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Abstract: Raw bioelectrical impedance (BI) data and vector analysis (BIVA) have been used to
evaluate fat-free mass (FFM) cross-sectionally in adolescent athletes; however, there have been no
longitudinal studies about it. This study aimed to assess the magnitude of changes in raw BI data
(resistance [R], reactance [Xc], and phase angle [PhA]), BIVA, and FFM in adolescent athletes (n = 137,
40% female). BI data were collected using a single-frequency device at baseline and after one year of
sports practice. Baseline chronological age categorized the participants (11, 12, or 13 years [y]). In
females, Xc/H increased (13 to 14 y, p = 0.04) while R/H decreased in all age groups (p = 0.001). PhA
(11to 12y, p = 0.048) and FFM (11 to 12 y and 12 to 13 y groups p = 0.001) increased and showed the
lowest magnitude of changes in the 13 to 14 y group (p = 0.05). In males, Xc/H decreased (11 to 12 and
12 to 13 y groups, p = 0.001) with a higher magnitude of changes in the 13 to 14 y group (p = 0.004);
R/H decreased (p = 0.001); FFM increased in all groups (p = 0.001); however, no magnitude of changes
was observed. PhA increased in the 13 to 14 y group (p = 0.004). BIVA showed no differences among
ellipse distances in females. In males, a high distance was observed in the 11 to 12 y group. “Time
interval” influenced PhA and Xc/H in the female group and R/H and Xc/H in the male group.
“Initial age” and “time interval” influenced the increase in PhA in the male group. Raw BI data and
BIVA patterns can detect the magnitude of the changes in a sex-dependent manner.
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1. Introduction

Sports training in childhood and adolescence has a positive effect on various body
functions, including skeletal muscles, cardiovascular health, blood circulation, neurological
functions, and metabolic systems. Cardiovascular and muscular fitness are related to
improvements in general health. Furthermore, sports training can positively affect body
composition by increasing muscle mass and bone density while decreasing fat mass in
adolescent athletes [1,2]. Additional factors, such as sex, age, hormonal, nutritional, and
maturity status, can also impact body composition [3-5]. Body composition, particularly
skeletal muscle mass (SMM), often relates to muscle strength and physical capabilities. In
two-compartment methods, such as bioelectrical impedance analysis (BIA), fat-free mass
(FFM = residual mass, skeletal muscle mass, and bone mineral content) has been used
as an SMM marker [6]. Predictive equations for skeletal muscle mass (SMM) have been
developed using BIA data from adult individuals [7]. However, there are currently no
SMM equations specifically designed for adolescents. While FFM-BIA predictive equations
for adolescents are available [8-12], only one predictive equation that considers biological
maturity has been identified for adolescent athletes [8].
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BIA is a non-invasive, low-cost, and portable method to estimate body composition,
including total body water (TBW), intra- and extracellular water ICW and ECW) from
electrical body proprieties of resistance (R), and reactance (Xc) [13-15]. BIA relies on
predictive equations for body composition that depend on individual characteristics such
as sex, age, and maturity status [8,14,15], as well as on device specifications. The accuracy
may be compromised when applied to a population with different characteristics or when
devices with different technologies are used [16-18]. However, raw BIA variables can be a
viable alternative because these measures are not subject to population-specific constraints
such as the phase angle (PhA). PhA is calculated using the Xc and R ratio and interpreted as
an index of membrane stability, integrity, and nutritional status [15,19]. PhA has been used
in clinical practice associated with positive clinical outcomes and in sports as a possible
proxy of health, physical performance, and muscle strength [13,20-27].

Bioelectric impedance vector analysis (BIVA) is based on a qualitative and semiquanti-
tative analysis of raw bioelectrical data plotted in ellipse graphs [28-35]. It can be used in
physically active adults and adolescents to assess BCM and TBW without using predictive
equations [13,25,35]. Cross-sectional studies in children and adolescents have shown that
chronological age advancing, and biological maturity can lead to increased PhA values,
consistent with the increase in BCM related to growth. In addition, the shorter vector
length (Z/H) is associated with the increase in TBW values [8,21,25,36-42]. Nevertheless,
distinguishing whether the BCM and TBW adaptation stems from biological maturity or
results from physical training remains challenging [1,43,44]. Therefore, monitoring changes
in BIVA must be carried out periodically.

Cross-sectional studies have demonstrated that physiological and morphologic changes
that occur during adolescence lead to bioelectrical properties different from those of adult
athletes [13]. A study on adolescent athletes showed that PhA and BIVA ellipses are,
possibly, influenced by routine intense training, which causes changes in the functional and
hydration parameters. The magnitude of these changes in adolescents may depend on the
sports modality practiced [13]. In addition to that, raw bioelectrical data in healthy adoles-
cents can be affected according to biological maturity status [21,25,36]. In Italian female
adolescents between 10 and 15 years of age, sexual maturity seemed more important than
differences in chronological age since higher raw bioelectrical data were found regarding
maturity than age differences [21]. In male adolescent football players, it was observed that
bone age and zinc erythrocyte contribute to PhA and that BIVA was influenced by skeletal
maturity status [36].

Unlike cross-sectional studies, which focus on differences between groups at a single
time point, longitudinal studies typically aim to determine the magnitude of changes
over a period. Longitudinal studies can also define vector migration trends more clearly.
Orsso et al. [45] have emphasized the importance of longitudinally estimating body compo-
sition using BIA among children and adolescents, especially for longer follow-up periods.
FFM predictive equations, developed through cross-sectional studies using reference meth-
ods, have not been tested longitudinally in healthy adolescents or adolescent athletes. BI
data and BIVA have been used in synchronized swimmer adults (20.9 £ 1.9 years old),
and BIVA has detected changes in body fluid and cellularity after a 13-week physical
training program [46]. To our knowledge, this is the first study that aims to identify the
magnitude of changes in raw BIA data, in BIVA, and in FFM in adolescents after one year
of sports participation.

2. Materials and Methods
2.1. Study Design

This was a longitudinal study, with data collected at baseline (T0) from August to
December 2018 and after one year during the same months (T1).
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2.2. Participants

Adolescents and parents/guardians agreed to participate after we fully explained
the study objectives and assessment methods. This study was approved by the Ethics
Committee of the Pedro Ernesto Hospital (CEP/HUPE 1.020.909-2018).

This study was intentionally limited to healthy adolescent athletes to minimize inter-
participant variance and maximize the applicability of using BIA and BIVA. Throughout
the study, we did not experience any loss to follow-up.

All the data were collected at a sports-oriented public school in the central region
of Rio de Janeiro, Brazil. This elementary full-time school offers 100 min of daily sports
training (swimming, judo, badminton, athletics, soccer, volleyball, and table tennis).

The students can choose a different sport to practice each week. This way, they can
decide which sport fits them best in the future. The adolescents were classified as athletes
because they participated in physical training and skill development and were engaged in
competition events [5].

Female sexual maturation was self-reported as the age at menarche. The participants
who had already begun their menstrual cycle were classified as sexually mature and those
who had not were classified as sexually immature. In male adolescents, given the lack of
reliable markers for maturity, biological maturity was estimated to be >13 years [1,25,41-43].

2.3. Anthropometric Measurements

Weight was measured with a portable scale to the nearest 0.1 kg (Filizola, Brazil)
and height with a stadiometer to the nearest 0.5 cm (Sanny, Brazil). Body mass index
was calculated (BMI (kg/ m?) = weight (kg)/ (height (m))?). The nutritional status of the
participants was evaluated using BMI-for-age and height-for-age z-scores according to
WHO [47].

2.4. Bioelectrical Impedance Analysis

Bioelectrical parameters (R and Xc, in ohms) were measured with a single-frequency
tetrapolar impedance analyzer (RJL, model 101 Quantum, RJL Systems, Clinton Township,
M1, USA) using a current of 800 LA at an operating frequency of 50 kHz. Whole-body
impedance measurements were taken using the supine positioning of outer and inner elec-
trodes on the right wrist and ankle, previously cleansed with alcohol. To avoid disturbances
in fluid distribution, participants were placed in a thermoneutral environment (25 °C) and
were instructed to abstain from foods and liquids for at least 4 h and from caffeine and
intense physical activity for at least 24 h before the BIA measurements.

All metals and conductive accessories were removed before each BIA measurement.
Female participants underwent data collection at a time point outside of their menstrual
periods. The BIA analyzer was checked with a predetermined impedance circuit calibration
(R = 500 ohms; 0.9% error) and the components inside the bioimpedance analyzer, such
as signal generator, sensing apparatus, and electrical interference, were tested before each
test session.

BIA data was used to predict FEM (kg) using the equation [3.474 + 0.459 H(m)?/R(Q) +
0.064 weight (kg)]/[0.769 — 0.009 age (years) — 0.016 sex (0 if female, 1 if male)] [9]. Horlick
et al.’s [9] equation was chosen to predict FFM because it was shown with acceptable agree-
ment with DXA when tested in Brazilian adolescent athletes [8]. Furthermore, although
one study had developed an FFM predictive equation using a single-frequency BIA in
adolescent athletes [8], it was impossible to apply this equation in the present study because
we did not collect skeletal data, a variable considered in this predictive equation. FFM
index (FFMI) was calculated using the equation FFMI (kg/m?) = FFM (kg)/H(m)? [48].

PhA was calculated using the equation of arctangent (Xc/R) x 180°/7 [19]. Addition-
ally, BIVA analysis was performed using R and Xc adjusted by height [34]. Sample size
absolute differences (d) dR/H and dXc/H determined the position and size of the ellipses.
Correlation between dR/H and dXc/H determined the ellipsoidal form. Changes in R/H
were related mainly to fluids (inverse relation), and in Xc, to cellularity (direct relation).
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2.5. Statistical Analyses

The sample size had been determined a priori using statistical software (G*Power
3.1.9.7 Stuttgart, Germany) assuming an effect size of 0.5,  of 0.05, and 3 of 20%. Forty-five
participants had been estimated by sex. The normality of the data distribution was tested
using the Kolmogorov-Smirnov test, considering each group. As data were normally
distributed, continuous variables were expressed as means =+ standard deviations (SDs).
The paired t-test was used to compare T0 and T1 changes within each age group and sex.

All analyses were performed separately for each sex and age group. Age groups are
presented as the participants’ ages at TO and the participants” ages at the one-year follow-up
(T1). Our participants were classified into three different groups based on their ages at TO
and T1 as follows: group 1 =11 to 12, group 2 = 12 to 13, and group 3 = 13 to 14 years.

Two-way ANOVA was used to test the effects of initial chronological age (initial “age”,
factor 1) and age after a one-year time interval (“time interval”, factor 2) on bioelectrical data.
Factor 1 represented accumulated growth and development up to the start of the study (T0),
and factor 2 was interpreted as growth, development, and maturation of the participants
accumulated during the study (T1). Furthermore, confidence ellipses for paired data and
the respective Hotelling T?, Mahalanobis distances (D), F, and p values were calculated to
analyze longitudinal changes in impedance vectors from TO to T1 stratified by sex.

All p-values < 0.05 were considered statistically significant. All statistical analyses
were performed using STATISTICA 10 software (Stat Soft. Inc., Tulsa, OK, USA) or BIVA
software 2002 [49].

3. Results

A total of 82 male and 55 female adolescent athletes participated in the study, and no
participants were lost to the follow-up at T1. All participants presented normal height-for-
age and BMI-for-age (15th and 85th percentiles) [47]. Table 1 presents the sports participants
who self-reported practicing at TO.

Table 1. Self-reported sport modalities at baseline (T0).

Female Male

1 [%] n[%]

Athletics 12 [23] 20 [24]
Soccer 8 [16] 21 [26]
Volleyball 11 [21] 20 [24]
Swimming 6[12] 7 [8.5]
Table tennis 8 [16] 8 [10]
Handball 6 [12] 6 [7.5]

In females, it was observed that Xc/H increased in the 13-to-14-year group whereas
R/H decreased in all age groups. PhA increased in the 11-to-12-year group, and FFM
increased in all age groups. PhA (7.3%) and FFM (2.7%) presented the lowest magnitude of
changes in the 13-to-14-year group. There was an increase in BMI values in the 11-to-12
and 12-to-13-year groups; however, BMI classification remained unchanged regardless of
age, classified as normal weight at both T0 and T1 (Percentiles 74.8 and 75.2, respectively).
Although FFM increased in these groups (11-to-12 and 12-to-13-year groups), FEMI did
not change over the year, indicating that the increase in FFM did not surpass the gain in
height. In males, it was observed that Xc/H decreased in the 11-to-12 and 12-to-13-year
age groups with a higher magnitude of changes in the 13-to-14 year-group (1.9%); R/H
decreased whereas FFM increased in all groups, and no magnitude of changes was observed;
PhA increased in the 13-to-14-year group with a magnitude of changes of 12.3%. BMI
value increased only in the 12-to-13-year group. However, BMI classification remained
unchanged, regardless of age, classified as normal weight at both T0 and T1 (Percentiles
82.1 and 78.6, respectively). FFMI increased in all males, indicating a more pronounced
increase in FFM than in height (Table 2).
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Table 2. Anthropometric, bioelectrical impedance raw, and body composition data, stratified by sex

and age groups at baseline (T0) and after one year (T1) of practiced sports.

Female Male
11 to 12y 12 to 13y 13 to 14y 11 to 12y 12 to 13y 13 to 14y
n=16 n=23 n=16 n=25 n=43 n=14
TO 1118 £026  12.324+034 13224032  1127+024  1236+029  13.41+0.31
Age (years) T1 12254021  13.01+022 1419+029  1235+027  13.03+035 1420+ 0.34
p-value 0.001 0.001 0.001 0.001 0.001 0.001
TO 483 +12.7 48.0 +10.9 529 + 6.5 45.0 +12.5 47.9 +10.1 533+ 9.6
Weight (kg) T1 535+ 11.9 53.7 + 124 55.4 + 6.1 51.7 + 134 54.8 + 10.8 58.7 4+ 10.1
p-value 0.001 0.001 0.001 0.001 0.001 0.001
Change 524272 574322 244+23b 6.7 +4.1 6.9 +28 54 +34
% 11.9 12.1 48 15.6 14.8 10.5
TO 1524 +7.02 15654+ 673 1604+ 67P  149.6+832 1547+ 74P 1613+79°
Height (cm) T1 157.3 £ 6.5 159.8 + 6.2 1623 +67  157.8+9.62% 1632+72P 1684 +7.6P
p-value 0.001 0.001 0.001 0.001 0.001 0.001
Change 494212 33 +£27ab 19 +1.2P 82427 85+ 3.0 71+27
% 33 22 1.2 55 55 45
TO 20.6 +4.2 194+ 34 20.6 + 2.7 19.8 + 3.7 19.9 + 3.2 202 +2.7
BMI (kg/m?) T1 215+ 3.8 209 + 3.8 211+ 24 205+ 3.6 204 + 3.2 20.6 +£29
p-value 0.005 0.001 0.102 0.061 0.002 0.288
Change 0.9+ 1.12Pb 144092 04+1.0°b 07+18 0.6+1.1 04+13
% 49 7.4 25 4.0 3.1 2.0
T0 4141 +67.1 405.7 + 47.1 386.5+265 4146+63.72 383845820 3684 +495P
R/H (Q}/m) T1 404.3 + 743 3932 +£462 39214540 3768 +67.12 3443 +522P 334.84+463°¢
p-value 0.239 0.133 0.556 0.001 0.001 0.001
Change —-98+321 —125+384 5.6 +37.1 —378+£30.6 —395+39.0 —33.6+26.1
%% —24 —27 1.2 -92 -9.8 -89
TO 411 +42 423+57 419 +37 453 +£7.02  4214+70% 389 +52P
Xc/H (Q/m) T1 444+75 43.7 + 6.8 452+ 62 41.0+73 37.6 +5.3 39.6 +£5.9
p-value 0.092 0.448 0.040 0.001 0.001 0.517
Change 33+73 13+81 33+59 —43+262 —45+642 0.7 £37b
% 8.4 45 8.2 -97 -95 1.9
TO 4162 +67.1  407.9+472 3887 +266  417.1+640 3862 +584 37054495
Z/H (Q/m) T1 406.8 + 741 3957 +464 3947 +540 3791 +673 3464 +523 3372+ 462
p-value 0.260 0.142 0.530 0.001 0.001 0.001
Change —94+4+320 —122+386 6.0 +37.1 —38.0+30.6 —39.8+391 —333+259
% —23 —26 1.3 — -9.8 —8.8
TO 57440572 5984 0.64% 620+046° 6.3+ 06 63+0.7 6.1+0.7
PhA (°) T1 6.40 + 1.37 6.35 + 0.85 6.64 +0.93 62+062 6.3+0.72 68+11Pb
p-value 0.048 0.120 0.084 0.833 0.926 0.007
Change 07+12° 04+1.1° 04409° 0.0 +0.52 0.0+0.8? 07+09°
% 11.5 7.4 7.3 -0.1 0.4 12.4
TO 36.2 + 6.3 373+5.1 40.1 £26 36.1+63% 399+663P  433+64P
FFM (kg) T1 39.0 + 6.8 40.0 +£5.4 412 +43 421+£822 4654712 495+ 680
p-value 0.001 0.001 0.139 0.001 0.001 0.001
Change 284272 2.7 +332 114290 59+32 6.6+ 3.8 6.1£3.0
% 8.0 7.6 2.7 16.3 17.3 14.5
TO 155+ 2.1 152+ 1.3 15.6 + 1.1 160+ 14 16.6 + 1.7 16.6 +1.5
FFMI (kg/m?) T1 15.7 £ 2.2 156+ 14 15.7 + 1.7 16.7 +1.7 174+ 1.8 174+17
p-value 0.413 0.058 0.804 0.001 0.001 0.009
Change 02+09 04+10 0.1+1.1 0.7 £09 08+12 0.8+1.0
% 1.2 3.0 0.3 45 5.1 49
o TO 56.3 91.3 100 0 0 100
Maturity (%) T1 100 100 100 0 100 100

Values are expressed as means 4= SDs. BMI = body mass index; FEM = fat-free mass; H = height; PhA = phase angle;
R = resistance; TO = baseline; T1 = after one year; Xc = reactance; Z = impedance vector length. Change = absolute
difference, T1 — TO. The dependent t-test was used to compare one year after to baseline (intragroup), with
significant p-values marked. * Female adolescents’ sexual maturity according to menarche occurrence and males
supposed with chronological age > 13 years. Different letters in the same row and sex indicate significant
differences, p < 0.05 (one-way ANOVA followed by Bonferroni post hoc test).
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Theoretical BIVA model

One-year changes in bioelectrical vectors were significant only in males, regardless of
age group. Figure 1A demonstrates theoretical BIVA model resistance [R] and reactance
[Xc] changes (delta [d]), normalized by the height (H, meter) [49]. In female adolescents,
95% paired confidence ellipses for all age groups covered the null vector (Figure 1B). In
contrast, male adolescents’ confidence ellipses differed among all age groups (p < 0.001)
with a different pattern of migration in the 13 to 14 y group, related to the increase in PhA
(Figure 1C).

B ©

15 5

dXce/H, Ohm/m
dXc¢/H, Ohnvm

12-13y

lAe T F D P

795 381 178 0001

4010 2200 102 000

RERE S 24 01 056 1M 260 12010 137 000)

-5 -

Figure 1. Theoretical BIVA model resistance [R] and reactance [Xc] changes (delta [d]), normal-
ized by the height (H, meter) (A). Paired confidence ellipses of classic BIVA in female (B) and
male (C) adolescents according to age groups after one year. The differences between the mean
impedance vectors in the different age groups of female and male adolescents were determined
using the Hotteling T2 test. The distances [D] between ellipses were calculated using the Maha-
lanobis test, which is a descriptive statistic that provides a relative measurement of data point
distances (residual) between vectors. The p-value [P] considers the distance to the graph’s origin
(dXc/H = dR/H =0). Significant values indicate changes in bioelectrical data and correlated
body composition.

Table 3 shows the effect of “initial age” (T0) and “time interval” (after one year) on
BIA raw data in female and male adolescents. In the female group, only the “time interval”
influenced the changes in the PhA (p = 0.002) and the Xc/H ratio (p < 0.001). However, in
the male group, the “initial age” influenced the changes in the R/H ratio (p = 0.002), Xc/H
(p =0.011), and Z/H (p = 0.002); the “time interval” influenced the changes in the R/H ratio
(p <0.001), Xc/H (p = 0.025), and Z/H (p < 0.001); and the interaction of “initial age” and
“time interval” only influenced the PhA change (p = 0.035).
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Table 3. Effects of initial age and time interval on raw BI data in female and male adolescents.

Initial Age Time Interval . -
Female (T0) (After One Year) Initial Age*Time Interval
F p F p F P
PhA (°) 1.67 0.192 10.40 0.002 0.535 0.716
R/H (Q)/m) 1.42 0.244 0.37 0.544 0.370 0.689
Xc/H (QQ/m) 0.198 0.821 6.49 0.012 0.464 0.629
Z/H (Q)/m) 1.39 0.250 0.32 0.570 0.376 0.687
Initial Age Time Interval o, -
Male (T0) (After One Year) Initial Age*Time Interval
F p F p F P
PhA (°) 0.70 0.498 3.59 0.060 3.440 0.035
R/H (Q2/m) 6.63 0.002 12.96 <0.001 0.164 0.853
Xc/H (Q/m) 4.64 0.011 5.10 0.025 2.840 0.063
Z/H (Q)/m) 6.64 0.002 12.93 <0.001 0.174 0.841

H = height; PhA = phase angle; R = resistance; Xc = reactance; Z = impedance vector length. Age (T0) represents
the effect of initial age and time represents the effect after one year.

4. Discussion

This study identified the magnitude of changes in raw BI data, BIVA, and FFM in
adolescents after one year of participating in sports, considering sex and age. In the female
group, BIVA presented overlapped ellipses, indicating no significant differences in raw
BI data according to age. Furthermore, PhA and Xc/H changes were influenced by “time
interval” (considered as growth), indicating high cellularity and BCM increase. On the
other hand, the male group showed a shortening in R/H (all age groups) and in Xc/H
(11 to 12 y and 12 to 13 y groups), which indicates an increased TBW, and a decrease
in BCM.

Most studies have used BMI to assess nutritional status. However, these studies cannot
clarify whether the associations were from the influence of growth on fat mass, FFM, or
both [1,43]. In the present study, after one year, BMI changes classified all participants as
having normal weights according to WHO reference curves [47]. In order to overcome the
limitations of BMI, FFMI was calculated, indicating the maintenance of FFM for female
athletes and an increase in FFM for male athletes, following the expected FFM increases
predicted for adolescents [1].

Sex differences in FFM and the corresponding changes during puberty have been
observed [1,43]. FFM remains comparable between the sexes during middle childhood
(6-12 years of age). However, in puberty, males accrue approximately one kilogram more
in absolute FFM than females [50], and for a longer period, males acquire more FFM than
females [1,43,45]. This trend is similar to that observed in the present study, in which
female adolescents (11 to 12 y and 12 to 13 y age groups) and male adolescents (11 to 12y,
12 to 13y, and 13 to 14 y age groups) showed an increase in FFM. Horlick et al.’s [9] BIA
FFM predictive equation was used in the present study because the previous study showed
it was adequate for adolescent athletes [8]. However, this result must be viewed with
caution since BIA FFM predictive equations can lead to misinterpretation [51]. For this
reason, BIVA must be carried out.

BIVA utilizes raw Bl data to overcome the limitations of predictive equations. There
are two approaches to BIVA: classic BIVA [33,34] and specific BIVA [29-32,52]. Classic BIVA
has been suggested to be unable to differentiate individuals with different proportions of
fat mass, as observed in elderly individuals [53] and male elite youth soccer players [40]. In
a study with North American children and adolescents, body fat percentage was found to
be positively associated with age among female adolescents and with FFMI among male
adolescents [30]. In the present study, classic BIVA was used, and for this reason, fat mass
was not calculated.
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In a cross-sectional study with male youth soccer players, classic BIVA identified a
shortening of R/H and Xc/H values in “earlier maturity” adolescents compared to “late
maturity” [40]. Similar results were observed in the present study, in which R/H and Xc/H
values were lower at TO (baseline) in the mature group (13 to 14 years) compared to the
immature group (11 to 12 years). After one year of sports practice, R/H values decreased in
all male age groups whereas Xc/H values decreased only in the 11 to 12 and 12 to 13 y age
groups, increasing in the 13 to 14 y age group. A decrease in R/H indicates a body fluid
improvement that may be linked to high TBW and FFM values while the increase in Xc/H
is related to growth and, consequently, high cellularity [40,46], consistent with the number
of mature male adolescents in this age group. These findings are commonly observed in
athletes who have relatively high values of lean body mass, a surrogate marker of muscle
mass, muscle glycogen reserves, and plasma volume [45,54]. In the present study, PhA
increased only in the mature group (13 to 14 y) after one year of sports practice, which is
consistent with the simultaneous increase in TBW (fluid improvement) and BCM (higher
cellularity). These results are related to development and growth, leading to an increase
in FFM in all age groups and reinforcing that longitudinal BIVA is influenced by maturity
status, according to other cross-sectional studies [25,41,42].

The relationship between PhA and exercise benefits has been studied in adults. Ballarin
et al. [55] highlighted that PhA is correlated with physical fitness tests related to muscle
strength. Additionally, it is a significant predictor of upper- and lower-limb musculoskeletal
strength in young adults (24.2 £ 3.0 years). However, in adolescents, systematic reviews
have shown limited and partial evidence that changes in PhA over the first two decades of
life reflect modifications in the FFM. This suggests that more studies are needed to confirm
PhA as a relevant marker of nutritional status in adolescents [26,29]. It should be noted that
all the studies were cross-sectional, meaning they were based on observations from data
collected just once in different groups, differently from longitudinal studies, which aim to
determine the magnitude of changes over a period. In the present longitudinal study, “time
interval” influenced, in females, PhA and Xc/H, and in males, R/H, Xc/H, Z/H, and PhA,
and this was also influenced by “initial age”. These results corroborate the relationship
between PhA and raw BI data with growth in healthy adolescent athletes.

Studies on BIVA in female adolescent athletes are scarce. Only one cross-sectional
study has observed a negative association between Xc/H values and chronological age in
Brazilian female adolescent athletes [25]. Studies have also observed progressive shortening
vectors in Italian children and adolescents (2-15 y) of both sexes [41], in Italian female
adolescents (10-15 y) [21], and in Brazilian female adolescents (11-12 y) [42]. These results
may relate more to maturity status than chronological age [21].

Higher PhA values and shorter vectors have been found in post-menarche female
adolescents when compared to pre-menarche ones [21]. In the present study, comparing
the female groups based on sexual maturity proved challenging due to the limited repre-
sentation of sexually immature females across all age groups. Possibly for this reason, no
difference in vector length was observed after one year of sports practice. Nonetheless, this
one-year longitudinal assessment revealed higher Xc/H values in the 13 to 14 y age group,
where all participants were in the post-menarche stage. The PhA changes were higher in
the 11 to 12 y group (58% sexual maturity), possibly due to greater variation in weight,
height, and FFM compared to the 13 to 14 y group. BIVA showed overlapped ellipses, after
one year of sports practice and growth, indicating no significant differences in bioelectrical
vectors considering chronological age.

In the present study, there were some limitations, such as the absence of a reference
method to identify biological maturity in male adolescents, the small number of sexually
immature female adolescents, and the lack of a highly accurate method, such as DXA, to
test the agreement of FFM changes occurring over time. Another important point to be
considered is the small sample size after stratification by sex and chronological age, which
are crucial in characterizing adolescents.
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The strengths of the present study were the following: no segment loss for all adoles-
cent athletes for one year and practice regular sports under similar conditions. Moreover,
this study highlighted the practical utility of employing raw Bl data for changes in FFM
measurement after one year and BIVA for the analytical interpretation of R and Xc adjusted
by height. Taken together, they may enhance the comprehension of physiological changes
during adolescence. For dietitians and physical trainers overseeing adolescent athletes,
integrating BIVA into their monitoring protocols facilitates the assessment and monitoring
of changes in body composition throughout their training programs. This integration not
only aids in understanding the impact of physical training on physiological parameters but
also supports tailored interventions to optimize athletes” performance and overall health
during this critical developmental phase.

5. Conclusions

Our results emphasize the applicability of raw BI data and BIVA ellipse patterns
that can detect the magnitude of changes in a sex-dependent manner. Their integrated
evaluation might contribute to identifying risks and planning training schedules and
nutrition interventions for adolescent athletes.

Author Contributions: Conceptualization and methodology, M.V.d.O.C. and J.C.K.; formal analysis,
M.V.d.O0.C, CE.O, M.CG. and ].CK,; data curation, M.V.d.O.C.; writing—original draft preparation,
M.V.d.O.C, CE.O.,, M.C.G. and ].C.K,; writing—review and editing, M.V.d.O.C., C.E.O., M.C.G. and
J.C.K.; project administration, J.C.K. All authors have read and agreed to the published version of
the manuscript.

Funding: The author(s) disclose receipt of the following financial support for the research, authorship,
and/or publication of this article: this work was supported by the Fundagao Carlos Chagas Filho de
Amparo a Pesquisa do Estado do Rio de Janeiro (grant number E-26/2011.523/2016), Coordenagao
de Aperfeicoamento de Nivel Superior—Brasil (CAPES), Finance Code 001.

Institutional Review Board Statement: The study was conducted according to the Declaration
of Helsinki and approved by the Ethics Committee of the Pedro Ernesto University Hospital
(CEP/HUPE 649.202, 9 April 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data supporting this study’s findings are available on request
from the corresponding author, [JCK]. The data are not publicly available due to their containing
information that could compromise the privacy of research participants.

Acknowledgments: The authors thank all participants involved in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Malina, R M.; Geithner, C.A. Body Composition of Young Athletes. Am. |. Lifestyle Med. 2011, 5, 262-278. [CrossRef]

2. Ortega, EB,; Ruiz, ].R,; Castillo, M.].; Sjostrom, M. Physical fitness in childhood and adolescence: A powerful marker of health.
Int. J. Obes. 2008, 32, 1-11. [CrossRef] [PubMed]

3.  Rogol, A.D.; Clark, P.A.; Roemmich, ].N. Growth and pubertal development in children and adolescents: Effects of diet and
physical activity. Am. J. Clin. Nutr. 2000, 72, 5215-528S. [CrossRef] [PubMed]

4. Bielemann, RM.; Domingues, M.R.; Horta, B.L.; Menezes, A.M.B.; Gongalves, H.; Assuncao, M.C.F,; Hallal, P.C. Physical activity
throughout adolescence and bone mineral density in early adulthood: The 1993 Pelotas (Brazil) Birth Cohort Study. Osteoporos.
Int. 2014, 25, 2007-2015. [CrossRef] [PubMed]

5. Desbrow, B.; Cox, G.; Desbrow, B.; Burke, L.M.; Cox, G.R.; Sawyer, S.M. Sports Dietitians Australia Position Statement: Sports
Nutrition for the Adolescent Athlete Sports Dietitians Australia Position Statement: Sports Nutrition for the Adolescent Athlete.
Int. ]. Sport Nutr. Exerc. Metab. 2014, 24, 570-584. [CrossRef] [PubMed]

6. Wang, Z.M.; Pierson, R.N,, Jr.; Heymsfield, S.B. The five-level model: A new approach to organizing body-composition research.
Am. ]. Clin. Nutr. 1992, 56, 19-28. [CrossRef]

7. Janssen, I; Heymsfield, S.B.; Baumgartner, R.N.; Ross, R.; Charlier, R.; Caspers, M.; Knaeps, S.; Mertens, E.; Lambrechts, D.;
Lefevre, J.; et al. Estimation of skeletal muscle mass by bioelectrical impedance analysis. J. Appl. Physiol. 2000, 89, 465-471.
[CrossRef] [PubMed]


https://doi.org/10.1177/1559827610392493
https://doi.org/10.1038/sj.ijo.0803774
https://www.ncbi.nlm.nih.gov/pubmed/18043605
https://doi.org/10.1093/ajcn/72.2.521S
https://www.ncbi.nlm.nih.gov/pubmed/10919954
https://doi.org/10.1007/s00198-014-2715-4
https://www.ncbi.nlm.nih.gov/pubmed/24781378
https://doi.org/10.1123/ijsnem.2014-0031
https://www.ncbi.nlm.nih.gov/pubmed/24668620
https://doi.org/10.1093/ajcn/56.1.19
https://doi.org/10.1152/jappl.2000.89.2.465
https://www.ncbi.nlm.nih.gov/pubmed/10926627

Nutrients 2024, 16, 701 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Koury, J.C.; Ribeiro, M.A.; Massarani, FA.; Vieira, F.; Marini, E. Fat-free mass in adolescent athletes: Accuracy of bioimpedance
equations and identification of new predictive equations. Nutrition 2019, 60, 59-65. [CrossRef]

Horlick, M.; Arpadi, S.M.; Bethel, J.; Wang, J.; Moye, ].; Cuff, P.; Pierson, R.N.; Kotler, D. Bioelectrical impedance analysis models
for prediction of total body water and fat-free mass in healthy and HIV-infected children and adolescents. Am. J. Clin. Nutr. 2002,
76,991-999. [CrossRef]

Pietrobelli, A.; Andreoli, A.; Cervelli, V.; Carbonelli, M.G.; Peroni, D.G.; De Lorenzo, A. Predicting fat-free mass in children using
bioimpedance analysis. Acta Diabetol. 2003, 40, s212—s215. [CrossRef]

Deurenberg, P.; Van Der Kooy, K.; Leenen, R.; Weststrate, ].A.; Seidell, . Sex and age specific prediction formulas for estimating
body composition from bioelectrical impedance: A cross-validation study. Int. J. Obes. 1991, 15, 17-25.

da Costa, R.F; Silva, A.M.; Masset, K.V.d.S.B.; Cesério, T.d.M.; Cabral, B.G.d.A.T.; Ferrari, G.; Dantas, PM.S. Development and
Cross-Validation of a Predictive Equation for Fat-Free Mass in Brazilian Adolescents by Bioelectrical Impedance. Front. Nutr.
2022, 9, 820736. [CrossRef]

Koury, J.C.; Trugo, N.M.; Torres, A.G. Phase Angle and Bioelectrical Impedance Vectors in Adolescent and Adult Male Athletes.
Int. ]. Sports Physiol. Perform. 2014, 9, 798-804. [CrossRef]

Kyle, U.G.; Bosaeus, L; De Lorenzo, A.D.; Deurenberg, P; Elia, M.; Gomez, ]. M.; Heitmann, B.L.; Kent-Smith, L.; Melchior, J.-C.;
Pirlich, M.; et al. Bioelectrical impedance analysis? Part I: Review of principles and methods. Clin. Nutr. 2004, 23, 1226-1243.
[CrossRef] [PubMed]

Kyle, U.G,; Bosaeus, I.; De Lorenzo, A.D.; Deurenberg, P.; Elia, M.; Gémez, ].M.; Heitmann, B.L.; Kent-Smith, L.; Melchior,
J.-C.; Pirlich, M.; et al. Bioelectrical impedance analysis—Part II: Utilization in clinical practice. Clin. Nutr. 2004, 23, 1430-1453.
[CrossRef]

Silva, A.M.; Matias, C.N.; Nunes, C.L.; Santos, D.A.; Marini, E.; Lukaski, H.C.; Sardinha, L.B. Lack of agreement of in vivo raw
bioimpedance measurements obtained from two single and multi-frequency bioelectrical impedance devices. Eur. ]. Clin. Nutr.
2018, 73, 1077-1083. [CrossRef]

Gonzalez, M.C.; Barbosa-Silva, T.G.; Heymsfield, S.B. Bioelectrical impedance analysis in the assessment of sarcopenia. Curr.
Opin. Clin. Nutr. Metab. Care 2018, 21, 366-374. [CrossRef]

Domingos, C.; Matias, C.N.; Cyrino, E.S.; Sardinha, L.B.; Silva, A.M. The usefulness of Tanita TBF-310 for body composition
assessment in Judo athletes using a four-compartment molecular model as the reference method. Rev. Assoc. Med. Bras. 2019, 65,
1283-1289. [CrossRef] [PubMed]

Baumgartner, R.N.; Chumlea, W.C.; Roche, A.F. Bioelectric impedance phase angle and body composition. Am. J. Clin. Nutr. 1988,
48, 16-23. [CrossRef]

Marini, E.; Campa, E; Buffa, R.; Stagi, S.; Matias, C.N.; Toselli, S.; Sardinha, L.B.; Silva, A.M. Phase angle and bioelectrical
impedance vector analysis in the evaluation of body composition in athletes. Clin. Nutr. 2020, 39, 447-454. [CrossRef] [PubMed]
Buffa, R.; Floris, G.; Marini, E. Bioelectrical impedance vector in pre- and postmenarcheal females. Nutrition 2002, 18, 474—478.
[CrossRef]

Di Vincenzo, O.; Marra, M.; Scalfi, L. Bioelectrical impedance phase angle in sport: A systematic review. J. Int. Soc. Sports Nutr.
2019, 16, 49. [CrossRef]

Gonzalez, M.C.; Barbosa-Silva, T.G.; Bielemann, R.M.; Gallagher, D.; Heymsfield, S.B. Phase angle and its determinants in healthy
subjects: Influence of body composition. Am. J. Clin. Nutr. 2016, 103, 712-716. [CrossRef]

Norman, K.; Stobdus, N.; Pirlich, M.; Bosy-Westphal, A. Bioelectrical phase angle and impedance vector analysis—Clinical
relevance and applicability of impedance parameters. Clin. Nutr. 2012, 31, 854-861. [CrossRef]

Cattem, M.V.d.O.; Sinforoso, B.T.; Campa, F.; Koury, ].C. Bioimpedance Vector Patterns according to Age and Handgrip Strength
in Adolescent Male and Female Athletes. Int. |. Environ. Res. Public Health 2021, 18, 6069. [CrossRef]

Ballarin, G.M.; Valerio, G.; Alicante, PM.; Di Vincenzo, O.M.; Scalfi, L. Bioelectrical Impedance Analysis (BIA)- Derived Phase
Angle in Children and Adolescents: A Systematic Review. J. Pediatr. Gastroenterol. Nutr. 2022, 75, 120-130. [CrossRef]

Ackland, T.; Lohman, T.G.; Sundgot-Borgen, J.; Maughan, R.J.; Meyer, N.L.; Stewart, A.; Miiller, W.; Ackland, W.P.T.R. Current
Status of Body Composition Assessment in Sport: Review and Position Statement on Behalf of the Ad Hoc Research Working
Group on Body Composition Health and Performance, under the Auspices of the .O.C. Medical Commission. Sports Med. 2012,
42,227-249. [CrossRef]

Castizo-Olier, J.; Irurtia, A.; Jemni, M.; Carrasco-Marginet, M.; Fernandez-Garcia, R.; Rodriguez, F.A. Bioelectrical impedance
vector analysis (BIVA) in sport and exercise: Systematic review and future perspectives. PLoS ONE 2018, 13, e0197957. [CrossRef]
[PubMed]

Campa, E; Toselli, S.; Mazzilli, M.; Gobbo, L.A.; Coratella, G. Assessment of Body Composition in Athletes: A Narrative Review
of Available Methods with Special Reference to Quantitative and Qualitative Bioimpedance Analysis. Nutrients 2021, 13, 1620.
[CrossRef] [PubMed]

Stagi, S.; Silva, A.M,; Jesus, F.; Campa, E; Cabras, S.; Earthman, C.P.; Marini, E. Usability of classic and specific bioelectrical
impedance vector analysis in measuring body composition of children. Clin. Nutr. 2022, 41, 673-679. [CrossRef] [PubMed]
Buffa, R.; Mereu, E.; Comandini, O.; Ibanez, M.E.; Marini, E. Bioelectrical impedance vector analysis (BIVA) for the assessment of
two-compartment body composition. Eur. |. Clin. Nutr. 2014, 68, 1234-1240. [CrossRef]


https://doi.org/10.1016/j.nut.2018.09.029
https://doi.org/10.1093/ajcn/76.5.991
https://doi.org/10.1007/s00592-003-0069-z
https://doi.org/10.3389/fnut.2022.820736
https://doi.org/10.1123/ijspp.2013-0397
https://doi.org/10.1016/j.clnu.2004.06.004
https://www.ncbi.nlm.nih.gov/pubmed/15380917
https://doi.org/10.1016/j.clnu.2004.09.012
https://doi.org/10.1038/s41430-018-0355-z
https://doi.org/10.1097/MCO.0000000000000496
https://doi.org/10.1590/1806-9282.65.10.1283
https://www.ncbi.nlm.nih.gov/pubmed/31721960
https://doi.org/10.1093/ajcn/48.1.16
https://doi.org/10.1016/j.clnu.2019.02.016
https://www.ncbi.nlm.nih.gov/pubmed/30850270
https://doi.org/10.1016/S0899-9007(02)00755-4
https://doi.org/10.1186/s12970-019-0319-2
https://doi.org/10.3945/ajcn.115.116772
https://doi.org/10.1016/j.clnu.2012.05.008
https://doi.org/10.3390/ijerph18116069
https://doi.org/10.1097/MPG.0000000000003488
https://doi.org/10.2165/11597140-000000000-00000
https://doi.org/10.1371/journal.pone.0197957
https://www.ncbi.nlm.nih.gov/pubmed/29879146
https://doi.org/10.3390/nu13051620
https://www.ncbi.nlm.nih.gov/pubmed/34065984
https://doi.org/10.1016/j.clnu.2022.01.021
https://www.ncbi.nlm.nih.gov/pubmed/35151123
https://doi.org/10.1038/ejcn.2014.170

Nutrients 2024, 16, 701 11 of 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mereu, E.; Buffa, R.; Lussu, P.; Marini, E. Phase angle, vector length, and body composition. Am. J. Clin. Nutr. 2016, 104, 845-847.
[CrossRef]

Piccoli, A.; Pillon, L.; Dumler, F. Impedance vector distribution by sex, race, body mass index, and age in the United States:
Standard reference intervals as bivariate Z scores. Nutrition 2002, 18, 153-167. [CrossRef]

Piccoli, A.; Rossi, B.; Pillon, L.; Bucciante, G. A new method for monitoring body fluid variation by bioimpedance analysis: The
RXc graph. Kidney Int. 1994, 46, 534-539. [CrossRef]

Campa, F; Matias, C.; Gatterer, H.; Toselli, S.; Koury, ].C.; Andreoli, A.; Melchiorri, G.; Sardinha, L.B.; Silva, A.M. Classic
Bioelectrical Impedance Vector Reference Values for Assessing Body Composition in Male and Female Athletes. Int. J. Environ.
Res. Public Health 2019, 16, 5066. [CrossRef]

Koury, J.C.; de Oliveira-Junior, A.V.; Portugal, M.R.C.; de Oliveira, K.d.].F.; Donangelo, C.M. Bioimpedance parameters in
adolescent athletes in relation to bone maturity and biochemical zinc indices. J. Trace Elem. Med. Biol. 2018, 46, 26-31. [CrossRef]
Ferreira, A.; Ara, D.; Batalha, N.; Collado-Mateo, D. Phase Angle from Bioelectric Impedance and Maturity-Related Factors in
Adolescent Athletes: A Systematic Review. Sustainability 2020, 12, 4806.

Campa, F; Silva, A.M,; lannuzzi, V.; Mascherini, G.; Benedetti, L.; Toselli, S. The Role of Somatic Maturation on Bioimpedance
Patterns and Body Composition in Male Elite Youth Soccer Players. Int. |. Environ. Res. Public Health 2019, 16, 4711. [CrossRef]
[PubMed]

Jones, M.A ; Hitchen, PJ.; Stratton, G. The importance of considering biological maturity when assessing physical fitness measures
in girls and boys aged 10 to 16 years. Ann. Hum. Biol. 2000, 27, 57-65. [CrossRef] [PubMed]

Toselli, S.; Marini, E.; Latessa, PM.; Benedetti, L.; Campa, F. Maturity Related Differences in Body Composition Assessed by
Classic and Specific Bioimpedance Vector Analysis among Male Elite Youth Soccer Players. Int. ]. Environ. Res. Public Health 2020,
17,729. [CrossRef] [PubMed]

De Palo, T.; Messina, G.; Edefonti, A.; Perfumo, F.; Pisanello, L.; Peruzzi, L.; Di Iorio, B.; Mignozzi, M.; Vienna, A.; Conti, G.; et al.
Normal values of the bioelectrical impedance vector in childhood and puberty. Nutrition 2000, 16, 417-424. [CrossRef]
Mathias-Genovez, M.G.; Oliveira, C.C.; Camelo, J.S.; Del Ciampo, L.A.; Monteiro, J.P. Bioelectrical Impedance of Vectorial
Analysis and Phase Angle in Adolescents. J. Am. Coll. Nutr. 2016, 35, 262-270. [CrossRef]

Malina, RM.; Rogol, A.D.; Cumming, S.P.; Coelho e Silva, M.].; Figueiredo, A.]J. Biological maturation of youth athletes:
Assessment and implications. Br. ]. Sports Med. 2015, 49, 852-859. [CrossRef] [PubMed]

Pearson, D.; Naughton, G.; Torode, M. Predictability of physiological testing and the role of maturation in talent identification for
adolescent team sports. J. Sci. Med. Sport 2006, 9, 277-287. [CrossRef] [PubMed]

Orsso, C.E.; Gonzalez, M.C.; Maisch, M.J.; Haqq, A.M.; Prado, C.M. Using bioelectrical impedance analysis in children and
adolescents: Pressing issues. Eur. J. Clin. Nutr. 2021, 76, 659-665. [CrossRef] [PubMed]

Reis, J.F; Matias, C.N.; Campa, F.; Morgado, J.P,; Franco, P.; Quaresma, P.; Almeida, N.; Curto, D.; Toselli, S.; Monteiro, C.P.
Bioimpedance Vector Patterns Changes in Response to Swimming Training: An Ecological Approach. Int. J. Environ. Res. Public
Health 2020, 17, 4851. [CrossRef] [PubMed]

De Onis, M.; Onyango, A.W.; Borghi, E.; Siyam, A.; Nishida, C.; Siekmann, J. Development of a WHO growth reference for
school-aged children and adolescents. Bull. World Health Organ. 2007, 85, 660-667. [CrossRef]

Vanltallie, T.B.; Yang, M.U.; Heymsfield, S.B.; Funk, R.C.; Boileau, R.A. Height-normalized indices of the body’s fat-free mass and
fat mass: Potentially useful indicators of nutritional status. Am. J. Clin. Nutr. 1990, 52, 953-959. [CrossRef] [PubMed]

Piccoli, A.; Pastori, G. BIVA Software 2002; Department of Medical and Surgical Sciences University of Padova: Padua, Italy, 2002.
Roemmich, J.N.; Clark, P.A.; Weltman, A.; Rogol, A.D.; Welt-man, A.; Rogol Alterations, A.D. Alterations in growth and body
composition during puberty. I. Comparing multicompartment body composition models. J. Appl. Physiol. 1997, 83, 927-935.
[CrossRef]

Coratella, G.; Campa, F.; Matias, C.N.; Toselli, S.; Koury, ].C.; Andreoli, A.; Sardinha, L.B.; Silva, A.M. Generalized bioelectric
impedance-based equations underestimate body fluids in athletes. Scand. J. Med. Sci. Sports 2021, 31, 2123-2132. [CrossRef]
Marini, E.; Buffa, R.; Gobbo, L.A.; Salinas-Escudero, G.; Stagi, S.; Garcia-Pefa, C.; Sdnchez-Garcia, S.; Carrillo-Vega, M.F.
Interpopulation Similarity of Sex and Age-Related Body Composition Variations among Older Adults. Int. ]. Environ. Res. Public
Health 2020, 17, 6047. [CrossRef] [PubMed]

Marini, E.; Sergi, G.; Succa, V.; Saragat, B.; Sarti, S.; Coin, A.; Manzato, E.; Buffa, R. Efficacy of specific bioelectrical impedance
vector analysis (BIVA) for assessing body composition in the elderly. J. Nutr. Health Aging 2012, 17, 515-521. [CrossRef] [PubMed]
O’Brien, C.; Young, A.J.; Sawka, M.N. Bioelectrical Impedance to Estimate Changes in Hydration Status. Int. ]. Sports Med. 2002,
23, 361-366. [CrossRef] [PubMed]

Ballarin, G.; Valerio, G.; Alicante, P.; Di Vincenzo, O.; Monfrecola, F.; Scalfi, L. Could BIA-derived phase angle predict health-
related musculoskeletal fitness? A cross-sectional study in young adults. Nutrition 2024, 112388. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3945/ajcn.116.137513
https://doi.org/10.1016/S0899-9007(01)00665-7
https://doi.org/10.1038/ki.1994.305
https://doi.org/10.3390/ijerph16245066
https://doi.org/10.1016/j.jtemb.2017.11.003
https://doi.org/10.3390/ijerph16234711
https://www.ncbi.nlm.nih.gov/pubmed/31779215
https://doi.org/10.1080/030144600282389
https://www.ncbi.nlm.nih.gov/pubmed/10673141
https://doi.org/10.3390/ijerph17030729
https://www.ncbi.nlm.nih.gov/pubmed/31979187
https://doi.org/10.1016/S0899-9007(00)00269-0
https://doi.org/10.1080/07315724.2015.1027798
https://doi.org/10.1136/bjsports-2015-094623
https://www.ncbi.nlm.nih.gov/pubmed/26084525
https://doi.org/10.1016/j.jsams.2006.05.020
https://www.ncbi.nlm.nih.gov/pubmed/16844415
https://doi.org/10.1038/s41430-021-01018-w
https://www.ncbi.nlm.nih.gov/pubmed/34620999
https://doi.org/10.3390/ijerph17134851
https://www.ncbi.nlm.nih.gov/pubmed/32640533
https://doi.org/10.2471/BLT.07.043497
https://doi.org/10.1093/ajcn/52.6.953
https://www.ncbi.nlm.nih.gov/pubmed/2239792
https://doi.org/10.1152/jappl.1997.83.3.927
https://doi.org/10.1111/sms.14033
https://doi.org/10.3390/ijerph17176047
https://www.ncbi.nlm.nih.gov/pubmed/32825260
https://doi.org/10.1007/s12603-012-0411-7
https://www.ncbi.nlm.nih.gov/pubmed/23732547
https://doi.org/10.1055/s-2002-33145
https://www.ncbi.nlm.nih.gov/pubmed/12165888
https://doi.org/10.1016/j.nut.2024.112388

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Anthropometric Measurements 
	Bioelectrical Impedance Analysis 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

