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ABSTRACT ARTICLE HISTORY
Background: Adequate energy intake is crucial for athletic perfor- Received 2 August 2024
mance and recovery. However, many endurance athletes experi- Accepted 16 April 2025

ence Low Energy Availability (LEA), which, if prolonged, can KEYWORDS
detrimentally impact both health and performance. Low energy availability; LEA;
Methods: A total of 55 endurance athletes (23 females; 45 + 13 LEAF-Q; bone mineral
years, 1.64 £ 0.06 m, 64.4 + 11.4kg and 32 males; 44 + 13 years, density; osteopenia
1.76 + 0.18 m, 78.8 £+ 9.2 kg) underwent physical assessments and

completed questionnaires on dietary habits, training loads, and

psychological stress. Dual-Energy X-ray Absorptiometry (DEXA)

scans measured bone mineral density (BMD) in the lumbar L1-L4

spine, and body composition. Risk of LEA burnout, and psychologi-

cal strain were assessed using sport-specific questionnaires.

Results: Seventy-seven percent of female athletes were identified

as at risk of LEA by the LEAF-Q. These females had higher body

weight and fat percentage than those at low risk of LEA. Male

athletes had a higher prevalence of low lumbar BMD (31%) com-

pared to females, associated with older age, and longer training

histories. Although only 9% of female athletes had low-BMD, those

affected had a history of amenorrhea and were identified as at risk

of LEA by the LEAF-Q.

Conclusion: A high proportion of endurance athletes had low-BMD

and were at risk of LEA. This underscores the need for targeted

nutritional strategies to mitigate the risks associated with LEA and

promote overall athlete well-being.

1. Introduction

Endurance sports are characterized by prolonged durations of continuous or inter-
mittent effort. The high energy demands and unique physiological adaptations
associated with endurance training necessitate adequate energy intake for optimal
performance, recovery, and overall health [1-3]. Low energy availability (LEA)
occurs when energy intake does not meet energy requirements, resulting in
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insufficient energy to support normal physiological functions after accounting for
exercise energy expenditure [4]. LEA can be unintentional (due to a lack of
awareness of energy demands) or intentional (efforts to reduce body fat and/or
weight), and can occur with or without an eating disorder (ED) or disordered
eating behaviors [5].

Prolonged or recurrent LEA can lead to Relative Energy Deficiency in Sport (REDs),
a condition encompassing a spectrum of health and performance impairments [6]. REDs is
recognized as a significant concern for both male and female athletes. The prevalence of
LEA/REDs varies considerably, ranging from 23% to 79.5% for females and 15% to 70% for
males across different sports, with the highest rates observed in endurance athletes [6].
LEA impacts various physiological functions, leading to detrimental effects on health and
performance over time. These effects include metabolic disturbances such as suppression
of resting metabolic rate [7,8], menstrual dysfunction in female athletes [9-11], impaired
bone health [12], compromised cardiovascular profiles [13,14], and psychological chal-
lenges [15,16]. Athletes experiencing high mechanical loading typically have higher bone
mineral density (BMD) than age-matched non-athletes [17]. However, several studies have
shown that endurance athletes, particularly long-distance runners, have lower BMD
compared to non-athletes or athletes in contact sports [18], with the most pronounced
differences observed at the lumbar spine [19]. The prevalence of low-BMD varies between
studies, with incidences ranging from 13-50% for osteopenia (Z-score between —1 and
—2) and 0-13% for osteoporosis (Z-score <-2) [20-22]. This is concerning due to the
increased risk of acute stress fractures [2] and fragility fractures (low trauma fractures
sustained from a fall from standing height or less) in later adulthood [23].

The effects of LEA can vary between athletes, and are influenced by the depth and
duration of the energy deficit, as well as individual characteristics such as sex, age, and
sport [5]. Female athletes often consume less energy and carbohydrates per kilogram of
body weight compared to males [24], and are more adversely affected by reduced
carbohydrate and energy availability [2]. Recent research, however, indicates an increas-
ing prevalence of LEA among male endurance athletes [6]. In males, LEA can lead to
reduced testosterone levels and libido, which are more challenging to identify compared
to menstrual irregularities in females. The Low Energy Availability in Females
Questionnaire (LEAF-Q) is a validated tool for identifying female athletes at risk of LEA
[25]. Efforts have been made to develop a similar tool for males (LEAM-Q) but further
validation is needed [26]. This indicates the infancy and lack of research within the area
and the necessity to explore this in further detail, especially within men.

Prolonged LEA can also impact mental health, potentially leading to or exacer-
bating conditions such as disordered eating behaviors, depression, and anxiety
[27,28]. The relationship between LEA and psychological factors is complex and
multifactorial, with psychological stress possibly triggering LEA and, conversely,
LEA contributing to psychological distress. Athletes often face a multifaceted mix
of pressures from rigorous training schedules, professional commitments, and perso-
nal life demands. This cumulative stress, driven by the intense desire to achieve and
excel, can significantly elevate stress levels. Over time, sustained high stress may
lead to more severe conditions, such as Burnout Syndrome in Athletes and other
mental health disturbances [29]. This is concerning for mental well-being and can
also diminish athletic performance, increase the risk of injury, and lead to
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a disengagement from the sport [30]. Furthermore, athletes struggling with mental
health issues may experience a reduction in motivation, mood changes, and
a decrease in performance, which could perpetuate the cycle of stress and LEA.
Recognizing and addressing these issues early is important for the long-term health
and career sustainability of athletes [29].

Despite the growing body of evidence highlighting the detrimental effects of LEA in
both men and woman, our understanding remains incomplete. Much of the available
research has been conducted in elite athletes and there is a need to further investigate
the implications of LEA on bone health in non-elite athletes, and explore the interactions
between physiological and psychological aspects of LEA. The aims of this study were to
investigate the prevalence of LEA and low lumbar BMD in an endurance athlete popula-
tion and explore the association with anthropometric (e.g. fat mass, lean mass), cardio-
vascular (e.g. blood pressure), metabolic (e.g. glucose levels, lipid profile) and
psychological measures (e.g. stress, burnout).

2. Methods
2.1. Participants

Participants were recruited from local clubs, athlete forums, and university performance
centers via e-mails and social media posts. Fifty-five endurance athletes (23 females 45 +
13years, 1.64 + 0.06 m, 64.4 + 11.4kg, BMI 23.9 + 3.8kg/m? 32 males 44 + 13 years,
1.76 £ 0.18 m, 78.8 = 9.2kg, BMI 27.7 + 17.4 kg/mz) were recruited from the UK East
Anglia region and were all classed as Caucasian European origin with a British ethnicity. To
be eligible for the study, participants were required to be =18 years, train for endurance
sport (cycling, running, triathlon) at least three times per week for more than one year,
and be free from injury and illness. Participants were excluded if they were pregnant, had
a current or past diagnosis of an eating disorder, currently or previously smoked, had any
medical conditions, or were taking any prescribed medications. A total of 66 participants
expressed an interest in the study. All satisfied the inclusion and exclusion criteria;
however 11 chose not to participate, primarily due to other commitments.

All participants gave written and informed consent and ethical approval was granted
by the University of Essex ethics committee (ETH2122-1025).

2.2. Experimental design

In a cross-sectional study design, participants took part in one testing session. Participants
presented to the research laboratory fasted (self-reported; no food, drink, or caffeine in
the previous 5 hours) and having refrained from strenuous exercise and alcohol for at least
24-hours. Data were collected by the same researcher (CG) to ensure standardization of
measures and procedures.

2.3. Anthropometric measures

Participants’ height and body mass were recorded using a stadiometer and electronic
scales (Seca 213 and 813, Seca, Hamburg, Germany), with participants attired in minimal
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clothing. Waist circumference was measured at the narrowest part above the navel using
an ergonomic circumference measuring tape (Seca 201, Seca, Hamburg, Germany).

2.4. Blood pressure

An automatic blood pressure monitor (OMRON Intellisense, OMRON Healthcare, Kyoto,
Japan) was used to measure the participants’ resting blood pressure. An appropriately sized
inflatable cuff was fitted around the upper left arm and participants were instructed to sit
still in their chair with feet flat on the floor, and legs uncrossed and left forearm resting on
a table with the palm facing upwards. A minimum of two measurements were obtained for
both systolic (SBP) and diastolic (DBP) blood pressure and the lowest value was recorded. In
the case of measurement error or when there was poor agreement between measures
(difference of >20 mmHg SBP or >10 mmHg DBP), a third measurement was made.

2.5. Lipid profile

A 40 pL sample of capillary blood was drawn from the fingertip to evaluate the lipid profile
(Cholestech LDX™, Abbott Laboratories, Chicago, USA). Measures of total cholesterol (TC;
mmol/L), high-density lipoprotein (HDL; mmol/L) cholesterol, triglycerides (TRG; mmol/L),
and blood glucose (GLU; mmol/L). The Cholestech LDX™ has previously demonstrated
good agreement with laboratory measures for population-based risk factor screening and
meets the criteria set by the lipid standardization panel for accuracy and precision of
cholesterol measurements [31].

2.6. Body composition and bone health

Participants underwent two Dual Energy X-ray Absorptiometry (DEXA) scans using
a pencil beam DEXA scanner (Hologic Discovery W, Hologic Inc., Marlborough, USA).
This was calibrated daily and stable on daily phantom quality assessment (coefficients
of variation =0.22%). The scan order was standardized with the whole-body scan per-
formed first, followed by the lumbar scan. For the whole-body scan, participants were
positioned supine along the mid-line of the DEXA table, arms by their side and palms
facing down, legs shoulder width apart and internally rotated, and feet taped together at
the metatarsophalangeal joint to maintain a fixed position throughout the duration of the
scan [32]. Whole-body scans were used to measure whole body fat mass (kg), lean mass
(kg) and visceral fat mass (g). For the subsequent anterior-posterior lumbar spine (AP
lumbar spine L1-L4) scan, participants were positioned in a supine position with a box
placed under the popliteal crease of both knees to achieve a ~90° angle. Scans were
analyzed using associated software (APEX 2.3.1, Hologic Inc., Marlborough, USA) by the
same technician for consistency. Lumbar scans were used to measure bone mineral
density (BMD; g/cm3), bone mineral content (BMC; g), Z-score (matched for age, gender,
and ethnicity), and T-score (compared with an average healthy 30-year-old adult).
A Z-score of <-1 was considered an indication of osteopenia and was used for classifica-
tion of low-BMD [33].
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2.7. Questionnaires

Questionnaires were administered via an online platform (Qualtrics, Provo, USA) prior to
physical testing. In addition to questions about age, sport, performance level, training
hours, dietary and sleeping habits, and perceived pressure in sport, participants com-
pleted the LEAF-Q (females only), Athlete Burnout Questionnaire (ABQ), and Athlete
Psychological Strain Questionnaire (APSQ).

The 25-item LEAF-Q was developed to identify female athletes at risk of LEA by utilizing
subsets of gastrointestinal symptoms, injury frequency, and menstrual dysfunction [25].
The internal consistency of the LEAF-Q was confirmed with a Cronbach’s alpha of 0.75,
0.79 and 0.61 for gastrointestinal symptoms, injury frequency and menstrual dysfunction
respectively, and test-retest reliability showed stability over a 2-week interval (ICC=0.79)
[25]. The 15-item ABQ consists of three subscales: reduced sense of accomplishment (RA;
five items), emotional/physical exhaustion (E; five items), and devaluation (D; five items).
A 5-point Likert scale ranging from 1 (almost never) to 5 (almost always) was used in
accordance with the original ABQ [34]. The ABQ has demonstrated strong reliability with
Cronbach’s alpha values greater than 0.86 [35], and its utility as a valid and reliable
measure of athlete burnout has been confirmed by several studies [36,37]. The 10-item
APSQ was used to investigate mental health within the athlete population, and provide
cutoff scores to discriminate between moderate, “high,” and “very high” levels of psycho-
logical stress in athletes [38]. Internal consistency values for the APSQ have been shown to
be in the acceptable range, and a series of receiver operating characteristic (ROC) curve
analyses values for the three cutoff scores (all >0.90) indicate that the APSQ is “very good”
at correctly discriminating moderate, high and very high distress in both male and female
athletes [39].

2.8. Statistical analysis

Data were split by gender for all analyses. Descriptive statistics were used to describe
population data. Participants were categorized according to lumbar BMD z-scores (<-1 =
low BMD, >-1 = normal BMD) [40] and female participants were categorized according to
LEAF-Q score (=8 = at risk, < 8 = low risk) [25].

Variables were assessed for normality using the Shapiro-Wilk test. If data were normally
distributed, independent t-tests were used to assess differences between BMD and LEAF-
Q groups. Where data were not normally distributed, Mann Whitney U tests were used.
Spearman’s-rank correlations (r;) were used to explore relationships between weekly
training hours and training age, BMD, BMI, body fat%, or sleep duration. Effect sizes
were calculated as Hedges’ g and interpreted as small (d =0.2), medium (d =0.5), and
large (d =0.8) [41]. Statistical significance was set at p < 0.05. All statistical analyses were
carried out using Statistics Package for the Social Sciences (SPSS v28, IBM Corp, Armonk,
New York).

3. Results

Participant demographics are shown in Table 1. Fifty-one percent of participants were
triathletes, 20% were cyclists and 29% were runners. Forty-six percent of participants self-
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Table 1. Participant demographics.

Males Females
Mean SD Mean SD
Age (yrs) 43.7 13.4 454 12.5
Height (m) 1.75 0.18 1.64 0.05
Weight (kg) 78.8 9.2 64.4 114
Waist Circumference (cm) 82.7 8.4 74.2 8.1
% Body Fat 18.7 4.8 24.0 7.7
Training age (yrs) 11.8 8.1 9.6 8.1
Weekly training time (h) 1.4 4.2 10.2 46
Sleep duration (h) 73 0.8 6.9 1.0
Perception they fuel well Yes — 91% Yes — 96%
No — 9% No — 4%
Restrict dietary intake at times Yes — 38% Yes — 44%
No — 62% No — 66%

reported as recreational athletes, 49% as national age-group athletes and 4% as elite
athletes.

Male and female BMD results are shown in Table 2. Thirty-one percent of male
participants were categorized as having low lumbar BMD. Males with low BMD were
significantly older (p=0.031), had been training for a longer period (p=0.005), had
a lower maximum adult body weight (p=0.021) and a lower APSQ score (p =0.007)
than males with normal BMD.

Nine percent of females were categorized as having low lumbar BMD. APSQ score was
significantly higher in females with low BMD (p =0.016). LEAF-Q score was not signifi-
cantly different between females with low and normal BMD but both females categorized
as low-BMD were classified as at risk of LEA by LEAF-Q score (=8 points) and reported that
their periods had previously stopped for three months or longer.

Female LEAF-Q scores are shown in Table 3. Seventy-seven percent of females were
categorized as at risk of LEA. Females at risk of LEA had a significantly higher body weight
(p =0.009) and a non-significant trend with a large effect toward a higher BMI and %body
fat. Females at risk of LEA had a significantly higher ABQ score (p = 0.025) but not ASPQ
score. Five females were amenorrheic at the time of the study (periods stopped for 3
months of longer) and these were all categorized as at risk of LEA by LEAF-Q score.

3.1. Training, nutrition and sleep

There were no significant relationships between weekly training hours and training age,
BMD, BMI, body fat, or sleep duration (p > 0.05). Forty percent of participants reported
restricting calorie intake, but 93% reported that they feel that they fuel well. This disparity
indicates a possible misunderstanding of the fueling requirements of endurance sport.

4. Discussion

The aim of this study was to explore bone health, risk of LEA, and associated factors in
endurance athletes. Results showed a high prevalence of low lumbar spine BMD in male
athletes, which was associated with older age, longer training history, and poorer psy-
chological status. In contrast, low-BMD was less common in females but the two females
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Table 2. Body composition, cardiovascular, metabolic, bone and questionnaire results for male and
female participants with normal and low BMD (mean + SD, hedges’ d).

Males Females
Normal BMD Low BMD Normal BMD Low BMD
(n=22) (n=10) g (n=21) (n=2) g
Age (years) 40 + 13 52 + 10* 0.88 46 + 13 38+9 0.67
Training age 10 + 8 16 + 6% 0.76 10+9 8+5 0.26
(years)
Bone Measures Lumbar T-score 055+ 113 —1.83 £ 044* 237 020+ 101 —145 + 0.35* 1.60

Lumbar Z-Score 077 £ 128 —152 £ 038* 205 093 =089 —125+ 0.07% 242
+

+
Lumbar BMC (g) 81.77 £ 1577 71.05 + 1419 0.68 65.81 + 1443 51.67 £ 12.72 0.95
Lumbzar BMD (g/ 1.11 £ 0.16 1.01 £ 015 0.69 1.05 + 0.11 0.89 + 0.04 145
cm?)
Body Body Mass (Kg) 80.3 + 84 755 + 105 052 649 + 11.8 58.7 + 1.8 0.52
Composition
BMI (kg/mz) 294 + 3.8 241 = 3.1 029 241 £ 38 216 £ 2.1 0.64
WC (cm) 83076 819 =+ 105 0.13 747 = 8.2 69.5 + 49 0.62
Body fat (%) 188 + 4.5 185 £ 5.6 007 244 +78 192 £ 71 0.65
Fat Mass (kg) 19.6 + 4.8 186 + 59 0.19 226 + 8.2 157 £ 35 0.82
Fat Free Mass (kg) 592 £ 50 555 =56 069 412 £ 44 419 £ 1.5 0.52
Visceral Body fat 0.74 + 0.31 0.71 £ 040 0.14 0.83 = 045 041 + 020 0.92
(kg)
Highest Adult Body 91.8 + 124 82.1 + 11.2* 0.65 740 + 194 67.5 + 106 0.33
Mass (kg)
Lowest Adult Body 74.4 + 8.0 70.7 £ 94 043 598 £ 11.7 510 £ 14 0.74
Mass (kg)
Cardiovascular  Systolic Pressure 136 + 13 134 + 14 020 127 £ 15 126 + 3 0.10
measures (mmHg)
Diastolic Pressure 83 + 10 80 £ 7 0.26 78 £ 11 86 * 1 0.72
(mmHg)
Glucose (Mmol/L) 48 £ 04 48 + 4 0.17 51 £ 09 49 £+ 0.1 0.28
TC (Mmol/L) 46 £ 09 45 = 0.6 072 490 £ 1.17 436 = 040 0.46
TGR Mmol/L) 0.93 + 0.48 0.87 £ 042 0.12 133 = 0.90 0.81 = 0.16  0.60
HDL (Mmol/L) 1.58 + 0.40 170 £ 033 034 1.75 £ 0.65 1.74 £ 018 0.02
LDL (Mmol/L) 254 + 0.74 249 + 063 0.06 275+ 0.86 225+ 049 057
TC/HDL ratio 3.02 £ 1.03 276 £ 071 027 3.13 = 0.81 255 £ 049 071
Questionnaires  LEAF-Q 9.00 + 2.68 850 £ 0.71 0.18
APSQ 17 £5 13 + 5% 0.75 15+3 22 + 1* 2.06
ABQ 22 £ 06 21 £ 05 0.23 22 £ 04 30+£038 1.61

*Denotes p < 0.05, g= effect size, WC= Waist circumference, TC= Total cholesterol, TGR= Triglycerides, HDL= High-density
lipoproteins, LDL= Low-density lipoproteins, BMC= Bone mineral content, BMD= Bone mineral density.

with low-BMD reported prior amenorrhea and were classified as at risk of LEA based on
LEAF-Q score. Notably, females categorized as at risk of LEA had a higher body weight and
body fat percentage than females classified at low risk, which contradicts the common
belief that LEA results in weight loss and low body weight.

4.1. Bone health

The high proportion of male athletes with low-BMD is concerning and aligns with
previous research reporting prevalence’s of 13-50% for osteopenia (Z-score between —
1 and - 2) and 0-13% for osteoporosis (Z-score <-2) in male endurance athletes [42-45].
In athletes, the most common non-genetic factor for low-BMD is prolonged and/or
repeated periods in LEA [6]. The lumbar spine is composed of metabolically active
trabecular bone and appears particularly vulnerable to the effects of LEA and associated
hormonal disruptions. Our observation that males with low-BMD were older and had
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Table 3. Body composition, cardiovascular, metabolic, bone and questionnaire results for female
participants risk of LEA classified according to LEAF-Q score(mean + SD, Hedges' g).

Low risk At Risk
(<8 points) (>8 points)
n=>5 “n=17 g
Age (years) 45 + 18 45 + 11 0.05
Training age (years) 109 107 0.02
Bone Measures Lumbar T-score —0.60 + 0.93 0.24 £ 1.10 0.78
Lumbar Z-Score 0.16 £ 0.43 0.89 + 1.16 0.69
Lumbar BMC (g) 58.57 + 7.94 66.77 £ 16.05 0.55
Lumbar BMD (g/cm?) 1.02 + 0.06 1.05 £ 0.13 0.20
Body Composition Body Mass (Kg) 54.7 + 3.6 66.0 + 10.9% 1.15
BMI (kg/m?) 217 £ 1.8 242 + 38 0.70
WC (cm) 68.8 = 4.1 750 £ 8.0 0.82
Body fat (%) 19.6 + 3.8 245 + 8.0 0.67
Fat Mass (kg) 16.7 £ 1.7 22.7 £ 84 0.77
Fat Free Mass (kg) 37.0 £ 3.1 421 £ 3.6 143
Visceral Body fat (kg) 0.53 = 0.13 0.84 + 0.47 0.60
Highest Adult Body Mass (kg) 603 = 7.4 741 £ 173 0.86
Lowest Adult Body Mass (kg) 488 + 1.3 60.1 + 10.7 1.16
Cardiovascular measures Systolic Pressure (mmHg) 124 £ 11 128 £ 15 0.24
Diastolic Pressure (mmHg) 75 £ 10 81 + 10 0.52
Glucose (Mmol/L) 4.98 + 0.59 5.12 + 0.98 0.15
TC (Mmol/L) 5.26 = 0.64 464 + 118 0.57
TGR Mmol/L) 1.50 + 1.75 1.21 £ 048 0.31
HDL (Mmol/L) 213 £ 113 1.64 £ 0.39 0.79
LDL (Mmol/L) 3.22 + 0.60 243 + 0.75* 1.26
TC/HDL ratio 3.14 = 0.70 3.00 + 0.83 0.17
Questionnaires LEAF-Q 6+ 2 10 + 2% 242
APSQ 14 3 16 £ 4 0.40
ABQ 1.9 + 03 24 + 0.5*% 1.10

*Denotes p < 0.05, g=effect size, WC= Waist circumference, TC= Total cholesterol, TGR= Triglycerides, HDL= High-density
lipoproteins, LDL= Low-density lipoproteins, BMC= Bone mineral content, BMD= Bone mineral density.

longer training histories supports previous findings that prolonged exposure to athletic
training may lead to accumulated bone microdamage and suppress bone formation [46].
Low-BMD is a risk factor for fractures and osteoporosis, and increasing the likelihood of
fractures in later life, which can cause significant morbidity [47].

Athletes, particularly those in high-impact sports with high mechanical loading, are
expected to have a 5%-30% higher BMD than age-matched non-athletes [22], resulting in
z-scores above the population norm (i.e. z-score >0). However, athletes in sports empha-
sizing leanness often exhibit lower BMD due to energy deficits from dietary restrictions
[42]. Contrary to prior studies indicating that cyclists have lower z-scores due to less load-
bearing exercise and a performance-related emphasis on weight, our results showed
a higher prevalence of low z-scores in triathletes and runners compared to cyclists
(Table 2). This discrepancy might be due to differing performance levels of participants
and a relatively low sample size. Additionally, because z-scores are based on general
population data, they might not accurately reflect athletes, who typically have a higher
BMD. Consequently. the prevalence of low-BMD in this study population may be under-
estimated [21,48]. Given that low-BMD is two to three times more prevalent in non-
athletic premenopausal women than in elite athletes, further research is needed to
establish normative BMD values for athletes [17,22].

There was a mean age difference of 12 years between males with normal and low-BMD
but no difference in females, possibly due to the low number of females (n = 2) with low-
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BMD in this study. Age-related decline in bone mineral density is primarily caused by
reduced calcium supply and absorption, hormonal changes, and decreased levels of
physical activity [47]. These causes may differ between males and females, with decreased
BMD observed to a greater extent in postmenopausal women due to the significant role
of estrogen in maintaining or increasing BMD. Additionally, estrogen levels are associated
with factors such as reduced skeletal blood flow, physical inactivity, insufficient calcium
intake, decreased gut absorption, reduced hormone function, and genetics [49]. In men,
age related BMD loss is attributed to reduced levels of gender hormones, insulin-like
growth factor (IGF-1) and mineral-deficient nutrition [49].

A significant finding of the study was that males and females with low-BMD reported
higher psychological strain compared to those with normal BMD. This indicates high
levels of stress and poorer mental health, suggesting increased psychological strain may
accompany physiological energy deficits [2]. Psychological strain is characterized by
a combination of perceived stress and difficulty coping, spanning a continuum of emo-
tional exhaustion and reaction to stressful experiences [50]. When coping resources are
exceeded, stress-related symptoms of psychological strain may emerge [50].
Psychological stress and/or depression can result from, and contribute to LEA, particularly
in individuals susceptible to disordered eating [51]. Although overt eating disorders are
less common in male athletes, unintended energy deficits due to poor nutrition knowl-
edge are prevalent and linked to adverse health outcomes [6]. Previous studies have
found that athletes with REDs expressed perceived vulnerability and psychological stress
related to experiencing inadvertent LEA and/or psychological distress while attempting to
maintain optimal EA, with the concept of “long-term recovery” being an ongoing “bat-
tle” [52].

4.2. LEAF-Q

Results showed that 77% of females were classified as at risk of LEA according to their
LEAF-Q score (Table 3). This is slightly higher than previous studies which have reported
prevalences of 34-60% of females across varied populations [1,2,25,53]. The LEAF-Q was
initially validated in elite athletes [54] and it is possible that it is less sensitive in the more
diverse population in this study. Contrary to previous research reporting that females who
scored = 8 on the LEAF-Q had lower BMI and body fat [2,12], females at risk of LEA in this
study had higher body weight, BMI and body fat percentage. Previous research has shown
that athletes with higher average within-day energy deficits have higher body fat per-
centages than those meeting their energy requirements [55]. Athletes often use energy
restriction to achieve desirable body composition, particularly in endurance sports where
lighter body weights are believed to enhance performance. Several factors might explain
why female athletes at risk of LEA had a higher body weight and body fat percentage. The
human adaptive response to energy restriction, including starvation and famine, may
result in adaptive thermogenesis, reducing metabolic rate and increasing fat storage from
limited energy intake [56,57]. Energy restriction is often linked to carbohydrate restriction,
and low carbohydrate diets have been shown to increase fat storage and weight gain over
time via metabolic effects involving insulin, leptin, and other hormones [58,59].
Non-elite athletes often consume most of their energy intake outside of exercise
periods due to the anorectic effect of exercise and scheduling training around work and
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family commitments. Failure to meet the energy requirements of training can lead to
metabolic and hormonal adaptations and can encourage binge-eating where periods of
restrictive eating are followed by excessive eating [60,61]. Additionally, psychological
stress can contribute to hypercortisolism, altered secretion of appetite hormones like
leptin and ghrelin, and increased fat accumulation [62,63]. Therefore, it is important that
athletes seeking to reduce their fat mass or improve their body composition seek advice
from sports nutrition professionals to ensure that they reach their goals without compro-
mising their health. Although LEAF-Q thresholds have not been fully validated and may
overestimate LEA risk, the high prevalence observed warrants concern and indicates that
athletes would benefit from improved nutrition education [64].

4.3. Sleep

Participants in this study did not reach the recommended amount of sleep (>8 hours) for
adults, or for athletes (9-10 hours) [65]. Studies have found links between disturbed
quality sleep and REDs, although the cause and effect relationship is not yet established
[66]. Several factors might contribute to low sleep duration, including elevated stress
levels, supported by the high levels of psychological strain reported in this study.
Individuals might experience insufficient sleep due to stress or heightened stress levels
due to inadequate sleep. Studies have shown a high prevalence of sleep disturbances and
poor mental health symptoms in Olympic athletes and suggested that LEA in female
athletes is highly associated with illness and physiological stress potentially caused by
sleep deprivation [15]. Additional research is needed to evaluate these relationships
across different sports, competitive levels, and populations.

4.4. Cardiovascular measures

Mean blood pressure readings were higher than normal (120/80 mmHg) across all groups
within this study [67]. These results contradict previous studies that have found athletes
with REDs have low blood pressure [6]. Risk factors in female patients with chronic LEA are
similar to those seen in postmenopausal women (i.e. risk for coronary vascular disease
increases substantially after menopause), possibly due to the protective role of estrogen
for the cardiovascular system. These include unfavorable lipid profiles (elevated levels of
LDL, triglycerides, and cholesterol) which put chronically hypoestrogenic female athletes
at risk for coronary vascular disease [68]. Studies of LEA in amenorrheic athletes have
shown bradycardia and lower blood pressures due to alterations in the renin — angioten-
sin — aldosterone system [6]. Given the normal blood lipid profiles seen in this athletic
population, it is possible that elevated blood pressure might be due to high stress levels.
This is supported significantly higher APSQ scores in participants at high risk of REDs or
with low lumbar BMD.

Exercise alters the equilibrium of homeostasis in the body and therefore is a form of
stress. Once a threshold of stress has been exceeded, the brain evokes the “stress
system” along with its peripheral components the hypothalamic-pituitary-adrenal
(HPA) axis and the autonomic nervous system [69]. The primary function of the HPA
axis is to regulate the stress response. Glucocorticoid hormones are the product of
HPA axis activation from the “stress response” and act on multiple bodily systems to
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maintain homeostasis. The release of cortisol causes several changes that help the
body to deal with stress such as increases blood flow, an enhanced ability of the brain
to use glucose and increased availability of substances that repair tissues. Cortisol also
suppresses functions that would be nonessential or harmful in a fight-or-flight situa-
tion [70]. With adequate rest, cortisol levels return to a normal level. However, when
cortisol levels remain high due to continuous stress or hypothalamic dysfunction, the
secretion of other hormones is affected, causing adverse effects such as amenorrhea,
osteoporosis and mental health disorders, similar to those seen in athletes experien-
cing REDs [71,72]. Results concerning the behavior of cortisol levels are variable in
relation to the excessive energy expenditure or physiological and psychological stress
in REDs. While some studies show increased basal level of cortisol which is seen in the
typical stress response, decreased levels of cortisol are also reported following extreme
levels of stress [73-76]. A decrease in cortisol may occur in chronic excessive energy
expenditure states like REDs, while an increase might represent acute higher physio-
logical strain. Further investigation is needed to explore cortisol levels interactions in
this population and whether the high prevalence of REDs risk is a cause or effect of
cortisol level changes [77].

4.5. Limitations

This study has several limitations that must be considered. Because the study was
cross-sectional, the duration of symptoms experienced by athletes categorized as at
risk of LEA is unknown. As a result, it is not possible to determine the time frame over
which LEA might develop into REDs. The population in this study was older than in
previous research, and some symptoms associated with LEA may be attributable to
peri-menopausal changes in females. This could have artificially inflated LEAF-Q
scores. Participants were largely middle-aged and all European Caucasians, many of
whom began sport as adults and had relatively low training ages. Therefore, physio-
logical symptoms of prolonged LEA (e.g. reduced BMD) might not yet have mani-
fested in females, despite many being identified as at risk of LEA from the LEAF-Q.
Additionally, the self-report nature of questionnaires could lead to response bias, with
possible over-reporting or under-reporting. Hence, responses must be interpreted
with caution.

5. Conclusion

There was a high prevalence of low-BMD in male endurance athletes and a high pre-
valence of female endurance athletes categorized as at risk of LEA. Females at risk of LEA
had higher body mass and body fat percentage compared to those at low risk of LEA.
Athletes with low-BMD or at risk of LEA exhibited higher psychological strain and burnout
scores, suggesting an interaction between psychological stress and nutritional factors.
Further research is needed to investigate whether symptoms of LEA are a result of or
a cause of high levels of psychological strain. Research is also needed to determine
relative contributions of training and nutrition and whether mitigating stress through
appropriate interventions might help alleviate some of the negative health and perfor-
mance consequences.
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