IOC
recommendations and studies showing that even moderate
changes in this parameter are associated with significant
endocrine and metabolic changes.

Energy availability was estimated by combining:

o daily energy intake;

o energy cost of exercise;

o instrumentally measured lean mass.

Although the estimation of energy availability has
inherent limitations, it remains one of the most widely
used and informative tools for assessing the risk of EAD in
application contexts.

Secondary outcome

Athlete’s triad risk (LEAF-Q)

The risk of the Female Athlete Triad was assessed using
the Low Energy Availability in Females Questionnaire
(LEAF-Q), avalidated tool widely used in scientific literature.
The LEAF-Q allows athletes at risk to be identified on the
basis of gastrointestinal symptoms, menstrual dysfunction
and history of injury, providing a practical and clinically
relevant measure of LEA risk.

The use of the LEAF-Q as a secondary outcome is
justified by its sensitivity in detecting changes in the risk of
the Triad following nutritional interventions or changes in
training load.

Eating behaviour (EDE-Q)

Eating behaviour was assessed using the Eating Disorder
Examination Questionnaire (EDE-Q), a validated tool for
identifying dysfunctional eating behaviours and pathological
attitudes towards food and body image (Fairburn & Beglin,
1994). The inclusion of this measure responds to the need
to monitor possible side effects of nutritional interventions
and to explore the link between LEA, cognitive restriction
and the risk of eating disorders, which has been widely
documented in female athletes.

The EDE-Q also allows us to distinguish between
intentional and unintentional restriction, which is crucial to
understanding the dynamics that lead to LEA.

Nutritional knowledge (NSKQ)

Nutritional knowledge was assessed using the Nutrition
for Sport Knowledge Questionnaire (NSKQ), a tool
specifically validated for athletic populations. The literature
suggests that a higher level of nutritional knowledge is
associated with better diet quality, greater energy availability
and a reduction in risky eating behaviours.

The assessment of nutritional knowledge allowed us
to explore the mediating role of nutritional education on
physiological and performance outcomes, providing useful
information for the implementation of future educational
interventions.

Body composition and bone health (DXA)

Body composition and bone mineral density were
assessed using dual-energy X-ray absorptiometry (DXA),
considered the gold standard for assessing BMD and lean
mass in female athletes (Nana et al., 2015). The decision to
include DXA as a secondary outcome reflects the clinical
importance of bone health in the Female Athlete Triad, as
EAD and hypoestrogenism are associated with reduced
BMD and an increased risk of stress fractures (Nattiv et al.,
2007; De Souza et al., 2014).
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Although changes in BMD require prolonged
observation periods, the inclusion of this measure allows
early changes to be detected and the potential impact of the
intervention on skeletal health in the medium to long term
to be assessed.

Qualitative Analysis

A sub-sample of 42 athletes (21 in the intervention group
and 21 in the control group) participated in semi-structured
interviews conducted before and after the intervention.
Qualitative analysis was included to explore subjective
perceptions, barriers and facilitators of behavioural change,
aspects that cannot be fully captured by quantitative
measures alone.

The interviews were analysed using thematic analysis
according to Braun and Clarke (2006), following an
inductive-deductive approach. Reporting was in accordance
with the COREQ (Consolidated Criteria for Reporting
Qualitative Research) guidelines, ensuring transparency and
methodological rigour.

An a priori statistical power analysis was conducted to
determine the minimum sample size required for the study.
The calculation was performed using G*Power software
(version 3.1) for repeated-measures comparisons between
two groups.

Based on previous studies investigating nutritional
interventions in female athletes, a moderate effect size
(Cohen’s f = 0.25) was assumed for the primary outcomes
(sport performance and energy availability). The significance
level (a) was set at 0.05, and the desired statistical power
(1-pB) was 0.80.

The power analysis indicated that a minimum sample of
approximately 210 participants per group would be required
to detect statistically significant between-group differences.
To account for potential dropouts and missing data, the
target sample size was increased, resulting in a final sample
of 480 athletes (240 per group) included in the study.

Statistical Analysis

Statistical analysis was conducted according to the
intention-to-treat principle in order to preserve the benefits
of group assignment and reduce the risk of attrition bias.

The following were used:

o Mixed-effects linear regression models were used to
analyse continuous outcomes related to the primary
hypotheses (sport performance and estimated energy
availability).

« Logistic regression models were applied to assess
dichotomous outcomes related to Triad risk (LEAF-Q
> 8).

o Secondary continuous outcomes (EDE-Q scores,
NSKQ scores, and DXA-derived body composition
variables) were analysed using multivariate linear
regression models.

o Mixed models accounted for the hierarchical
structure of the data (athletes nested within sports
centres).

The level of statistical significance was set at p < 0.05, in

line with biomedical and sports research conventions.

Results

Sample characteristics

Baseline characteristics of the participants are presented
in Table 1.

Table 1. Baseline characteristics of the sample

Intervention Control
Variable Group Group P
(n=240) (n=240)
Age (years) 252+44 25.0+4.2 0.67
Training volume
(h/week) 8.7+£3.0 8.5+£28 0.59
Endurance sports (%) 44.2 43.8 1.00
Team sports (%) 31.0 31.1 1.00
Aesthetic/weight-class 248 5.1 1.00
sports (%)
Energy availability
+ +

(keal/kg FEM/d) 38.6+6.4 389+6.2 0.71
LEAF-Q > 8 (%) 30.4 29.2 0.78
Lean mass (kg) 45.8 +4.6 46.0 +4.7 0.74
Fat mass (%) 21.4+42 21.7+4.3 0.69

The study included a total of 480 competitive athletes,
of whom 240 were assigned to the intervention group (IG)
and 240 to the control group (CG). The overall mean age was
25.1 + 4.3 years, with no significant differences between the
two groups at baseline (p = 0.67). WeeKkly training volume
(mean 8.6 + 2.9 hours/week) also did not differ significantly
between IG and CG (p = 0.59).

In relation to the type of sport practised:

o 44% (n = 211) of the athletes practised endurance

sports,

o 31% (n = 149) practised team sports,

e 25% (n = 120) practised aesthetic disciplines or

weight category sports.

The distribution of disciplines was comparable between
the groups (x> = 1.12; p = 0.57), indicating adequate
comparability of the sample.

At baseline, 29.8% of athletes (n = 143) had a LEAF-Q >8
score, indicative of low energy availability risk and the Female
Athlete Triad. The prevalence of LEAF-Q 28 did not differ
significantly between GI (30.4%) and GC (29.2%) at enrolment
(p = 0.78). Similarly, there were no significant differences
between the groups in estimated energy availability, athletic
performance, or body composition at baseline.

Effects of the intervention on primary outcomes

The effects of the intervention on the primary outcomes
are summarised in Table 2.

The sports performance indicator reported in Table
2 represents a normalized composite performance index
constructed from standardized sport-specific performance
measures collected for each athlete. To facilitate comparison
across different sport disciplines, baseline performance
was set to a reference value of 100 for each participant.
Subsequent measurements were expressed as percentage
change relative to this baseline reference.

For performance variables where lower values indicate
better performance (e.g., time-based measures such as
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Table 2. Primary outcomes

Outcome Group Baseline Post- . Beﬂ?’een-gmup b (fnodel 95% CI p  Cohen’sd Interpretation
intervention difference estimate)
Sports performance  IG 100 942 +3.1 -4.9 -0.31  -0.42to -0.20 <0.001 1.66  Large
(%) CG 100 99.1+2.8
Energy availability IG 38.6+64 449+58 +5.5 0.28 0.19-0.37 <0.001 1.03  Large
(kcal/kg FFM/d) CG 389+62  39.7£6.0

Note. Cohen’s d was calculated for the between-group difference in change scores using pooled standard deviations and interpreted
according to conventional thresholds (0.2 = small, 0.5 = medium, 0.8 = large). For sports performance, the negative sign reflects greater
improvement in the intervention group because lower values of the normalised performance index indicate better performance

Table 3. Secondary outcomes

Outcome Intervention Group Control Group  Effect estimate 95% CI p
LEAF-Q =8 prevalence (%) 30.4->18.0 2925279 OR 0.49 0.34-0.71 <0.001
EDE-Q total score -0.62 +£0.41 -0.05+0.38 g -0.24 -0.35--0.12 0.002
NSKQ score (points) +18.4+9.6 +3.1+7.8 B0.41 0.29-0.53 <0.001
Lean mass (kg) +0.4+0.6 +0.1+0.5 3 0.09 -0.01-0.19 0.07
Fat mass (%) -0.8+1.2 -0.2+1.1 B-0.12 -0.24-0.01 0.06
Bone mineral density no change no change - - 0.41

sprint time or endurance completion time), the normalized
index decreases when performance improves. Therefore, a
reduction of the index from the baseline value of 100 to
94.2 in the intervention group reflects an improvement in
performance relative to baseline.

The index was calculated by standardizing the raw
performance outcome for each athlete relative to their baseline
value and then averaging across the relevant performance
indicators within each sport category. This normalization
procedure allowed performance changes to be compared across
heterogeneous sport disciplines while maintaining baseline
comparability between the intervention and control groups.

The results for secondary outcomes are reported in
Table 3.

To complement the p-values and regression coeflicients,
effect sizes were calculated for the primary outcomes to quantify
the magnitude of the intervention effects. For continuous
variables, Cohen’s d was computed as the standardized mean
difference between the intervention and control groups. Effect
sizes were interpreted according to conventional thresholds
(small = 0.2, medium = 0.5, large = 0.8).

In addition, 95% confidence intervals (95% CI) were
calculated for all primary outcomes to provide an estimate of
the precision of the observed effects. For regression analyses,
standardized regression coeflicients (B) together with their
corresponding 95% confidence intervals were reported.

Reporting both p-values and effect size measures allows
a more comprehensive interpretation of the statistical results
by combining information on statistical significance with the
magnitude and practical relevance of the observed effects.

Performance

At the end of the intervention, the intervention group
demonstrated a significantly greater improvement in sport-
specific performance than the control group (-5.8% * 3.1 vs
—-0.9% + 2.8; p = —0.31; 95% CI —0.42 to —0.20; p < 0.001),
with a large standardized effect size (Cohen’s d = 1.66).

Analysis using mixed models, adjusted for age, type of
sport and sports centre, showed a significant main group

effect (B = —0.31; 95% CI -0.42 to —0.20; p < 0.001). The
effect was consistent across different types of disciplines,
with no significant interactions between group and type of
sport (p for interaction = 0.21).

Estimated energy availability

Estimated energy availability increased significantly in
the intervention group compared with the control group
(+6.3 + 5.9 vs +0.8 + 4.7 kcal/kg FFM/day; p = 0.28; 95%
CI0.19-0.37; p < 0.001), corresponding to a large effect size
(Cohens d = 1.03).

The difference between the groups was statistically
significant (p < 0.001). At the end of the intervention, 67.5%
of athletes in the IG achieved an energy availability of >45
kcal/kg FEM/d, compared to 32.1% in the CG (p < 0.001).

Effects of the intervention on secondary outcomes

Athlete’s triad risk (LEAF-Q)

At follow-up, the prevalence of athletes with LEAF-Q
>8 was significantly reduced in the intervention group,
from 30.4% to 18.0%, while in the control group it remained
essentially unchanged (from 29.2% to 27.9%).

Multivariate logistic regression analysis showed that
belonging to the IG was associated with a significant
reduction in the risk of LEAF-Q =8 (OR = 0.49; 95% CI
0.34-0.71; p < 0.001), regardless of age, type of sport, and
baseline energy availability.

Eating behaviour (EDE-Q)

The intervention group showed a significant reduction in
total EDE-Q scores, particularly in the cognitive restriction
and weight concern subscales (p < 0.01). In the control
group, EDE-Q scores did not show significant changes from
baseline. No clinically relevant increases in EDE-Q scores
were observed in either group.
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Table 4. Summary of regression models

Outcome Model Covariates Effect estimate 95% CI P
Sports performance  Mixed-effects linear regression ~ Age, sport type, centre B=-0.31 -0.42 --0.20  <0.001
Energy availability =~ Mixed-effects linear regression ~ Age, baseline EA, centre =028 0.19-0.37  <0.001
LEAF-Q =8 Logistic regression Age, sport type, baseline EA OR =0.49 0.34-0.71  <0.001
EDE-Q Linear regression Age, baseline score B=-0.24 -0.35--0.12 0.002
NSKQ Linear regression Age, baseline score =041 0.29-0.53  <0.001

Nutritional knowledge (NSKQ)

The total NSKQ score increased significantly in the IG
(+18.4 + 9.6 points) compared to the CG (+3.1 + 7.8 points;
p <0.001). The greatest increase was observed in the sections
relating to carbohydrates and nutritional timing.

Body composition and bone health (DXA)

No significant changes in bone mineral density were
observed during the intervention period in either group.
However, intheintervention group,lean mass was maintained
and there was a slight reduction in the percentage of fat
mass, while no significant changes were observed in the
control group. No differences between groups were observed
in terms of changes in total body weight.

A summary of the regression models is presented in
Table 4.

Qualitative Results

The thematic analysis of the semi-structured interviews
revealed five main themes, with marked differences between
the intervention group and the control group in the post-
intervention period.

7. Overcoming the fear of carbohydrates, with greater
acceptance of their role in supporting training and
recovery.

8. Greater awareness of the role of energy, understood
as a functional resource for health and performance.

9. Reduction in the normalisation of dietary
restriction, previously perceived as an integral part
of sports culture.

10. Greater trust in the multidisciplinary staff,
particularly in the sports nutritionist.

11. Improved subjective perception of performance and
recovery, even in the absence of obvious changes in
body composition.

In the control group, these themes emerged sporadically

and unsystematically.

Discussion

This controlled experimental study provides robust
evidence that a structured, personalised nutritional
intervention improves both athletic performance and health
indicators associated with the Athlete Triad and Relative
Energy Deficiency in Sport (RED-S) in a large sample
of competitive female athletes. The increase in energy
availability, reduction in Triad risk and improvement in
performance observed in the intervention group confirm
nutrition’s central role as a physiological and functional

determinant in competitive women’s sport (Mountjoy et al.,
2014; Mountjoy et al., 2018).

A significant increase in energy availability was observed
in the intervention group, with a substantial proportion of
athletes reaching or exceeding the threshold of 45 kcal/kg
FFM/d. This finding is consistent with previous research
identifying this threshold as necessary for maintaining
endocrine function and bone health in athletes (De Souza
et al., 2014; Nattiv et al., 2007). Previous experimental
studies have demonstrated that even modest increases in
energy availability can result in enhanced leptin, insulin-
like growth factor 1 (IGF-1) and gonadotropin hormone
secretion, facilitating the restoration of menstrual function
and reducing the catabolic state.

The significant reduction in LEAF-Q scores observed in the
intervention group suggests that increased energy availability
translates into clinically relevant benefits by reducing the
likelihood of functional manifestations of the Athlete Triad.
This finding is consistent with observational studies showing a
strong association between low energy availability and Triad-
related outcomes (Mountjoy et al,, 2018), but it also makes an
experimental contribution by demonstrating that this risk can
be reduced through targeted nutritional intervention.

The significant improvement in athletic performance
observed in the intervention group is a particularly
important practical outcome. The literature suggests that
energy availability deficiency compromises the ability to
adapt to training through multiple mechanisms, including
reduced energy substrate availability, increased endocrine
stress and altered metabolic responses (Heikura et al., 2017;
Burke et al., 2019). The results of the present study support
the hypothesis that optimising energy availability enables
these adaptations to be maximised, resulting in measurable
improvements in discipline-specific performance.

Notably, these performance improvements occurred
without significant changes in total body weight or bone
mineral density in the short term. This contradicts the
common belief that increasing energy intake necessarily leads
to an increase in body weight, which is frequently reported
among athletes and identified as a barrier to adopting
adequate nutritional strategies. Therefore, the results of this
study help to dispel this myth by highlighting that a balanced
diet can improve performance without having a negative
effect on body composition (Nana et al., 2015).

Another important finding that emerged from the study
is the improvement in eating behaviours and nutritional
knowledge in the intervention group.

Thereduction in EDE-Q scores, particularly in the cognitive
restriction dimension, suggests that the intervention did not
increase the risk of dysfunctional eating behaviours; in fact, it
contributed to a healthier relationship with food. This finding
is consistent with studies showing that nutrition interventions
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based on education and ongoing support can reduce risky
eating behaviours in athletes (Fairburn & Beglin, 1994).

The significant increase in nutritional knowledge, as
measured by the NSKQ, further supports the importance of
education as a key component of the intervention. Previous
evidence indicates that greater nutritional knowledge
is associated with a better-quality diet, greater energy
availability and a reduction in the normalisation of dietary
restriction among female athletes (Trakman et al., 2018;
Alaunyte et al., 2015; Heaney et al., 2011). The qualitative
results of the present study reinforce this, showing that
athletes developed a greater awareness of the role of energy
and carbohydrates in supporting training and recovery.

Integrating qualitative datais one of this study’s strengths,
as it allows the quantitative results to be contextualised and
the mechanisms of behavioural change to be explored.
The themes that emerged from the interviews, such as
overcoming the fear of carbohydrates and reducing the
normalisation of restriction, align with literature identifying
cultural and organisational factors as critical determinants
of athletes’ eating behaviours (Trakman et al., 2018).

Participants in the intervention group reported greater
trust in the multidisciplinary staff, which highlights the
importance of an integrated approach involving nutritionists,
sports physicians and coaches. Previous studies have shown that
multidisciplinary interventions are more effective than isolated
strategies in preventing and managing the Athlete Triad and
Relative Energy Deficiency in Sport (RED-S) (Mountjoy et al.,
2014; Mountjoy et al., 2018). The results of the present study
provide further empirical support for these recommendations.

From a practical standpoint, the findings imply that
systematically implementing personalised, evidence-based
nutritional programmes could effectively enhance the
health and performance of competitive female athletes.
Using screening tools such as the LEAF-Q, combined with
energy availability assessments and structured educational
programmes, could help to identify at-risk athletes early
on and prevent the long-term consequences of low energy
availability (Nattiv et al., 2007; De Souza et al., 2014).

Despite its strengths, the present study has some
limitations. The estimation of energy availability, although
based on established methods, remains subject to
measurement errors. Furthermore, the intervention may
not have been long enough to observe significant changes
in bone mineral density, as these require longer follow-up
periods (Nana et al., 2015). Finally, the absence of complete
randomisation is another limitation, although using
multivariate statistical models and baseline-comparable
groups reduces the risk of bias.

Opverall, the results of this study reinforce the evidence
that low energy availability is a modifiable determinant of
health and performance in women’s sport. A structured,
personalised nutritional intervention supported by
continuous education and a multidisciplinary approach is
an effective and sustainable strategy for the prevention of
the Female Athlete Triad and RED-S, with positive effects
on both the well-being of athletes and their competitive
performance (Mountjoy et al., 2018).

Conclusions

This controlled experimental study provides solid
evidence that a structured, personalised nutritional

intervention based on scientific evidence improves energy
availability, reduces the risk of the Female Athlete Triad, and
optimises sports performance in competitive female athletes.
The results confirm that low energy availability is a significant
yet modifiable factor affecting the health and performance of
female athletes, and that targeted interventions can deliver
clinically and functionally significant benefits, even within
the context of competitive activity.

Integrating individualised dietary planning, structured
nutrition education and continuous follow-up has proven
particularly effective in improving both physiological and
performance indicators and in promoting positive changes
in athletes’ eating behaviours and nutritional beliefs. These
results highlight the importance of a multidisciplinary
approach in which sports nutritionists play a pivotal role
within women’s competitive teams, collaborating closely
with sports physicians and coaches.

From an application perspective, the study supports the
systematic adoption of screening and nutritional intervention
programmes in competitive sports contexts. The aim is to
prevent the consequences of essential amino acid (EAA)
deficiency early on and promote a sports culture that is oriented
towards health and sustainable performance. Furthermore, the
results emphasise the necessity of moving beyond generic or
non-personalised nutritional approaches, which frequently fail
to address the unique requirements of female athletes.

Finally, this work helps to fill an important gap in the
literature by providing experimental data on a nutritional
intervention applied in a multicentre, real-world setting.
Future studies should evaluate the long-term effects of such
interventions on bone health and sporting longevity, and
further explore the mechanisms through which nutritional
education and multidisciplinary supportinfluence adherence
and clinical outcomes.
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EdeKTnBHICTb iHAMBIAYanisoBaHOro HyTpiLinHOro
BTPYUYaHHA Y NiABULLEHHi pe3yNbTaTUBHOCTI
Ta 3HWXKEHHi pU3nNKy Tpiaan CNOPTCMEHOK

dabiona ITanpmiepo' P, [[xxosanni Tapypi**P, Ixynis Amaro?®*<P, [[)xkeHepo3o Pomano**”

"YuiBepcnrer Kamnanii «JIyimki Bausiteni»
*Yuisepcurer Heamnons «[TapreHorme»

ABTOpPCHKMIT BKTA: A — Am3aitH gocnipkeHHs; B — 36ip ganux; C — crarananis; D — migroroska pykormucy; E — 36ip komtis

Pedepar. Crarrsa: 11 c., 4 Tabm., 13 mxeper.

O6rpyurysanns. Tpiaga cioprcMeHOK Ta BigHOCHMIT fedinut eneprii y copti (RED-S) € 6aratodakropHumu cTaHami,
3yMOBJICHMM IIepelyCciM HU3bKOK €HepreTHYHO HOCTYIHICTIO Ta OB A3aHMMU 3 HOpyIleHHAM ¢isionoriunux GyHkuin i
3HIDKEHHAM CIIOPTMBHOI pe3ynbTaTuBHOCTI. He3BaXkaloun Ha 3HAaYHY KiNbKiCTb TEOPETMYHMX Ta 0OCepBaliifHUX JOCiKEeHb,
KOHTPOJ/IbOBaHi eKCIIepMMeHTa/IbHI poOOTH, 10 OLIHIOTb eeKTUBHICTb CTPYKTYPOBaHMX, IIePCOHANI30BaHMX HYTPIilliliHNX

BTPpyYaHb, 3a/IMIIAI0TbCA 00MeXEHVMI.
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Merta. Ouinntyt epeKTUBHICTb CTPYKTYPOBAHOT0, IEPCOHAII30BAHOT0, MY/IbTUAVMCLUIUTIHAPHOTO HY TPILIi/IHOrO BTPyYaHHs
I[OZIO CIIOPTUBHOI Pe3y/IbTaTUBHOCTI, eHEPreTUYHOI JOCTYIHOCTI Ta MOKa3HMKIB PU3MKY TPiafiu CIOPTCMEHOK y KBaTihiKoBaHMX
CIIOPTCMEHOK.

Marepianu i MeTogu. BararoreHTpoBe KOHTPO/IbOBaHE KBa3ipaH/[OMi30BaHe JOCTIMKeHH: BKI04ano 480 kpamidikoBaHNX
CIIOpTCMEHOK (25.1 + 4.3 poky), sikux 6y/10 posmnogineHo Ha rpymy Brpy4danus (IG, n = 240) ta kouTponpny rpyny (CG, n = 240)
TpUBalicTIO 24 TIOKHI. BTpyyanHsa BKIoyano iHAMBifyanisoBaHe IVIaHYBaHHA Xap4yyBaHHA, CTPYKTYPOBaHy HYTPilliiiHy OCBiTY
Ta MOCTIHMIL CypoBifi. OCHOBHUMU IIOKa3HMKaMu Oy/Iu CIOPTVBHA Pe3y/IbTaTUBHICT (HOpMali3oBaHMII IHTerpaIbHII iHIeKC)
Ta pO3paxoBaHa eHepreTIYHa JOCTYIHICTb (KKaJI/Kr 6e3K1MpoBoi Macy Tina/feHs). JJonaTKoBi HOKa3HMKY BKTIOYA/IM PUSKK Tpia-
mn (LEAF-Q > 8), xapuosy noseninky (EDE-Q), nyTpiniitai suanua (NSKQ) Ta cknap tima (DXA). 3actocoBaHo 3MilaHi Mopiei
Ta baraTodakTopHMIT perpeciitunit ananis (p < 0.05).

Pesynbraru. Y rpyni BTpy4aHH: CIIOCTepiranocs CTaTMCTUYHO 3HAYYIIle MOKPAllleHHsA CIOPTUBHOI pe3y/IbTaTUBHOCTI IOPiB-
HSTHO 3 KOHTPOJIBHOIO TPyIoi (—5.8% + 3.1 mpotn —0.9% + 2.8; p = —0.31;95% JII —0.42 mo —0.20; p < 0.001) 3 Be/mKuM CTaHFAPTH-
3oBaHuM epextoM (Cohen’s d = 1.66). PospaxoBaHa eHepreTYHa JOCTYIIHICTD JOCTOBIPHO 3pOC/Ia y IPYIIi BTPyYaHH IIOPiBHAHO
3 KOHTPO/IBHOIO rpymomo (+6.3 = 5.9 mportu +0.8 + 4.7 kkan/Kr 6e3xupoBoi macu Tina/mens; B = 0.28; 95% 1 0.19-0.37; p < 0.001;
Cohen’s d = 1.03). ITommpenictb pusuky tpiagu (LEAF-Q = 8) amenmmiacs 3 30.4% no 18.0% y rpymi Brpy4aHHs MOPIBHAHO 3
29.2% 10 27.9% y xoutponbHiit rpymi (OR = 0.49; 95% 11 0.34-0.71; p < 0.001). BusiBrieHO ZOCTOBipHE MOKpAIlEHHs Xap40BOi 110-
Bepinku (EDE-Q: f = —0.24; 95% I —0.35 go —0.12; p = 0.002) Ta piBHsa HyTpiuiitaux sHaHb (NSKQ: f = 0.41; 95% I 0.29-0.53;
p <0.001). JocToBipHNX 3MiH MiHepa/IbHOI IITBHOCTI KiCTKOBOI TKAaHMHM Ta CK/Iafy Ti/la He BCTaHOBJIEHO.

Bucnosku. CrpyKkTypoBaHe, IepCOHA/Ii30BaHe HYTpillifiHe BTPY4aHHs JOCTOBipHO IOKpalllye€ CIOPTUBHY Pe3y/lIbTaTUB-
HiCTb, MiABMIY€E eHepreTUYHY JOCTYIHICTD i 3HIDKYE PM3MK Tpiafiu CIOPTCMEHOK y KBamidikoBaHMX criOpTcMeHOK. OTprMaHi
pe3y/IbTaTyi HaJAI0Th eKCIIePYMEHTa/IbHI J0Kasy epeKTUBHOCTI My/IbTUANCHMIUIIHAPHUX IHVBiNya/li30BaHUX HY TPIiLIi/IHUX ITPO-
rpaM AK iHCTPYMEHTY NifIBUILIeHHA 3[0OPOB s Ta Pe3y/IbTaTUBHOCTI Y )KiHOYOMY CIIOPTi.

Knrouosi cmoBa: tpiaga cmoprcmenok, RED-S, enepreTmyHa ROCTYHHiCTb, HYTpillifiHe BTPy4YaHHHA, CHOPTUBHA
Pe3y/IbTaTUBHICTb.
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