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Abstract

Background/Objectives: Energy availability (EA) is associated with Relative Energy Deficiency in
Sport syndrome. This study assessed EA, body composition, and phase angle (¢) of adolescent artistic
gymnasts during a competitive season. Methods: Thirty artistic gymnasts aged 11-14 years
participated in the study. Anthropometric data were collected and body mass index (BMI) was
assessed using the World Health Organization growth charts. Bioelectrical impedance analysis was
performed and diet and physical activity were recorded for three days. Dietary and physical activity
records were analyzed to estimate energy intake, total energy expenditure (TEE), and exercise energy
expenditure, from which energy balance (EB) and EA were calculated. The 95% confidence ellipses
of the impedance (Z) vectors were compared with a reference population using the two-sample
Hotelling’s T? test. Correlations between conceptually relevant study variables were examined by
Pearson’s or Spearman’s correlation analysis. Statistical significance was set at a = 0.05. Results: All
participants were classified within the normal BMI category, except for one classified as overweight.
Mean (+ SD) fat mass, fat-free mass (FFM), and ¢ were 16.1 + 3.4%, 83.9 + 3.4%, and 6.0 = 0.6°,
respectively. The 95% confidence ellipses of Z vectors differed significantly from the reference
population. Energy balance was 32 + 223 kcal/day and EA was 49.2 + 11.4 kcal/kg FFM/day. Energy
availability was significantly correlated with EB, TEE, and body composition variables. Phase angle
was significantly correlated with anthropometric and body composition variables. Conclusions:
Adolescent non-elite artistic gymnasts exhibited normal body composition and EA during the
competitive season.

Keywords: adolescent athletes; artistic gymnasts; body composition; energy intake; energy
expenditure; energy availability; phase angle; BIVA

1. Introduction

Energy availability (EA) is the amount of dietary energy intake (EI), relative to fat-free mass
(FFM), that remains available to support physiological functions of the human body after accounting
for exercise energy expenditure (EEE) [1]. In healthy, physically active individuals, an EA > 45 kcal/kg
FFM/day is considered adequate for females [1], while > 40 kcal/kg FFM/day is sufficient for males
[2]. Low energy availability (LEA), defined as EA < 30 kcal/kg FFM/day, is considered the primary
cause of Relative Energy Deficiency in Sport (REDs) syndrome [1]. REDs is a major health concern in
athletes, as it can impair several physiological, psychological, and bodily functions [1,3].

The calculation of EA requires the estimation of EI, EEE, and FFM. Bioelectrical impedance
analysis (BIA) is a widely used method of assessing body composition. BIA measures the resistance
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(R) of body tissues and reactance (Xc), which reflects the ability of cell membranes to act as electrical
conductors to a low-intensity electrical current (= 800 pA) applied at one or multiple frequencies,
thereby estimating body composition based on tissue conductivity [4]. Lean tissue, rich in water and
electrolytes, conducts electricity well, whereas fat tissue is a poor conductor. Together, R and Xc are
used to calculate impedance (Z), as the vector resultant of R and Xc, and phase angle (¢), as the
arctangent of Xc/R [4]. Phase angle serves as an indicator of cellular integrity and functionality [5]:
Higher values correspond to better cellular health [5] and greater muscle mass [6-8], whereas lower
values are linked to malnutrition [9] and various pathological conditions [10,11]. Moreover, ¢ has
been proposed as a marker of muscle strength [12].

Artistic gymnastics is a popular Olympic sport, in which optimal performance requires speed, a
high power-to-body mass ratio, strength, flexibility, coordination, and precise technical execution
[13]. To develop these attributes, athletes begin intensive training at a young age, during which major
physical and physiological changes take place [14]. Early adolescent competitive artistic gymnasts
(=11 years of age) typically train 20 hours per week, with training volume increasing to around 30
hours per week in older adolescents (=17 years of age) [15-19]. Adolescent female athletes can expend
up to 768 kcal during 4-hour session [19]. The combination of high training loads, increased energy
demands for optimal growth, and emphasis on maintaining low body mass may increase the risk of
LEA in this population [20-24].

To our knowledge, few studies have assessed EA in pre-adolescent and adolescent gymnasts
and none in artistic gymnasts. Studies on rhythmic and acrobatic gymnasts have reported EA values
below 30 kcal/kg FFM/day [24,25] or between 30 and 45 kcal/kg FFM/day [22-24], indicating a current
or potential risk of LEA. These athletes also tend to show low body mass index (BMI) and fat mass
(FM) percentage [22,24,26]. In contrast, studies on artistic gymnasts have reported body composition
variables within normal ranges [20,21] and high ¢ values (around 7°) [20].

The presentation above shows no studies have evaluated EA in adolescent artistic gymnasts,
while research examining body composition and ¢ in this population remains limited. Therefore, the
aim of the present study was to assess EA, body composition, and ¢ in adolescent artistic gymnasts
during a competitive season.

2. Materials and Methods
2.1. Participants and Ethics

The study included 30 male and female artistic gymnasts from various sport clubs in
Thessaloniki, Greece. Inclusion criteria were: 1) age between 11 and 14 years, 2) at least two years of
continuous training in artistic gymnastics, 3) participation in national-level competitions, and 4)
preparation for competition during the study period. Exclusion criteria were: 1) any chronic disease
affecting EI or expenditure and 2) musculoskeletal injuries that could limit training during
competitive preparation.

Participants and their parents received oral and written information about the purpose of the
study, procedures, potential benefits of participation, and data-protection measures, after which
written informed consent was obtained. The research was approved by the Ethics Committee of the
School of Medicine, Aristotle University of Thessaloniki (approval number 82/2024).

2.2. Study Design

This was an observational, cross-sectional study conducted during a competitive season.
Demographic and anthropometric data were collected, and body composition was assessed using
BIA. Participants also recorded their dietary intake, including supplements, and physical activity for
three days.

2.3. Demographic Characteristics
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Demographic data were collected through interviews, during which a structured questionnaire
was completed. Recorded information included date of birth, training age, weekly training hours,
and (for girls) age at menarche.

2.4. Anthropometrics and Body Composition

Body mass was measured to the nearest 0.1 kg with minimal clothing using an electronic scale
(Seca, Hamburg, Germany). Body height was measured to the nearest 0.01 m without shoes using a
stadiometer. BMI was then calculated and evaluated using the BMI-for-Age growth charts for
children and adolescents aged 5-19 years, provided by the World Health Organization (WHO).

Body composition was assessed through multi-frequency BIA using a Bodystat QuadScan 4000
device (Douglas, United Kingdom). Measurements were carried out with participants lying supine,
arms and legs slightly apart. Electrodes were placed on the right hand (at the wrist and above the
middle finger) and right foot (at the ankle and above the second toe), as per manufacturer’s
instructions. Electrical current at 5, 50, 100, and 200 kHz was applied. The following variables were
obtained: FM (kg and %), FFM (kg and %), total body water (TBW, L and %), extracellular water
(ECW, L and %), intracellular water (L and %), third-space water (L), body cell mass (BCM, kg), R
(Q), Xc (Q), @ (°), and Z (Q). Bioelectrical Impedance Vector Analysis (BIVA) was also performed.
BIVA evaluates cell mass and fluid balance by plotting height-adjusted R and Xc on a bivariate graph
[27]. All measurements were conducted prior to training sessions, after at least 12 hours without
vigorous exercise and at least three hours in the fasted state.

2.5. Analysis of Energy Intake

Energy intake was estimated through three-day food diaries (two weekdays and one weekend
day) completed by the participants with parental assistance. Parents received online training on
accurate dietary recording and written instructions with portion-size guidance. Additionally, an
example of a completed daily food record was included in the food diaries to facilitate proper
reporting.

The dietary records were analyzed using the online Cronometer application (Revelstoke, British
Columbia, Canada) with nutritional data sourced from the FoodData Central database provided by
the U.S. Department of Agriculture. Energy contribution from supplements was verified and
calculated based on product label information.

2.6. Analysis of Energy Expenditure

Resting energy expenditure (REE) was estimated using the age- and sex-specific Schofield
equation [28].

Physical-activity energy expenditure was determined from three-day physical activity diaries
completed concurrently with the dietary records. Participants, with parental assistance, recorded all
daily activities and duration of each over 24 hours. Detailed instructions for accurate recording were
provided during an online session with parents and in-person meetings with coaches. Furthermore,
an example of a completed daily physical activity record was included in the diaries. Activity data
were analyzed using the youth metabolic equivalent of task values from the Youth Compendium of
Physical Activities [29]. Although this database includes a smaller variety of activities than the
Compendium of Physical Activities for adults [30], it provides age-specific data, ensuring greater
accuracy in estimation. When a recorded activity was not listed in the youth database, a comparable
activity was selected.

Total energy expenditure (TEE) was calculated by determining a weighted average MET, based
on the duration and MET value of each activity, multiplying this value by REE, and adding 10% to
account for energy expenditure from diet-induced thermogenesis.

To verify EEE, two researchers independently observed and recorded one training session of
four randomly selected athletes from different sport clubs. The observations were conducted under
blinded conditions; neither the athletes nor the coaches were aware that the training session was
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being observed and recorded. Each researcher independently observed one athlete at a time,
recording the exact duration of each exercise, estimated intensity, and duration of rest intervals. EEE
values derived from direct observation were lower and were therefore taken into account, as in
practice there are inevitably periods of inactivity during training sessions.

2.7. Energy Balance and Energy Availability

The energy balance (EB) on each of the three days of dietary and physical activity recording was
calculated as the difference between EI and TEE. EA was calculated according to the formula
provided by the International Olympic Committee [1], using the average EI and EEE of the two
weekdays that included gymnastics training: EA = (EI - EEE) / FFM.

2.8. Assessment of Dietary Underreporting

To assess potential underreporting of dietary intake, the difference between each participant’s
estimated EI and the reference EI values provided by the European Food Safety Authority —based
on age, sex, and Physical Activity Level (PAL) [31] —was calculated. PAL for each participant was
determined as the mean ratio of TEE to REE across the three days of dietary and physical activity
recording. When underreporting (defined as a negative difference between estimated and reference
EI) was identified, the participant’s EI was adjusted to the reference EI. Subsequently, EB (calculated
as corrected EI minus TEE) and EA (using the corrected EI in the corresponding formula) were
recalculated.

2.9. Statistical Analysis

Data are presented as mean + standard deviation (SD). Correlations between conceptually
relevant study variables were examined by Pearson’s or Spearman’s correlation analysis, depending
on whether data distribution did not differ or differed from normal based on the Shapiro-Wilk test.
For BIVA, Xcand R, measured at 50 kHz, were standardized to the participants” height. Subsequently,
the 95% confidence ellipses of the participants in the present study were compared with those of a
reference population [32] using the two-sample Hotelling’s T2 test. Vector analysis was performed
using the BIVA 2002 software [33]. The level of statistical significance was set at a = 0.05. All statistical
analyses were conducted using the SPSS version 29.0 (IBM, Armonk, NY, USA).

3. Results

A total of 35 athletes were approached and assessed for eligibility to participate in the study.
Five were excluded because they did not meet the inclusion criteria related to gymnastics type and
age or met the exclusion criteria such as injury or illness. Anthropometric and body composition
measurements were conducted on the remaining 30 athletes (24 girls and 6 boys). Of those, 24 (20
girls and 4 boys) completed the three-day dietary and physical activity records, while the remaining
6 did not return their records and were therefore included in the anthropometric and body
composition analysis only (Figure 1).
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Figure 1. Flow chart of participants.

3.1. Demographic Characteristics

The demographic characteristics of the participants are shown in Table 1. Of the 24 girls, 10
reported having reached menarche at the age of 12.6 + 0.7 years. The age of the 10 athletes who had
menstruated was 13.3 + 0.7 years, while the mean age of those who had not yet menstruated was 11.9
+0.9 years.

Table 1. Demographic characteristics (mean + SD) of all participants (1 = 30) and of those with complete energy
intake and energy expenditure data (n = 24).

Variable n=30 n=24
Age (years) 124 +1.1 124 +1.1
Training age (years) 7617 7717
Training duration (h/week) 17.1+3.9 17.4+3.9

3.2. Anthropometrics and Body Composition

Table 2 presents the anthropometric and body composition variables of the participants.

Table 2. Anthropometrics, body composition, and ¢ of all participants (n = 30) and of those with complete

energy intake and energy expenditure data (n = 24).

Variable n=230 n=24
Weight (kg) 425+89 42.6+9.3
Height (m) 1.50 + 0.09 1.50 + 0.09

Body mass index (kg/m?) 18.7+2.2 18.8+2.4
Fat mass (kg) 70+25 6.9+2.6

Fat mass (%) 16.1+34 16.0+3.7
Fat-free mass (kg) 35571 357+74
Fat-free mass (%) 83.9+34 84.0+3.7
Total body water (L) 27.0+5.2 27.1+5.5
Total body water (%) 63.7 £2.7 63.8+2.9
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Extracellular water (L) 12.7+1.8 12.7+1.9
Extracellular water (%) 303+24 30325
Intracellular water (L) 139+2.38 139+29
Intracellular water (%) 33.1+3.6 32.8+3.3
Third-space water (L) 03+1.7 05+1.6
Body cell mass (kg) 19.9+3.9 199+41
Resistance (€2) 589 £ 59 586 + 63
Reactance () 62.0+5.6 61.9+6.2
Phase angle (°) 6.0+£0.6 6.1+0.6
Impedance at 5 kHz (Q) 669 + 62 666 + 66
Impedance at 50 kHz () 593 +59 589 + 63
Impedance at 100 kHz (Q) 562 £ 57 559 + 61
Impedance at 200 kHz (Q2) 535 + 56 531 +59

All participants were classified in the normal BMI category according to the WHO growth charts,
except for one girl who was classified as overweight. The BMI z-score value was 0.10 + 0.70 for all
participants (n = 30) and 0.11 + 0.75 for the participants with complete energy data (n = 24, Figure 2).

(a

BMIi-for-age GIRLS (@) o Healt

Organization

5 to 19 years (z-scores)

BMI (kg/m?)

Months © 369 369 369 369 369 369 369 369 3609 369 369 369 369 3689
Years 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19

Age (completed months and years)
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(b
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BMI (kg/m?)

Months 9 36
Years 10 1 12 14

Age (completed months and years)

2007 WHO Reference
Figure 2. Position of (a) girls (1 = 24) and (b) boys (1 = 6) on the WHO BMI-for-age growth charts [34].

A statistically significant difference was found between the Z vectors of the participants in the
present study and those of a reference population [32] (T?=16.3, F =8.1, p = 0.0004, Mahalanobis D =

0.82, Figure 3).
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Figure 3. 95% confidence ellipses for the mean bioelectrical impedance vectors of participants in the present
study (dashed line) and the reference population (solid line) [32]. Xc: Reactance, R: Resistance. Analysis was
performed using Hotelling’s T? test. *Significant difference, p = 0.0004.

3.3. Energy Balance and Energy Availability

Underreporting of dietary intake was identified in 63% of the participants, with an average
underreporting level of 17%. The participants’ total daily EI was 1865 + 295 kcal (Figure 4a) and
increased to 2033 + 148 kcal after adjustment for underreporting (Figure 4b). Daily REE was 1290 =+
134 kcal, EEE was 396 + 87 kcal, and TEE reached 2001 + 204 kcal (Figure 4a, b). PAL was 1.56 + 0.06.

Daily EB was initially negative (135 + 374 kcal, Figure 4a) but became positive after adjustment
for underreporting (32 + 223 kcal, Figure 4b). Specifically, 14 out of the 24 athletes (58%) initially
exhibited a negative EB (Figure 4c), whereas, after adjustment for underreporting, 8 of the 24 athletes
(33%) retained a negative EB (Figure 4d).
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Figure 4. a, b: Boxplots of daily energy intake (EI), total energy expenditure (TEE), and energy balance (EB) of
the participants (n = 24), averaged over 3 days, (a) before adjustment for dietary underreporting and (b) after
adjustment for dietary underreporting. Each box represents the interquartile range, and the center line represents
the median. Whiskers are extended to the most extreme data point that is no more than 1.5 times the interquartile
range from the edge of the box (Tukey style). Dots represent individual values. ¢, d: Individual EB of the
participants, (c) before adjustment for dietary underreporting and (d) after adjustment for dietary

underreporting.

The participants” EA was 43.7 + 14.4 kcal/kg FFM/day (Figure 5a) and increased to 49.2 + 11.4
kcal’kg FFM/day after adjusting EI for underreporting (Figure 5c). Before adjustment for
underreporting, two girls and one boy had EA values below 30 kcal/kg FFM/day, and eleven girls
had values below 45 kcal/kg FFM/day (Figure 5b). Following adjustment for underreporting, one girl
remained below 30 kcal/kg FFM/day, whereas six girls and one boy had EA values below 45 kcal/kg
FFM/day (Figure 5d).
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Figure 5. a, c: Energy availability (EA) of the participants (n = 24), averaged over 2 days, (a) before adjustment
for dietary underreporting and (c) after adjustment for dietary underreporting. Each box represents the
interquartile range, and the center line represents the median. Whiskers are extended to the most extreme data
point that is no more than 1.5 times the interquartile range from the edge of the box (Tukey style). Dots represent
individual values. b, d: Individual EA of the participants, (b) before adjustment for dietary underreporting and
(d) after adjustment for dietary underreporting. Red bars represent participants with EA below the defined
threshold for low energy availability (red line), orange bars represent participants with EA between the low and

adequate EA thresholds (green line), and green bars represent participants with adequate EA.

3.4. Correlations

Correlation analysis revealed significant correlations between EA and BCM, R, Xc, EB (averaged
over the two weekdays with gymnastics training), and TEE (averaged over the two weekdays with
gymnastics training), both before and after adjustment for underreporting of dietary intake (Tables 3
and 4, respectively). Additionally, after adjustment for underreporting, EA was significantly
correlated with FM in kg (Table 4). Phase angle was significantly correlated with body weight, BMI,
FM (kg), FFM (kg), TBW, and ECW (Table 5).

Table 3. Correlation analysis between energy availability and other conceptually relevant study variables
before adjustment for underreporting of dietary intake in adolescent artistic gymnasts during the competitive

season (n = 24).

roroQ p
Fat mass (kg) -0.3652 0.080
Fat mass (%) 0.002 0.993
Body cell mass (kg) -0.576 0.003
Resistance (Q) 0.643 <0.001
Reactance (Q2) 0.476 0.019
Phase angle (°) -0.231 0.276
Energy balance (kcal) 0.912 <0.001
Total energy expenditure (kcal) - 0.490 0.015

Boldface indicates significant correlations (p < 0.05). 2 Spearman’s @. All other values are Pearson’s r.

Table 4. Correlation analysis between energy availability and other conceptually relevant study variables after

adjustment for underreporting of dietary intake in adolescent artistic gymnasts during the competitive season

(n=24).
ror Q p

Fat mass (kg) -0.4182 0.042

Fat mass (%) -0.023 0.913
Body cell mass (kg) —-0.659 <0.001
Resistance (€2) 0.770 <0.001

Reactance (Q) 0.497 0.014

Phase angle (°) —-0.345 0.099
Energy balance (kcal) 0.836 <0.001

Total energy expenditure (kcal) -0.571 0.004

Boldface indicates significant correlations (p < 0.05). 2 Spearman’s @. All other values are Pearson’s r.

Table 5. Correlation analysis of phase angle with anthropometric and body composition variables in

adolescent artistic gymnasts during the competitive season (1 = 30).

7 orQ p
Weight (kg) 0.463 0.010
Body mass index (kg/m?) 0.588 2 <0.001
Fat mass (kg) 0.428 2 0.018

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Fat mass (%) 0.351 0.057
Fat-free mass (kg) 0.400 0.029
Fat-free mass (%) —-0.351 0.057

Total body water (L) 0.395 0.031
Total body water (%) —-0.409 0.025
Extracellular water (L) 0.364 0.048
Extracellular water (%) -0.497 0.005
Intracellular water (L) 0.341 0.065
Intracellular water (%) —-0.230a 0.221
Body cell mass (kg) 0.340 0.066

Boldface indicates significant correlations (p < 0.05). 2 Spearman’s g. All other values are Pearson’s r.

4. Discussion

In the present study, we assessed EI TEE, EB, EA, body composition, and ¢ in adolescent artistic
gymnasts during a competitive season. Our findings show that the athletes demonstrated adequate
EA to support physiological functions, with anthropometric variables, body composition variables,
and ¢ within the normal range.

One of the consequences of LEA, and a severe indicator of REDs syndrome, is primary
amenorrhea [1]. In the present study around half of the female athletes had already reached menarche
at a mean age of 12.6 years, which is slightly lower than the ages reported in adolescent rhythmic
gymnasts (13.3 years [35] and 13.6 years [36].) Additionally, the participants’ normal BMI values
indicate appropriate physical development. These BMI values are consistent with the range of 18 to
19 kg/m? reported in similar populations [22,24,25,35,37].

Regarding body composition, no specific and widely accepted normative values exist for
children and adolescents. The FM percentage of 16.1% measured in this study is comparable to
previous findings in healthy Polish and Greek adolescents, in which FM percentage among
participants with normal body weight was 16.3 and 17.6%, respectively [38,39]. A similar FM
percentage (16.8%) has also been reported in Bulgarian female artistic gymnasts [37]. In contrast, three
studies in acrobatic and rhythmic gymnasts reported lower FM percentage values [22,24,26], likely
due to intensive training and low EI, whereas two studies in artistic and acrobatic gymnasts reported
higher FM percentage values, reaching up to 22.9% [18,25]. Among the studies that evaluated body
composition in gymnastic athletes, only two reported FFM percentage [24,25]: Villa et al. found
values nearly identical to those in the present study [24], whereas Besor et al. reported values
approximately 5% lower [25], likely attributable to the older age of their participants (= 14 years) and
the different body composition method used (dual-energy X-ray absorptiometry).

Regarding ¢, the mean value of 6.0 ° found in the present study is slightly higher (by 0.2-0.3°)
than values reported in healthy Caucasian children aged 12 years [32], suggesting cellular integrity,
increased muscle mass, and adequate nutritional status. To our knowledge, only one study has
assessed ¢ in adolescent gymnast, specifically rhythmic gymnasts, reporting a slightly higher value
of 6.7° [35], possibly due to the older age of the participants (= 15 years).

According to BIVA, the bioimpedance vector of the participants in the present study was shifted
to the left of that of healthy 12-year-old children [32], forming a slightly larger angle with the R/height
axis. Since the angle between the bioelectrical impedance vector and the R/height axis equals ¢, the
larger angle observed in the athletes confirms their higher ¢ compared to the reference population.
This leftward shift is consistent with studies in youth athletes from various sports [40—42] and
suggests increased BCM [43]. Indeed, we found a BCM of about 20 kg, which is about 4 kg higher
than values reported in healthy adolescents of similar age [44].

The percentage of dietary underreporting identified in this study aligns with findings from
studies involving children, adolescents, and adults [45-47]. Underreporting may arise from
unconscious reasons, such as difficulty estimating portion sizes, inaccurate measurements, or
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forgetting to record consumed foods, and conscious reasons, including feelings of guilt, the desire to
present a more disciplined image, or a lack of motivation.

Studies in adolescent athletes in rhythmic and acrobatic gymnastics have reported low EB, LEA,
and, in some cases, menstrual irregularities, indicating an increased risk of REDs [22,24,25,35]. In
contrast, our findings indicate that the adolescent artistic gymnasts had adequate EI, as reflected by
a nearly neutral EB and EA values above the threshold associated with REDs risk. This discrepancy
may be partly explained by the younger age of the participants in the present study, as well as
differences in the type of gymnastics compared with the aforementioned studies. Specifically,
Oliveira et al. [19] reported that training volume in artistic gymnasts aged around 11 years was 20
hours per week, which is consistent with the training volume of the athletes in the present study. In
contrast, studies in older adolescent artistic gymnasts (15-17 years), reported higher training volume,
around 30 hours per week [15-18]. Additionally, the relatively low training volume observed in the
present study may be attributed to the fact that the participants were not elite athletes.

The negative correlation between EA and FM (kg) could be partially explained by the impact of
LEA on energy metabolism and regulation. Specifically, LEA can reduce resting metabolic rate,
induce hypothyroidism, and increase cortisol levels, all of which may negatively affect physiological
function. Indeed, studies have reported higher FM in female adolescent athletes with EA <30 kcal/kg
FFM/day than those whose EA exceeded this threshold [48,49].

The negative correlation between EA and BCM may be explained by the fact that EA is expressed
relative to FFM. Because BCM represents the protein rich compartment of FFM [4], athletes with
higher BCM than others, but with similar EI and EEE, will inherently have lower EA, reflecting a
mathematical, rather than physiological, relationship. Similarly, the positive correlation between EA
and R may result from the relationship between EA and FFM, as resistance decreases with increasing
FFM. The positive correlation between EA and Xc may reflect the influence of EA on cellular integrity.
Athletes with higher EA are more likely to maintain adequate energy to support cellular integrity
and function.

Regarding ¢, its significant correlations with other anthropometric and body composition
variables are consistent with previous research. Specifically, body weight, BMI, FM, FFM, TBW, and
ECW have all been identified as determinants of ¢ [50,51].

The main limitations of the present study are: First, the sample included a small number of boys,
as participation in most sport clubs in Thessaloniki, Greece is predominately female. Second, the
biological maturation stage of the participants was not assessed. Third, 20% of the athletes did not
complete the three-day dietary intake and physical activity records, limiting the available data for
estimating EB and EA. Another limitation concerns the accuracy of the dietary records, namely the
extent to which they reflect the actual intake. To address this issue, adjustments were applied in cases
of dietary underreporting. These adjustments assumed that the recorded foods were accurate but the
portion sizes had been underestimated, rather than assuming that specific foods were entirely
omitted. Finally, the estimation of EEE was based on observations of a representative subset of
athletes and training sessions, rather than all participants and sessions.

Our review of the literature, as presented in this article, indicates that the number of studies
examining EA, body composition and ¢ in adolescent artistic gymnasts is very limited. Therefore,
the importance of the present study lies in its focus on a population that has been underrepresented
in previous studies. Our findings imply that the exercise training regimen followed by early
adolescent artistic gymnasts (11-14 years) does not place them at risk of developing LEA. Further
studies are recommended to investigate EA in older adolescent and elite artistic gymnasts, who
typically engage in more demanding training programs. Moreover, future research should address
not only EA, but also additional factors proposed to contribute to the risk of developing REDs
syndrome [52].

5. Conclusions
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In conclusion, adolescent artistic gymnasts who participated in national competitions but were
not elite athletes exhibited normal BMI and body composition values, consistent with their age and
training level. After adjustment for estimated dietary underreporting, EB and EA were within ranges
considered sufficient to support bodily physiological functions. Overall, our findings show that the
participants in this study did not experience LEA during the competitive season.
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Abbreviations

The following abbreviations are used in this manuscript:

BCM Body cell mass

BIA Bioelectrical impedance analysis
BIVA Bioelectrical Impedance Vector Analysis
BMI Body mass index

EA Energy availability

EB Energy balance

ECW Extracellular water

EEE Exercise energy expenditure

EI Energy intake

FFM Fat-free mass

FM Fat mass

LEA Low energy availability

PAL Physical Activity Level

R Resistance

REDs Relative Energy Deficiency in Sport
REE Resting Energy Expenditure

SD Standard deviation

TBW Total body water

TEE Total energy expenditure

WHO World Health Organization

Xc Reactance

z Impedance

¢ Phase angle
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