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A B S T R A C T

Purpose: This study aimed to assess hydration status before and after training using the bioelec-
trical impedance vector analysis (BIVA) method.
Design: Pre-post quasi-experimental designs.
Method: Twenty-four young water polo players (mean age: 13.30 ± 0.55) underwent assessment 
for bioelectrical and anthropometric measurements before and after a water polo training session.
Results: Most players fell within the 50 % percentile of the bioelectrical tolerance ellipses of the 
reference population. The BIA vector differed statistically between players who achieved growth 
peaks (PGA: T2 = 9.1, p = 0.013) and those who did not (GPNA, T2 = 28.9, p < 0.001) compared 
to the reference and also differed between them (T2 = 37.7, p < 0.001). After training, a decrease 
in body mass (BM) and BM adjusted for water intake (p = 0.0001) and changes in BIA variables (p 
< 0.05) were observed. BIVA also showed a significant pre-post vector migration in both GPA (T2 

= 24.7; p < 0.001) and GNPA (T2 = 43.1; p < 0.001), characterized by a decrease in resistance 
and opposite reactance directions (T2 = 33.6, p < 0.001).
Conclusion: Young water polo players exhibit a significant BM loss after training (~2.5 %). Ad 
libitum water intake seems to partially compensate dehydration. The resistance reduction in-
dicates that BIVA captured the compensation for dehydration resulting from fluid intake.

1. Introduction

Adequate hydration is essential for maximizing athletic performance and preventing heat-related illnesses. In adults, maintaining 
euhydration typically occurs through the balance of normal daily fluid intake and losses. However, during physical activity, the body 
generates excess metabolic heat that must be dissipated to maintain core temperature and ensure proper metabolic functioning. 
Significant sweat losses during exercise can disrupt normal body-water balance, leading to detrimental effects on both performance 
and health [1,2]. Thus, it is crucial to replenish fluid losses from sweat to sustain euhydration.
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While in aquatic environments, heat dissipation occurs mainly through convection and conduction due to immersion in water, 
reducing the reliance on sweating as a cooling mechanism. Apart from perspiration and water loss through respiration, an increase in 
dilute urine output is another mechanism of water loss typical of water-based exercise [3–5]. Research indicates that up to 2.5 % of 
body weight can be lost during high-intensity aquatic training, primarily due to inadequate fluid intake, which can result in dehy-
dration and impaired thermoregulation [6]. Accurately assessing hydration status in such environments is particularly challenging [7], 
and current literature is limited, mostly focusing on adult populations [3–6]. Children and adolescents seem less effective than adults at 
managing fluid intake during exercise, as they tend to recognize thirst less promptly [8]. Hormonal changes during puberty further 
affect fluid distribution and retention, contributing to significant interindividual variability in hydration needs [9,10]. During 
adolescence, the age of fastest growth in stature is named age at Peak Height Velocity (PHV). The age at PHV serves as an important 
marker for distinguishing between chronological age and biological maturity, as it reflects the individual’s stage of pubertal devel-
opment rather than just their age in years [11]. Pre-PHV individuals typically have a higher water content relative to their body mass, 
while post-PHV individuals, with more developed muscle mass, exhibit different patterns of fluid distribution and retention [12]. The 
onset of puberty also introduces hormonal changes that affect both fluid distribution and thirst perception, leading to potential im-
balances in fluid regulation [9]. Notwithstanding, the extent to which training status and maturation interact to influence body water 
content and loss in training and competition are partially unknown.

Common field methods to assess dehydration are the percentage of body weight lost and urine color. While the latter can be 
impractical in aquatic environments, other methods include urine and plasma osmolality, as well as urine specific gravity, but these are 
invasive and require laboratory analysis, making them less practical for field use [1]. Another limitation is that none of these methods 
can distinguish between intracellular water (ICW) and extracellular water (ECW), a distinction crucial for understanding the severity 
of dehydration. The loss of ICW, in particular, can indicate more advanced dehydration, affecting cell function and overall perfor-
mance [1].

Bioelectrical Impedance Vector Analysis (BIVA) provides a more detailed assessment by evaluating hydration status while ac-
counting for compartmental fluid distribution [13,14]. Although not considered the gold standard, this method has shown promise in 
aquatic sports, offering a more accurate representation of body water status [15,16]. Water polo is characterized by high energy 
demands, with phases of intense activity interspersed with periods of lower intensity and recovery, all taking place in an aquatic 
environment [17,18]. As for other aquatic sports, effective hydration management is crucial [19], particularly for adolescents, who 
may face unique hydration challenges due to their varying stages of maturation. Even among athletes of the same age, differences in 
biological maturity can lead to significantly different hydration needs and fluid management capabilities [8–10,20]. Nonetheless, 
there aren’t studies that evaluated the hydration status before and after water polo training in young athletes. Therefore, the present 
study aims to evaluate the hydration status of pre- and post-PHV water polo players before and after a typical training session for 
regional youth championship water polo participants, using BIVA to assess body water content and its compartmental distribution. We 
hypothesize that variations in the bioelectrical impedance vector after training will depend on both the training load and the ad libitum 
rehydration strategy employed during the session.

2. Materials and methods

2.1. Participants

Twenty-four young water polo players (mean age: 13.30 years ±0.55), part of a team engaged in a regional championship, 
participated in the study. Inclusion criteria required continuous training participation over the preceding year and active involvement 
in the regional championship. Exclusion criteria included any injuries or clinical conditions at the time of the protocol, pharmaco-
logical treatment, or following a specific dietary regimen (e.g., hypo- or hyper-caloric diet). The study was conducted in accordance 
with the Declaration of Helsinki. All participants provided informed consent and submitted written parental consent for study 
participation. The technical staff approved the study’s conduct. The data were collected during routine training practices and were 
initially gathered for monitoring purposes, rather than with a specific research intent. Since these data were collected retrospectively 
and did not interfere with the athletes’ regular training routines, ethical clearance specific to this analysis was obtained post hoc. The 
study was approved by the Institutional Review Board of the Department of Human Sciences, Society, and Health of the University of 
Cassino and Lazio Meridionale (approval number 16259). Nonetheless, all performance data were anonymized before analyses to 
ensure player confidentiality.

2.2. Study design and procedures

The present study employs a pre-post quasi-experimental design to address the research question from an ecological perspective. 
This quasi-experimental pre-post design aims to evaluate the effect of a training session on hydration status in young water polo 
athletes, observing them in a realistic context without changing their regular training routines.

A few days before the procedure, demographic information (years of practice, training days and hours per week, and other sports 
practiced in the past or at the same time) was collected through a questionnaire. The day before, players were instructed to abstain 
from caffeine, alcohol and, physical exercise to achieve a state of euhydration for the bioelectrical impedance analysis (BIA). Addi-
tionally, for the BIA assessment, they were directed to drink 3.0 L of fluid over the course of 24 h, with 2.0 L to be consumed between 
6:00 p.m. and 10:00 p.m., in addition to their habitual dietary practices. From 10:00 p.m. until the assessment the following day, no 
further food or fluid intake was permitted [1]. On the evaluation day, between 8:00 a.m. and 10:00 a.m., anthropometric and 
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bioelectrical assessments were conducted in a thermoneutral room (25 ◦C) where both relative humidity and ambient temperature 
were monitored using thermohygrometer RS232-UR100+ (XS Instruments, Italy). The assessments were carried out after measuring 
skin temperature, with participants dressed in light clothing and without any conducting garments. Following this, participants 
consumed a standardized breakfast consisting of one cheese and ham sandwich, 1 banana, and 400 mL of fruit juice. At 11:00 a.m., all 
players underwent category-specific training in both 25-m and 21-m indoor pools. The training included a water warm-up, followed by 
a main set of repetitions in various swimming styles with differing durations and intensities, as well as drills for ball control, game 
phases, and shooting practice. Fluid intake (H2O) was monitored throughout the session. After the conclusion of the training session, 
athletes abstained from fluid consumption for at least 1 h until post-testing was completed. One hour after the training session, and 
after verifying that body skin temperature aligned with pre-assessment, BIA and anthropometric evaluation were conducted again. The 
rating of perceived exertion (RPE) was also measured post-training using the Modified Borg RPE Scale [21].

2.3. Anthropometric assessment

A certified specialist (i.e., a level 1 certification of the International Society of the Advancement of Kinanthropometry, ISAK) 
performed all the anthropometric measurements according to the ISAK recommendation [22]. Body mass (BM), stature, and sitting 
height (SH) were measured using a stadiometer with a balance (Seca 200, Seca, Hamburg, Germany). Waist circumferences (WC), 
relaxed arm circumference, and calf circumference were measured using a Cescorf anthropometric tape (Cescof, Porto Alegre, Brazil). 
Skinfold measurements at the triceps, subscapular, supraspinale, and calf sites were obtained with a Holtain skinfold caliper (Holtain, 
Crosswell, UK). Body mass index (BMI) was calculated as BM in kilograms divided by the square of stature, expressed in meters. The 
waist-to-height ratio (W/Hr) was determined by dividing WC by stature. Additionally, mid-upper arm area (MUAA), mid-upper arm 
muscle circumference (MUAMC), mid-upper arm muscle area (MUAMA), mid-upper arm fat area (MUAFA), and arm fat index (AFI) 
were calculated according to the literature [23]. The percentage of fat mass (%FM) was calculated through the Slaughter equation for 
pubertal boys, and fat mass in kilograms (FMSl) was subsequently derived [24].

2.4. Maturity offset

The maturity offset was defined according to the Mirwald equation based on the distance from peak height velocity (PHV) in years 
(YPHV) and derived from BM, stature, SH, somatic dimension, chronological age, and their interaction. The predicted adult height 
(PAH) and the percentage of predicted adult height (%PAH) were estimated according to the Sherar method [25]. Players were 
classified as growth peak not-achieved (GPNA) or growth peak achieved (GPA) according to the YPHV.

2.5. Whole-body bioimpedance assessment

Bioimpedance analysis was performed using BIA (BIA 101 Anniversary AKERN srl, Florence, Italy) with an electric current at a 
frequency of 50 kHz (±1 %). The device was calibrated before assessment using the standard control circuit supplied by the manu-
facturer with a known impedance (resistance (R) = 380 Ω; reactance (Xc) = 45 Ω). The device’s accuracy was 0.1 % for R and 0.1 % for 
Xc. For the bioelectrical impedance measurement, each participant was positioned supine for a minimum of 2 min to distribute the 
body fluid evenly. During this time, the legs were positioned at the 45◦ relative to the midline of the body, while the upper libs were 
positioned 30◦ away from the trunk. After cleaning the skin with alcohol, two electrodes (Biatrodes, Akern Srl, Florence, Italy) were 
placed on the back of the right hand and two electrodes on the neck of the corresponding foot [14].

To ensure accurate measurements, assessments were performed on an isolated cot away from any electrical conductors. The 
bioelectrical phase angle (PhA) was calculated as the arctangent of Xc/R × (180◦/π) [26]. The hydration status was evaluated using the 
bioimpedance vector analysis method (BIVA), normalizing R and Xc parameters for stature in meters [14]. This analysis offers a 
comprehensive evaluation of hydration levels while considering the distribution of fluid across different compartments [13].

2.6. Temperature assessment

The temperature was taken in the subject’s temple before performing the BIA using a digital infrared forehead thermometer 
without contact (Mini Flash, TFA Dostmann GmbH & Co, Wertheim, Germany). Skin temperature serves as a valuable proxy for 
assessing core temperature [27] and cutaneous blood flow, as it reflects the physiological responses of blood vessels and overall 
circulatory dynamics in the skin. Elevated skin temperature can indicate increased blood flow due to heightened metabolic activity or 
external environmental influences, while lower temperatures may suggest reduced perfusion. To ensure accuracy and reliability, the 
post-training examination was performed only after confirming that the skin temperature was comparable to the pre-training mea-
surements [28]. This careful monitoring helps to minimize variability and allows for a more precise assessment of the physiological 
effects of training on the participants’ hydration status and body composition [29].

2.7. Internal training load assessment RPE

Perceived exertion during training was assessed using the individual session-RPE (s-RPE) method [21]. Following the training 
session conclusion, players were presented with the CR-10 RPE scale. The resulting scores were obtained by multiplying the training 
duration by the corresponding relative RPE values. To enhance measurement consistency and identify potential learning effects, a 
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minimum of three training sessions were conducted for all participants at least one week before the commencement of the study.

2.8. Statistical analysis

Descriptive statistics (mean, SD) were calculated for each variable, while the normality of the data was verified by applying the 
Shapiro–Wilk test. The student’s unpaired t-test was used to analyze group differences in anthropometric variables according to the 
growth peak (GPNA and GPA) achievement for normally distributed variables and the Mann-Whitney U test for non-normally 
distributed variables, respectively. Whole-body impedance vectors were analyzed by the RXc graph method using the BIVA soft-
ware by Piccoli et al. [30]. Each player was plotted in the tolerance ellipses (50 %, 75 %, and 95 %) of the 14- to 15-year-old healthy 
male Italian reference population [31]. Compared to our sample, this population represents the closest references in terms of age. The 

Fig. 1. a. BIVA point graph of water polo players compared with the reference population [31]. R/h, height-adjusted resistance; Xc/h, 
height-adjusted reactance. b. Classic BIVA mean graph between subgroups and reference population [31]. GPNA: growth peak not-achieved, GPA: 
growth peak achieved; R/h, height-adjusted resistance; Xc/h, height-adjusted reactance; T2, Hotelling’s T2 test; p-value (significance at p < 0.05); D, 
Mahalanobis distance.
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BIVA mean graph was performed to compare whole-body vectors between GPNA and GPA players and with respect to the reference 
population. A two-sample Hotelling’s T2 test was used to determine the BIA vector differences between groups and with respect to the 
reference population. Distances between ellipses were calculated by the Mahalanobis test [30]. A repeated measure analysis of 
covariance (RM-ANCOVA), with water intake as covariate, time (pre-, post-training) as within-subject factor, and achievement of peak 
growth (GPNA and GPA) as between-subject factor was performed after checking for violation of the assumptions, to investigate the 
effect of an acute training session on anthropometric and bioelectrical hydration markers as dependent variables. The BIVA paired 
graph was used to analyze pre-to post-training changes in the vectors of GPNA and GPA players. To examine the magnitude of pre-post 
ratio changes in anthropometric and bioelectrical variables, delta values (Δ, % of pre) were calculated. Pearson’s correlation coeffi-
cient was used to determine the extent of correlation between delta values of BM (ΔBM), BM adjusted for fluid intake (ΔBMadj), total 
fluid intake during the training session, and delta values of bioelectrical hydration markers (ΔR/h, ΔXc/h, ΔZ/h, ΔPhA, ΔECW:TBW). 
The magnitude of correlations was considered as r = 0.00–0.09, negligible; r = 0.10–0.39, weak; r = 0.40–0.69, moderate; r =
0.70–0.89, strong; r = 0.90–1.00, very strong [32]. A paired one-sample Hotelling’s T2 test was used to analyze pre-to post-training 
changes in the vector through the 95 % confidence ellipses, while vector shifting was calculated by the Mahalanobis test [30]. The a 
priori sample size was determined using G*Power (version 3.1, Heinrich Heine University, Düsseldorf, Germany) based on the 
following parameters: significance level (α) of 0.05, statistical power (1 - β) of 0.80, and an effect size (f) of 0.3. The calculation, 
conducted for a RM-ANCOVA with a 2 × 2 mixed design, indicated that a total of 24 participants would be required.

3. Results

3.1. Baseline characteristics of the sample and maturity offset

The current water polo sample was composed of 13 players who did not achieve the peak growth (GPNA) and 11 who already 
passed the peak growth (GPA). GPA players showed higher age and training volume (U = 24.0, p = 0.006; U = 24.0, p = 0.018, 
respectively). Furthermore, stature, SH, BM and BMadj were higher in GPA group players (t = − 5.1, p < 0.001; t = − 5.4, p < 0.001; U =
17.0, p < 0.001; U = 18.0, p = 0.001, respectively), while the triceps skinfold (U = 109.0, p = 0.032) was lower. Players in the GPNA 
group showed higher R/h, Xc/h, and Z/h (t = 5.8, p < 0.001; t = 2.4, p < 0.025, t = 6.1, p < 0.001, respectively), and lower PhA (t =
− 4.6, p < 0.001), than GPA players. The BIVA point graph (Fig. 1a), indicates that half of the sample fell inside the 50 % tolerance 
ellipse of the reference population [31]. The remaining participants were distributed outside of the 50 % and 75 % tolerance ellipses, 
with the majority in the left quadrant and fewer in the right quadrant. The BIA vector comparison showed that both subgroups differed 
statistically from the reference population [31]. GPNA players showed a longer vector and GPA players fell on the left of the reference 
population and slightly above. Furthermore, the subgroups were also statistically different (Fig. 1b).

Detailed data of the whole sample characteristics and group comparisons based on maturity offset are provided in Table 1.

3.2. Changes evoked by training

After training, both BM and BMadj significantly decreased (− 0.72 % ± 1.04 and − 2.60 % ± 1.14 respectively) (Table 2). These 
changes were paralleled by a decrease in R/h and Z/h, an increase in PhA and ECW:TBW as well as a BIA vector migration on the top- 
left side of the graph (Fig. 2a). GPA players showed higher BM, BMadj, PhA, and ECW:TBW values and lower R/h, Xc/h and Z/h values 
than GPNA, before and after training. An interaction effect was found for Xc/h with the post-hoc analysis indicating a significant 
difference after training. However, using water intake as a covariate, all the significant changes evoked by training were not 
significant.

Regarding BIVA, The BIA vector migration was significantly shifted on the top-left side (Fig. 2a). Considering the effect of 
maturation, Bia vector shifted on the top-left side for GPNA players and the bottom-left side for GPA (Fig. 2b).

3.3. Correlation

A negative correlation was found between ΔBMadj and ΔXc/h (r = − 0.489, p < 0.05). A tendency for a negative correlation was also 
found between ΔBMadj and ΔR/h (r = − 0.384, p = 0.063), ΔZ/h (r = − 0.388, p = 0.061), and ΔPhA (r = − 0.489, p = 0.054) and for 
positive correlation between ΔBMadj and ΔECW:TBW (r = − 0.382, p < 0.65).

4. Discussion

The main finding of the present study is that a typical training session in young water polo players resulted in a significant reduction 
in BM (~2.5 %), primarily due to fluid loss. The BIA analysis further revealed a vector migration towards the upper left quadrant of the 
graph, indicating shifts in fluid distribution, with a significant decrease in R/h accompanied by an increase in PhA and the ECW:TBW 
ratio, suggesting partial compensation achieved through Ad libitum fluid intake. This interpretation is further supported by the fact that 
when water intake was added as a covariate in the analysis of bioelectrical values, the observed significances disappeared, suggesting 
that these effects were closely linked to fluid intake. Additionally, a notable difference in Xc/h values was observed between groups: 
the GPNA group experienced an increase in reactance values, whereas the GPA group showed a decrease (Fig. 2a).

Age and maturation are known to affect vector length: typically, younger and late-maturing adolescents show longer vectors [33]. 
The findings of this study align with existing literature, as the average vector length in our sample exceeded that of the nearest 
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Table 1 
Descriptive data of water polo players based on maturity status.

Whole sample GPNA GPA

(n = 24) (n = 13) (n = 11) t U p

General
Age (years)* 13.30 ± 0.55 13.00 ± 0.44 13.66 ± 0.45 – 24.00 0.006
Training (h/week) * 10.73 ± 2.09 9.75 ± 1.74 11.90 ± 1.93 – 24.00 0.018
RPE 3.98 ± 1.57 3.64 ± 0.75 4.39 ± 2.19 – 46.50 0.845
Fluid intake (l) 1.03 ± 0.37 1.06 ± 0.42 0.98 ± 0.30 0.53 – 0.602

Anthropometric
BM (Kg) * 58.07 ± 10.41 52.37 ± 6.27 64.81 ± 10.48 – 17.00 <0.001
BMadj (Kg) * 56.64 ± 10.39 51.02 ± 6.27 63.28 ± 10.55 – 18.00 0.001
Stature (cm)* 165.59 ± 8.93 159.66 ± 7.14 172.60 ± 4.77 − 5.11 – <0.001
SH (cm) * 85.96 ± 4.85 82.67 ± 3.48 89.85 ± 2.99 − 5.37 – <0.001
SH/Hr (cm) 0.52 ± 0.01 0.52 ± 0.01 0.52 ± 0.01 − 0.66 – 0.673
W/Hr (cm) 0.44 ± 0.04 0.44 ± 0.05 0.43 ± 0.04 – 82.50 0.540
BMI (cm) 21.08 ± 2.44 20.57 ± 2.14 21.68 ± 2.74 − 1.12 – 0.274
WC (cm) 72.14 ± 7.02 70.52 ± 6.64 74.06 ± 7.28 − 1.25 – 0.225
Arm relaxed circumference (cm) 27.42 ± 2.95 26.46 ± 2.13 28.56 ± 3.45 − 1.83 – 0.081
Calf circumference(cm) 33.70 ± 2.17 32.96 ± 1.81 34.59 ± 2.31 − 1.94 – 0.065
Subscapular skinfold (mm) 11.80 ± 5.45 12.45 ± 6.35 11.02 ± 4.32 – 76.50 0.794
Triceps skinfold (mm)* 15.55 ± 6.56 18.09 ± 6.33 12.56 ± 5.71  109.00 0.032
Supraspinale skinfold (mm) 14.44 ± 7.95 15.53 ± 8.11 13.15 ± 7.95 – 83.00 0.524
Calf skinfold (mm) 13.13 ± 5.21 14.39 ± 4.46 11.76 ± 5.83 1.23 – 0.140
ΔBM (%) − 0.72 ± 1.04 − 0.58 ± 1.29 − 0.88 ± 0.69 0.70 – 0.494
ΔBMadj (%) − 2.60 ± 1.14 − 2.68 ± 1.37 − 2.06 ± 0.83 − 0.37 – 0.715

Bioelectrical
R (Ω) * 615.41 ± 61.60 653.66 ± 47.82 570.20 ± 42.81 4.47 – <0.001
Xc (Ω) 69.02 ± 4.71 69.12 ± 3.77 68.91 ± 5.83 0.11 – 0.916
Z (Ω) * 376.17 ± 51.82 412.53 ± 36.35 333.21 ± 29.01 5.83 – <0.001
PhA (◦)* 6.45 ± 0.63 6.05 ± 0.40 6.91 ± 0.52 − 4.60 – <0.001
R/h (Ω/m) * 373.82 ± 51.83 410.23 ± 36.29 330.80 ± 28.96 5.85 – <0.001
Xc/h (Ω/m) * 41.82 ± 3.88 43.41 ± 3.64 39.94 ± 3.39 2.40 – 0.025
Z/h (Ω/m)* 229.15 ± 42.41 259.37 ± 30.77 193.44 ± 20.26 6.07 – <0.001
ΔR/h (%) − 2.22 ± 2.75 − 1.36 ± 2.32 − 3.23 ± 2.97 1.74 – 0.096
ΔXc/h (%) 0.59 ± 3.85 1.89 ± 3.72 − 0.95 ± 3.58 1.90 – 0.071
ΔZ/h (%) − 2.18 ± 2.75 − 1.32 ± 2.32 − 3.20 ± 2.97 1.74 – 0.096

Body composition
MUAMA* 41.02 ± 10.74 34.48 ± 4.43 48.75 ± 10.96 – 8.00 <0.001
MUAA 60.51 ± 13.39 56.04 ± 8.90 65.79 ± 16.15 − 1.87 – 0.075
MUAFA 19.49 ± 8.64 21.56 ± 8.09 17.04 ± 9.00 – 93.00 0.228
AFI* 31.76 ± 11.08 37.45 ± 9.95 25.04 ± 8.47 3.25 – 0.004
FMSl (kg) 13.41 ± 6.12 13.31 ± 5.36 13.52 ± 7.18 − 0.08  0.937
%FMSl 22.70 ± 8.44 25.00 ± 8.62 19.98 ± 7.72 – 101.00 0.093
FFMBIA (kg) * 43.60 ± 7.23 38.42 ± 3.57 49.74 ± 5.33 − 6.20 – <0.001
FMBIA (kg) 14.58 ± 5.86 13.99 ± 4.68 15.28 ± 7.18 − 0.53 – 0.600
%FMBIA 24.63 ± 6.93 26.28 ± 6.50 22.69 ± 7.22 1.28 – 0.214
%FFMBIA 75.37 ± 6.93 73.72 ± 6.50 77.31 ± 7.22 − 1.28 – 0.214
FMI BIA 5.34 ± 2.00 5.52 ± 1.81 5.12 ± 2.27 0.49 – 0.632
FFMIBIA* 15.79 ± 1.23 15.05 ± 0.79 16.66 ± 1.10 − 4.15 – <0.001
MB* 1459.10 ± 147.34 1351.22 ± 59.26 1586.60 ± 112.70 − 6.55 – <0.001
BCM* 24.45 ± 5.08 20.73 ± 2.04 28.85 ± 3.89 − 6.55 – <0.001

Maturity offset
Age at peak growth * 13.38 ± 0.57 13.66 ± 0.50 13.04 ± 0.48 3.09 – 0.005
YPHV* (years) − 0.09 ± 0.79 − 0.67 ± 0.43 0.61 ± 0.50 0.00 – <0.001
PAH (cm) 183.15 ± 5.10 181.51 ± 5.33 185.10 ± 4.26 − 1.80 – 0.086
%PAH* 90.37 ± 3.24 87.93 ± 1.66 93.26 ± 1.99 − 7.14 – <0.001

Fluid distribution
ECW (l) * 14.50 ± 2.60 12.64 ± 1.45 16.70 ± 1.78 − 6.17 – <0.001
ICW (l) * 20.21 ± 2.11 18.82 ± 1.02 21.86 ± 1.85 – 7.50 <0.001
TBW (l) * 34.71 ± 4.52 31.45 ± 2.24 38.56 ± 3.30 − 6.25 – <0.001
%TBW 60.29 ± 5.61 60.44 ± 5.32 60.12 ± 6.19 0.14 – 0.893
%ICW* 58.43 ± 2.62 59.89 ± 2.24 56.71 ± 1.94 3.69 – 0.001
ECW:TBW * 41.54 ± 2.60 40.08 ± 2.20 43.27 ± 1.92 − 3.75 – 0.001

Table 1. Data are expressed as mean ± standard deviation; t, student’s test; U, Mann-Whitney’s test; GPNA, growth peak not-achieved; GPA, growth 
peak achieved; BM, body mass; BMadj, body mass adjusted for fluid intake RPE, rating of Perceived Exertion RPE, rating of Perceived Exertion; SH, 
sitting height; SH/Hr, the sitting height to height ratio; W/Hr, waist-to-height ratio; BMI, body mass index; WC, waist circumference; ΔBM (%), delta 
values of body mass pre-post training; ΔBMadj, delta values of body mass adjusted for fluid intake; R, resistance; Xc, reactance; Z, impedance; PhA, 
phase angle; R/h, resistance-to-height ratio; Xc/h, reactance-to-height ratio; Z/h, impedance-to-height ratio; ΔR/h, delta values of R/h pre-post 
training; ΔXc/h, delta values of Xc/h pre-post training; ΔZ/h, delta values of Z/h pre-post training; MUAMA, mid-upper arm muscle area; MUAA, 
mid-upper arm area; MUAFA, mid-upper arm fat area; AFI, arm fat index; FMsl, fat mass by Slaughter equation; %FMsl, percentage of fat mass by 

S. Serafini et al.                                                                                                                                                                                                        Heliyon 11 (2025) e41168 

6 



reference, comprising individuals aged 14–15 years. This trend was especially pronounced among GPNA players, who exhibited longer 
vectors compared to both their GPA counterparts and the reference group. Conversely, GPA players clustered in the top-left quadrant, 
indicative of individuals with an athletic body composition. Therefore, our study indicates that 13-year-old water polo players who 
have reached biological maturity exhibit bioelectrical characteristics similar to their 14-15-year-old peers. This is an advantage for 
GPA players that could play a significant role in gameplay performance and the selection of sports talents, which should be taken into 
account. Currently, BIVA stands as a widely utilized method for evaluating body composition and health status. Since coaches need to 
consider the maturity level of young athletes when evaluating their performances, using bioelectrical impedance vector analysis 
alongside maturation assessment can be helpful for understanding their performance in relation to their potential [33,34].

BIA vector migration enables examining body fluids and tissue health changes [14]. While its established role in assessing clinical 
and various physiological conditions is well-documented [14], the application of BIVA in training and competition is not as widely 
recognized. Some studies investigated chronic effects of training or changes during a competitive season [35,36] while others 
examined acute pre-post-changes after training [16,37]. The latter category of studies is more sensitive to factors that mainly generate 
bioelectrical signal errors. For this reason, it is crucial to control several features such as: previous hydration status and consumption of 
food and beverages, body position and posture, electrode impedance, position and placement, time dedicated to body fluids stabili-
zation, cutaneous blood flow and temperature, exercise-induced electrolyte accumulation over the skin, biological intra-day and 
inter-day variation of bioelectrical measurements, environmental conditions, and injuries occurrence [38].

This study adopted an ecological design. Apart from their low cost and simplicity of analysis, ecological designs allow the 
recognition of environmental (both physical and social) determinants operating at a real-world level. On the other hand, it is not 
always possible to control all the confounding factors. In the present study, the ingestion of food and beverages could have influenced 
BIVA measurements. For this reason, breakfast and ad libitum water intake were strictly controlled because they may affect Z length 
(about − 3%), over a period of 2- to 4-h after a meal [39]. In the present study, the ingestion of water during training is expected to have 
affected BIVA measurements (Fig. 1). Indeed, only recent ingestion of meals and beverages (less than 1 h) did not affect the 
bioelectrical signal [40]. Consequently, Z shortened despite a BM reduction which denotes fluids loss. While training tends to lengthen 
the vector due to the loss of fluids, the consumption of water shortens it. In the present study, it is possible that the impact of beverage 
ingestion, given its electrical relevance as it occurred more than 1 h before post-training measurements, outweighed the effect of the 
training session that was performed. This finding could imply that water consumed during training is biologically available to the 
body, indicating effective rehydration. Thus, the application of BIVA may serve as a valuable tool in evaluating the efficacy of fluid 
replacement during training.

In a previous study, Carrasco et al. [16] found that a synchronized swimming training session in comen and junior female athletes 
determined a lengthening of the BIA vector that was in line with BM changes evoked by training. They concluded that, from a 
methodological perspective, BIVA seems to be sensitive enough to detect small hydration changes, although they underlined the need 
for further studies to ensure its validity and reliability. Although our results differ from this conclusion, there are some differences 
between the present study and that of Carrasco et al. that are worthy of consideration: first, synchronized swimmers were females 
while water polo players in the present study were males and younger; secondly, their competitive levels were different (elite vs. 

Slaughter equation; %FMBIA, fat mass by BIA; %FFMBIA, fat free mass by BIA; MB, basal metabolism; BCM, body cellular mass; YPHV, distance from 
peak height velocity in years; PAH, predicted adult height; %PAH, percentage of predicted adult height; ECW, extra-cellular water; ICW, intra-cellular 
water; TBW, total body water; %TBW, percentage of TBW; %ICW, percentage of ICW; ECW:TBW, ECW-to-TBW; *Indicates statistical significance 
between GPNA and GPA.

Table 2 
Anthropometric and bioelectrical variables before (PRE), after (POST) the acute training session.

All players Growth peak not reached Growth peak reached

(n = 24) (n = 13) (n = 11)

Pre Post Pre Post Pre Post

Anthropometric
BM (Kg)a,b 58.07 ± 10.41 57.67 ± 10.34 52.37 ± 6.27 52.09 ± 6.37 64.81 ± 10.48 64.26 ± 10.43
BMadj (Kg)a,b 58.07 ± 10.41 56.64 ± 10.39 52.37 ± 6.27 51.02 ± 6.27 64.81 ± 10.48 63.28 ± 10.55

Bioelectrical
R/h (Ω/m)a,b 373.82 ± 51.83 366.63 ± 56.40 410.23 ± 36.29 405.24 ± 40.77 330.80 ± 28.96 321.00 ± 33.08
Xc/h (Ω/m)b,c 41.82 ± 3.88 42.17 ± 4.68 43.41 ± 3.64 44.35 ± 4.64 39.94 ± 3.39 39.58 ± 3.32
Z/h (Ω/m)a,b 229.15 ± 42.41 224.96 ± 44.92 259.37 ± 30.77 256.36 ± 33.27 193.44 ± 20.26 187.84 ± 22.72
PhA(◦)a,b 6.45 ± 0.63 6.63 ± 0.62 6.05 ± 0.40 6.26 ± 0.44 6.91 ± 0.52 7.07 ± 0.51

Fluid distribution
ECW:TBWa,b 41.54 ± 2.60 41.94 ± 2.87 40.08 ± 2.20 40.29 ± 2.52 43.27 ± 1.92 43.90 ± 1.88

Table 2. Data are expressed as mean ± standard deviation; GPNA: growth peak not-achieved, GPA: growth peak achieved; BM, body mass; R/h, 
resistance-to-height ratio; Xc/h, reactance-to-height ratio; Z/h, impedance-to-height ratio; PhA, phase angle; ECW:TBW, extra cellular water-to-total 
body water.

a Express a significant effect per time.
b Indicates a significant effect per group.
c Indicates a significant interaction effect.
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regional); thirdly, the exercise duration in the study of Carrasco et al. was about double the duration of the session in the present 
investigation; Fourthly, synchronized swimmers ingested fluids within the last hour before post-training assessment, whereas in the 
present study, free water drinking was permitted during training but not within the hour preceding post-training assessment. A longer 
vector after training was also found in a recent study on rink hockey players performing a high-intensity training session for both whole 
body and muscle-localized BIVA in the rectus femoris muscle [37]. In both studies, authors failed to find a correlation between BM 
changes and bioelectrical raw parameters. On the other hand, we found a moderate inverse correlation between ΔBMadj and ΔXc/h, as 

Fig. 2. a. Mean vector displacements of the whole sample of water polo players from pre-to post-training. R/h, height-adjusted resistance; Xc/h, 
height-adjusted reactance; T2, Hotelling’s T2 test; p-value (significance at p < 0.05); D, Mahalanobis distance. 
b. Mean vector displacements of GPNA and GPA from pre-to post-training. GPNA, growth peak not-achieved, GPA, growth peak achieved; R/h, 
height-adjusted resistance; Xc/h, height-adjusted reactance; T2, Hotelling’s T2 test; p-value (significance at p < 0.05); D, Mahalanobis distance.
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well as a tendency for a weak correlation with ΔR/h, ΔZ/h, and ΔPhA. This result suggests that players who experienced a higher loss 
of BM after training, net of ingested water, had longer vectors, while the opposite occurred for those players showing smaller BM 
changes. Therefore, despite a generally shorter vector post-training, our results indicate that the greater the loss of body mass due to 
fluid loss, the relatively longer the vector post-training.

When we examined the impact of maturation on training-induced changes in BIA vector, we observed a significant difference 
between the groups, primarily attributable to the contribution of Xc/h (Fig. 2b). Specifically, while both groups decreased R/h, the Xc/ 
h showed a different behavior according to the achievement of peak grow. Although we did not find difference in perceived exertion 
between groups, one possible explanation could be that GPNA players had a higher relative training session intensity. Indeed, they 
exhibited a body composition and structure significantly less performing than their more mature counterparts. Furthermore, the time 
dedicated to training differed between the two groups, with GPNA players having fewer weekly training hours than GPA players 
(Table 1). Therefore, it is possible that the training workload resulted in a greater water shift from the intracellular to the extracellular 
compartment in GPNA players than in GPA players. It has been suggested that as cell size decreases, cell membrane shrinkage occurs, 
modifying dielectric mass and cell capacitance, resulting in higher Xc [41]. Notably, although not statistically significant, GPNA 
players experienced higher training-induced BM loss after adjusting for water intake. This suggests that they relatively suffered a 
greater water loss, likely affecting the intracellular compartment, leading to higher Xc/h values. Additionally, the inverse correlation 
between changes in BMadj and changes in Xc/h supports this hypothesis.

Importantly, previous studies [16] did not consider fluid replacement when assessing BM changes after training. Considering that 
the ingestion of water and other fluids affects BM, the volume of fluids ingested should be subtracted from the BM after training when 
evaluating its effect on hydration. In the present study, the evaluation of hydration based on body mass (BM) saw significant changes 
when considering ingested fluids. Specifically, players transitioned from a water loss initially deemed insignificant (<2 % of BM) to 
one considered significant in relation to endurance capacity (>2 % of BM) [1]. Thus, our results underline the importance of replacing 
fluids while training to preserve a good hydration state. Another significant finding of the present study is that, after controlling for 
water ingested, the RM-ANCOVA did not detect significant changes in bioelectrical parameters. This outcome implies that the observed 
BIA vector migration (shortening of the vector) may be primarily attributed to fluid ingestion. This evidence could also suggest that 
BIVA can be adopted to determine if water replacement is enough during training because the shortening of the BIA vector seems 
indicate that the ingested water is available in the body, despite training resulted in fluid loss.

The findings of the present study provide practical insights for managing rehydration and assessing physical status in young water 
polo athletes. Specifically, the use of BIVA can be integrated into the regular monitoring of athletes to identify changes in hydration 
status and body composition. This approach can support coaches in planning personalized rehydration strategies during and after 
training and competition, ensuring that athletes maintain adequate hydration levels and minimizing health risk and performance 
declines associated with dehydration. Furthermore, the present study suggests that biological age and maturation level could have a 
role in dehydration process after training in young water polo players, highlighting the importance of assessing maturation offset. 
Therefore, the combined monitoring of maturity offset, bioelectrical parameters and training workload, along with careful hydration 
management, can enhance athletic preparation, optimize recovery, and promote the well-being of young athletes. Finally, this is the 
first study reporting BIA Vector of youth water polo players and could be used as a reference by practitioners and scholars.

The present study has strengths and limitations. The ecological design is, on one hand, a strength because allows to investigate the 
effect of water polo training and water replacement on BM and raw bioelectrical parameters changes in field conditions. On the other 
hand, this type of design makes it difficult to distinguish between confounding factors and training effects. In the conditions of the 
present study, it seems that fluid ingestion affects BIA vector length more than training. Furthermore, the present sample was younger 
than the reference population [31], complicating comparisons and played at the regional level making difficult generalization of the 
results.

5. Conclusion

In conclusion, our study found that young water polo players experienced dehydration exceeding the 2 % threshold, impacting 
endurance capacity [1]. Partial compensation through ad libitum water intake shortened the BIA vector despite training. Significant 
differences between GPNA and GPA groups, as well as the reference population, indicated that age and maturation influenced BIVA. 
Integration with pubertal growth spurt data could enhance the understanding of the body composition of young athletes. Despite 
challenges in controlling factors, our ecological study highlights the importance of fluid replacement in training and suggests BIVA for 
assessing hydration after sessions. The present study investigated dehydration in young water polo players after training in an 
ecological setting, providing valuable insights into real-world conditions. Future research should address this process in a more 
controlled environment to minimize confounding factors. Moreover, the development of new specific ellipses for water polo players 
stratified by age and level would be necessary for both researchers and practitioners. These ellipses would establish useful and 
comparable reference values for the field of sport sciences. Longitudinal studies tracking bioelectrical changes across training seasons 
and maturation stages would also be critical for understanding the interactions between hydration, maturation, and performance over 
time.
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