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Abstract

Objective: Since specific bioelectrical reference values for Italian adults are lacking, this
study aims to define specific values and test their suitability in pathological cases and
athletes. Methods: A sample of 1049 Italian individuals (441 men, 608 women) aged
30–65 years was considered. Competitive athletes (bodybuilding, streetlifting and ten-
nis) were identified within the general sample, and an independent group of individ-
uals with obesity or anorexia nervosa was analyzed for comparison. Anthropometric
(weight, kg; stature, mid-upper arm, waist and calf circumferences; cm) and bioelectri-
cal (resistance and reactance, at 50 kHz) variables were taken. Resistivity, (Rsp, Ωcm),
reactivity (Xcsp, Ωcm), impedivity (Zsp, Ωcm) and phase angle (PhA, ◦) were calcu-
lated. Two-way ANOVA and Hotelling’s T2 test were applied to assess group differ-
ences. These data were then pooled with existing datasets to create a comprehensive
reference for individuals aged 18 to 100 years. Results: The specific bioelectrical variables
were: Rsp = 352.3 ± 55.5, Xcsp = 41.8 ± 9.1, PhA = 6.8 ± 1.0, r (Rsp, Xcsp) = 0.67 (men);
Rsp = 384.9 ± 71.2, Xcsp = 40.7 ± 9.4, PhA = 6.1 ± 1.0, r (Rsp, Xcsp) = 0.72 (women). Men
showed higher PhA values (p < 0.001), reflecting higher muscle mass and quality, and
shorter vectors (p < 0.001), indicative of lower relative fat mass (FM%), than women. Ad-
vancing age was associated with lower PhA and longer vectors (p < 0.001). Bioelectrical
vectors of individuals with obesity or anorexia nervosa were outside the 95% variability,
indicating abnormal values of FM%, whereas those of athletes fell within the lower left
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quadrant. Conclusions: The specific tolerance ellipses for the Italian adult population fill a
gap in the existing literature, providing essential new tools for evaluating body composition
in clinical and sports settings, and for comparative analyses.

Keywords: body composition; bioelectrical impedance vector analysis; BIVA; athletes;
malnutrition

1. Introduction
Body composition, that is, the absolute and relative amount and the distribution of

body compartments, plays a significant role in health and disease and represents a key
determinant of nutritional status [1]. It changes in relation to age, sex, and lifestyle, particu-
larly diet and physical activity. Alterations in body composition are linked to widespread
and increasing diseases, such as obesity and sarcopenia, that present relevant public health
challenges worldwide. According to World Health Organization data, in 2022, 43% of
adults were overweight and 16% were obese [2]. At the same time, population ageing has
led to a growing burden of age-related conditions, such as sarcopenia or sarcopenic obesity,
characterized by changes in body composition and strength [3,4]. Beyond clinical settings,
body composition is of particular relevance in sports science, as it is influenced by sports-
specific training and is related to injury risk, athletic performance, and outcomes [5,6]. Body
composition of athletes is characterized by high amounts of muscle mass and low relative
fat mass. These features underscore the need for tailored body composition assessment
and interpretation within athletic populations and/or within the broader physiological
variability of the general population. Overall, the screening and monitoring of body com-
position is crucial across multiple research fields and has potential applications in routine
clinical practice, sports science, nutrition studies, and public health [1,7]. These applications
generally involve large numbers of individuals and/or are conducted in non-laboratory,
real-world settings. In such contexts, the most accurate methods, such as dual-energy
X-ray absorptiometry (DXA), magnetic resonance imaging and computed tomography, are
difficult or even impossible to apply. Bioimpedance analysis (BIA) represents a suitable
alternative, as it is portable, relatively easy-to-use, and cost-effective [8].

Conventional BIA is based on the application of regression equations [9]. However,
such procedure relies on assumptions regarding body hydration and body proportions that
may not be respected, potentially leading to estimation errors. For this reason, the direct
analysis of raw data, such as phase angle [10,11] or bioelectrical impedance vector analysis
(BIVA) [12,13] has gained increasing attention in recent decades [14,15].

Phase angle is considered an indicator of cell mass and membrane integrity, particu-
larly of skeletal muscle mass, and of body fluids distribution.

Vector analysis offers a wider perspective, as it is based on the contextual analysis
of phase angle and vector length. Standardized resistance (R) and reactance (Xc) are the
coordinates of the vector on the RXc graph, with the length corresponding to impedance
(Z, Ω), and the slope to phase angle (PhA, ◦). In the classic BIVA procedure, as originally
proposed by Piccoli et al. [12], both R and Xc are standardized for stature. In the specific
BIVA (spBIVA) approach, following the principles of Ohm’s second law, R and Xc are
standardized for both stature and body cross-sectional areas [13]. In both approaches, the
analysis is based on tolerance and confidence ellipses. Tolerance ellipses represent the
percentile distribution of bioelectrical values, shown as three concentric ellipses, depicting
50, 75 and 95% of the values of the reference population. Body composition is interpreted
based on the position of individual or mean vectors within sex-specific ellipses. The
interpretation of the major axis, which is mainly determined by impedance values, differs
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between the classic and specific approaches. In classic BIVA, a longer vector is related to
lower total body water, whereas in specific BIVA it corresponds to a higher percentage of fat
mass (FM%), as validated through comparison with DXA [13]. The vector’s position along
the minor axis depends on PhA, which is unaffected by standardization and hence similarly
interpreted in both classic and specific BIVA. Vectors shifting toward the left, i.e., with high
PhA values, are associated with low extracellular/intracellular water ratio (ECW/ICW),
and with high body cell mass and skeletal muscle mass, whereas vectors toward the right
indicate the opposite pattern [13,16].

Given the variability of body composition across sex, population, and the life stage,
several tolerance ellipses have been proposed to represent populations with distinct char-
acteristics. Most of the reference values currently available in the literature are limited to
PhA (e.g., [17]). As to BIVA, a recent scoping review by Serafini et al. [18] highlighted the
availability of diverse reference values, encompassing a wide range of populations, includ-
ing the general population, clinical samples, and athletes. However, most of them pertain
to classic BIVA, whereas specific reference values for the general population are available
for Italian-Spanish young adults (18–30 years) [19], Italian older people (65–100 years) [16],
and US young adults (21–49 years) [13]. Middle-aged adults are not represented by specific
tolerance ellipses. Although the need for accurate age- or population-matched compar-
isons is not an absolute requirement but depends on the aim of the study, the absence
of such data limits the representativeness of existing specific reference values in the adult
general population.

This multicenter study aims to address the current lack of references by defining specific
bioelectrical reference values for Italian adults, and to test their suitability for evaluating
the distinctive body composition features observed in pathological cases and athletes.

2. Materials and Methods
2.1. The Sample

The study was designed as a multicenter, retrospective and cross-sectional investiga-
tion involving eight Italian universities and two research centers (Figure 1). Data collected
across the participating centers within the past five years were pooled for this study. Dataset
assembly involved recruitment of research groups, eligibility assessment, data collection
and analysis, and subsequent case exclusions (Figure 2).

Participants were recruited via convenience sampling from university staff, student
communities, public health promotion events, and local sports clubs across the involved
centers. The inclusion criteria were applied to capture a heterogeneous sample from the
general population and referred to the following: age 30–65 years; provision of written
informed consent; absence of pregnancy and lactation, chronic diseases, limb amputa-
tions, or implanted electrical devices. A total of 1049 participants, of which 441 men and
608 women—aged 48.8 ± 10.9 and 50.4 ± 10.2 years, respectively—were included in the
analysis: 416 were enrolled at the center of Cagliari, 201 in Bologna, 187 in Turin, 162 in
Florence, 68 in Padua, and 15 in Chieti.

A sub-sample of 16 competitive athletes, as defined following the classification of
McKinney et al. [20], was selected from the whole sample. These athletes practiced body-
building [21], tennis [22] or streetlifting [23] for at least two years prior to measurement
and were engaged in ≥6 h of training per week. In particular, tennis and streetlifting ath-
letes regularly participated in competitive events at regional and national events, whereas
bodybuilding athletes competed occasionally.
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Figure 1. Geographical distribution of centers and participants involved across Italian regions. Black
squares indicate the precise location of the centers involved.

Figure 2. Flowchart of the data collection phases. Legend: BIA: bioelectrical impedance analysis; M:
men; W: women.
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Furthermore, an independent sample of individuals with pathologies, with similar
age, was analyzed in comparison with the variability of the general population: 52 patients
with obesity, recruited at the Laboratory of Nutrition and Obesity Research, IRCCS Istituto
Auxologico Italiano (Milan, Italy), and 4 patients with anorexia nervosa, including 2 young
women, retrieved from the literature [24]. Both samples were analyzed using the same
bioelectrical impedance device (manufactured by Akern) and pre-assessment conditions
(see Section 2.2) and following the same approach for specific BIVA-derived variables (see
Section 2.3).

All procedures were conducted in accordance with the Declaration of Helsinki for
studies involving human subjects [25]; all the participants were informed about the study
procedures and gave the written consent to participate. The study was approved by the
Ethics Committee of centers involved in the study: Ethics Committee of the University of
Cagliari (approval 0312892, 13 November 2025); Bioethics Committee of the University of
Bologna (approvals 0121439, 20 May 2022, and 0157696, 6 June 2024; Bioethics Committee
of the University of Torino (approval n◦0640369, 7 December 2023); Ethics Committee of the
University of Firenze (approval 0259279); Ethics Committee for Clinical Drug Trials—Local
Health Authority of Pescara (approval n◦1070 of 24 October 2013); Ethics Committee for
Research Involving Human Subjects—Department of Biomedical Sciences of University of
Padova (approval n◦ HEC-DSB/02-2023 of 31 July 2023); Ethics Committee of the Istituto
Auxologico Italiano (Approval n◦2022_09_27_15).

2.2. Measurements

The anthropometric variables considered were weight, stature, and relaxed mid-
upper arm, waist and calf circumferences, measured in agreement with international
criteria [26,27]. Six centers (804 individuals) followed the protocol of Lohman et al. [26],
while the centers of Chieti, Florence and Padua (245 individuals) adopted the International
Society for the Advancement of Kinanthropometry (ISAK) protocol [27]. As the two
protocols do not differ with respect to the measurements included in this study, they were
considered to be comparable. Body weight was measured to the nearest 0.01 kg using a
mechanical scale (Seca scale, Seca, Hamburg, Germany; Wunder RB column scale, Wunder,
Milan, Italy), and stature (distance from the vertex to the plantar surface) to the nearest
0.1 cm with a stadiometer (Seca stadiometer, Seca, Hamburg, Germany; Siber-Hegner
stadiometer, GPM Anthropological Instruments, Susten, Switzerland). Circumferences
were taken using an anthropometric tape (Seca medical tape, Seca, Hamburg, Germany;
Lufkin tape, Apex Tool Group ATG, Sparks, MD, USA; Cescorf tape, Porto Alegre, Brazil):
waist at the narrowest part of the torso; mid-upper arm with the arm relaxed, and calf at
the point of maximum circumference, in a plane perpendicular to the long axis of the body
segment. All measurements were performed by experienced technicians and followed the
same procedures, using the same anatomical landmarks and body positioning, as indicated
in both the ISAK protocol and Lohman’s reference manual [26,27]. Body mass index (BMI,
kg/m2) was calculated as weight (kg) divided by stature squared (m2) [28].

The bioelectrical variables included resistance (R, Ω) and reactance (Xc, Ω), measured
at 50 kHz, using single-frequency devices (BIA-101, BIA-101 Anniversary or BIA-101
BIVA®® PRO) manufactured by Akern Srl (Florence, Italy). Participants were instructed to
refrain from eating or drinking for at least 4 h before the measurement, to avoid strenuous
physical exercise during the previous 12 h, and to abstain from alcohol consumption for
at least 16 h prior to testing [29]. They were also asked to empty their bladder before the
assessment and to remove any metallic objects. Before each testing session, the accuracy of
the bioimpedance devices was verified using a reference circuit with known acceptance
values. The bioelectrical measurements were taken using a hand-to-foot approach, with
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participants lying in the supine position; the legs were abducted at approximately 45◦

and the arms positioned about 30◦ away from the trunk. For the hand, a voltage-sensing
electrode was placed on the dorsal surface of the wrist, between the styloid processes,
while the current-injecting electrode was positioned distally, between the second and third
metacarpals. For the foot, the sensing electrode was placed on the anterior surface of the
ankle, and the current-injecting electrode was positioned between the second and third
metatarsals [29].

2.3. Statistical Analyses

A priori sample size estimation was performed using the software G*Power (version
3.1.9.7). For sex- and age-based comparisons, a two-way ANOVA was considered, assuming
an effect size of 0.25, a statistical power of 0.95 and a significance level of α = 0.005, resulting
in a minimum required sample size of 322 participants. The final sample size substantially
exceeded the calculated minimum, thus ensuring high statistical power.

The specific bioelectrical values, namely specific resistance, or resistivity (Rsp, Ωcm)
and specific reactance, or reactivity (Xcsp, Ωcm) were obtained by multiplying R and Xc
by the correction factor A/L, where A is the estimated total body cross-sectional area
(cm2) and L is the body length (cm). The total area (A, cm2) was estimated as 0.45×upper
arm area + 0.10×waist area + 0.45×calf area. Each segment area was calculated as C2/4π,
where C (cm) is the circumference of the relaxed mid-upper arm, waist, or calf. The body
length (L, cm) was obtained as 1.1×stature [13]. The PhA was derived as the arctan of
Xc/R×180/π and the specific impedance, or impedivity (Zsp, Ωcm) as (Rsp2 + Xcsp2)0.5.

Data distribution was assessed using the Shapiro–Wilk test and visual inspection
of Q–Q plots. Given the large sample size, graphical evaluation was considered in the
interpretation of normality. Continuous variables were presented as mean ± standard
deviation when normally distributed, and as median and interquartile range (IQR) when
deviations from normality were observed.

The Pearson’s correlation coefficient (r) was calculated to assess the association be-
tween Rsp and Xcsp. To investigate the main effects of sex and age and their interac-
tion, a two-way ANOVA was performed, considering two age groups (30–49 years and
50–65 years). Effect sizes, expressed as partial eta squared (η2p), were calculated to quan-
tify the magnitude of differences. According to Cohen’s guidelines [30], effect sizes were
interpreted as small (η2p = 0.01), medium (η2p = 0.06), and large (η2p = 0.14).

The new sex-specific tolerance ellipses for sub-groups of age (30–49 and 50–65 years)
and combined ellipse for the 30–65 years age range were constructed. Data from the
present study were then compared and pooled with previously published values for
young adults [19] and older individuals [16] to create a comprehensive tolerance ellipse
representing the Italian population aged 18 to 100 years. Confidence ellipses and Hotelling’s
T2 were applied to compare groups.

To illustrate the bioelectrical peculiarities of selected conditions relative to the general
sample, and to assess the applicability of the newly established reference values, a subgroup
of competitive athletes engaged in strength sports, identified within the general sample,
was analyzed. In addition, the distribution of individuals with pathologies characterized
by important alterations of FM%, namely obesity and anorexia nervosa, was examined
within the tolerance ellipses for 30–65 years. Independent samples t-tests were performed
to assess differences in Zsp and PhA values between the groups.

Statistical analyses were performed using Jamovi (version 2.3.28) or the software
SpecificBIVA (freely available at www.specificbiva.com). The significance threshold was set
at p < 0.005 to reduce the risk of Type I errors, aligning the threshold to a false discovery
probability of around 7%, which is close to the conventional 5%. This is in line with
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recommendations for increasing the reproducibility of the exposed results from substantial
statistical evidence in biological sciences [31].

3. Results
The general population sample showed internal variability by sex and age, with two

predefined age groups (30–49 and 50–65 years) characterized by median ages of 39.9 years
(IQR 11.7) and 57.5 years (IQR 8.2) in women, and 37.7 years (IQR 11.5) and 58.0 years (IQR
7.8) in men, respectively (Table 1).

Table 1. Descriptive and comparative statistics of the sample by sex and age group.

Men Women Two-Way ANOVA, Effect of:
30–49 Years

(n = 210)
50–65 Years

(n = 231)
30–49 Years

(n = 248)
50–65 Years

(n = 360) Sex Age Interaction

Mean SD Mean SD Mean SD Mean SD p η2p p η2p p η2p

Stature
(cm) 174.0 7.6 173.0 7.7 162.0 6.7 160.0 7.2 <0.001 0.418 <0.001 0.016 0.929 0.000

Weight
(kg) 75.7 11.8 78.0 12.2 60.3 10.0 63.7 11.8 <0.001 0.286 <0.001 0.015 0.466 0.001

BMI
(kg/m2) 24.8 3.2 26.2 3.6 23.0 3.7 24.9 4.3 <0.001 0.039 <0.001 0.041 0.274 0.001

Waist crf
(cm) 84.6 9.5 91.5 10.5 72.8 9.0 80.1 10.6 <0.001 0.244 <0.001 0.108 0.837 0.000

Arm crf
(cm) 31.0 3.3 30.5 3.2 27.2 3.5 28.6 3.5 0.027 0.145 <0.001 0.005 <0.001 0.017

Calf crf
(cm) 36.8 2.6 37.1 3.3 35.2 3.6 35.6 3.6 0.124 0.050 <0.001 0.002 0.633 0.000

Rsp
(Ωcm) 342.0 53.1 361.0 56.3 362.0 60.2 400.0 75.3 <0.001 0.049 <0.001 0.045 0.017 0.005

Xcsp
(Ωcm) 42.3 9.3 41.3 8.9 39.3 8.1 41.4 9.4 0.010 0.006 0.316 0.001 0.008 0.007

Zsp
(Ωcm) 345.0 53.5 364.0 56.6 364.0 60.6 402.0 75.6 <0.001 0.047 <0.001 0.044 0.016 0.006

PhA (◦) 7.0 1.0 6.5 1.0 6.2 0.8 5.9 0.9 <0.001 0.132 <0.001 0.042 0.052 0.004

BMI: body mass index; crf: circumference; Rsp: specific resistance; Xcsp: specific reactance; Zsp: specific impedance;
PhA: phase angle; n: sample size; SD: standard deviation; η2p: partial eta squared.

Effect sizes were generally small, particularly with respect to age differences and
age–sex interactions.

Men had significantly greater stature, weight, BMI, and waist circumference than
women. Bioelectrical values also differed significantly, with men showing higher PhA
values—indicative of greater body cell mass, muscle mass and lower ECW/ICW ratio—
and lower Zsp, corresponding to shorter vector and thus indicative of lower FM%.

In both sexes, participants in the older age group showed lower stature and
higher weight, BMI, waist and calf circumference than those in the younger subgroup
(Table 1). They also showed a longer vector—particularly women—and a lower PhA
(Table 1, Figure 3).
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Figure 3. Comparison of mean bioelectrical vectors by sex and age categories, with Hotelling’s T2

results. Legend: M: men; W: women; Rsp: specific resistance; Xcsp: specific reactance.

The differences by age were similar in the two sexes except for arm circumference and,
tendentially, specific reactance, which were lower in older men and higher in older women
compared to younger individuals. A tendency toward a significant interaction was also
observed for specific resistance and impedance, with women showing a more pronounced
age-related difference.

When the values of the two age groups were combined to represent a wider group of
the Italian adult population (30–65 years), the difference between the mean bioelectrical
vectors of the two sexes remained significant (T2: 172.2, p < 0.001), with men showing
higher PhA and lower Zsp (Table 2).

Table 2. Overview of the specific bioelectrical reference values for the Italian population across sexes
and age groups, based on data from the literature and the present study.

Age
Group Sex Sample

Size
Rsp (Ωcm) Xcsp (Ωcm) PhA (◦) r Rsp,

Xcsp ReferenceMean SD Mean SD Mean SD

18–30
years

M 103 334.3 36.7 43.6 6.6 7.4 0.9 0.75 Ibáñez et al.,
2015 [19] *W 117 394.6 65.6 42.8 8.2 6.2 0.7 0.83

30–49
years

M 210 342.0 53.1 42.3 9.3 7.0 1.0 0.70 Current
studyW 248 362.0 60.2 39.3 8.1 6.2 0.8 0.79

50–65
years

M 231 361.0 56.3 41.3 8.9 6.5 1.0 0.67 Current
studyW 360 400.0 75.3 41.4 9.4 5.9 0.9 0.76

30–65
years

M 441 352.3 55.5 41.8 9.1 6.8 1.0 0.67 Current
studyW 608 384.9 71.2 40.7 9.4 6.1 1.0 0.72
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Table 2. Cont.

Age
Group Sex Sample

Size
Rsp (Ωcm) Xcsp (Ωcm) PhA (◦) r Rsp,

Xcsp ReferenceMean SD Mean SD Mean SD

65–100
years

M 265 391.8 57.9 42.6 9.9 6.2 1.2 0.59 Saragat et al.,
2014 [16]W 295 462.0 80.1 47.9 11.2 5.9 1.0 0.75

18–100
years

M 809 363.0 58.1 42.2 8.9 6.7 1.1 0.62
Pooled dataW 1020 408.4 81.1 42.9 9.9 6.0 0.8 0.80

Legend: M: men; W: women, Rsp: specific resistance; Xcsp: specific reactance; SD: standard deviation; r: Pearson’s
correlation coefficient. * Only Italian participants were considered.

Consistent with internal age-related variability, the mean bioelectrical values of the
whole sample differed significantly from previously published reference data for Italian-
Spanish young adults [19] and Italian older adults [16] (Figure 4). Increasing age was
associated with progressively lower PhA values and tendentially longer vectors. Despite
these differences, Italian reference values for the population aged 18 to 100 years were de-
fined by merging the present dataset with previously published ones on Italian individuals
(Table 2).

Figure 4. Comparison of mean bioelectrical vectors between adults (30–65 years) and other references
(young and older individuals). Legend: Rsp: specific resistance; Xcsp: specific reactance; A: Italian
adults (current sample); O: Italian older people Y: Italian-Spanish young adults.

Bioelectrical vectors of competitive athletes, identified within the general sample,
were predominantly positioned in the lower-left quadrant, reflecting higher phase angles
(p < 0.001 in men, p = 0.045 in women) and shorter vectors (p < 0.001) compared with the
general population (Supplementary Table S1, Figure 5).

Furthermore, the bioelectrical vectors of individuals with pathologies (obesity and
anorexia nervosa; Supplementary Table S1) fell mostly outside the 95% ellipse (Figure 5).
The vectors of patients with obesity, located beyond the upper pole of the ellipse, were
significantly longer (p < 0.001) and showed lower phase angles (p < 0.001) than those of
the general population. On the opposite side of the ellipse, women with anorexia nervosa
exhibited shorter vectors (p < 0.001) and lower phase angles than healthy individuals
(p < 0.001).
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Figure 5. Distribution of the vectors of individuals with pathological conditions (red squares:
52 patients with obesity; purple triangles: 4 patients with anorexia nervosa) and 16 athletes (green
triangles) within the tolerance ellipses for the general population from 30 to 65 years. Green, red, and
black ellipses indicate the 50%, 75%, and 95% tolerance ellipses, respectively. Legend: Rsp: specific
resistance; Xcsp: specific reactance.

4. Discussion
The present study provided specific BIVA reference values derived from a healthy con-

venience sample of the Italian population of both sexes. Data were collected and analyzed
for adults aged 30–65 years, a group not represented in the specific BIVA literature, and
were then compared and merged with existing references to cover the full age range of
18–100 years. The sample exhibited the typical sexual dimorphism, with men showing
higher phase angles and shorter vectors, and age-related differences associated with pro-
gressively lower phase angles and longer vectors. Bioelectrical vectors of individuals with
obesity and anorexia nervosa fell outside the tolerance ellipses for the general population,
whereas those of athletes occupied the lower left quadrant of the ellipses.

The observed patterns were coherent with theoretical expectation regarding the vari-
ability and interpretation of bioelectrical values, consistent with the established knowledge
on body composition in relation to sexual dimorphism [32], ageing [33], health status [7]
and physical activity [5].

4.1. Sexual Dimorphism

The higher PhA values of men (on average 0.7◦ more than in women) reflect greater
muscle mass and lower ECW/ICW ratio, whereas their shorter vectors (mean difference of
32.2 Ωcm) correspond to a lower percentage of fat mass, according to spBIVA interpretation.
Similar sex-related bioelectrical patterns have been widely documented in the literature
(e.g., [13,17,19,34,35]). In particular, the study by Mattiello et al. (2020) [17] reported
clear sex differences in PhA values estimated across age groups. Except for children and
adolescents (0–15 years) and people older than 80 years, where no differences were detected,
men consistently showed higher values, approximately 0.8◦ more than women. Likewise,
research on spBIVA reported similarly higher phase angles, along with shorter vectors in
men. Sex differences in mean vector length (Zsp) ranged from 55.4 Ωcm in young Italian-
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Spanish individuals [19] to 89.3 Ωcm in US adults [13], while were slightly lower in our
sample (32.2 Ωcm), thus suggesting smaller sex-related differences.

4.2. Age Related Variability

Differences by age, observed both within our sample of 30–65 years and relative to
previously published reference values for young adults and older people, confirmed the
expected trend of increasing vector length and decreasing PhA during adulthood and
ageing [19,34,35].

The longer vectors at older ages, particularly among women, indicate a trend toward
a higher fat mass percentage with age. Such a finding has been consistently observed
in previous research during adulthood, especially in men and during the first phases of
ageing, although in very advanced ages a slowing and even a reversal of the trend has been
observed in women [16,36].

Considering phase angle, participants of both sexes aged 50–65 years showed lower
PhA values than those aged 30–49 years. When younger (18–30 years) and older (>65 years)
groups from the literature were compared, the age-related changes in PhA showed a mean
difference between the groups of 1.4◦ in men and 0.5◦ in women. These differences are
similar in men and slightly lower in women to those observed by Mattiello et al. for the
same age groups (1.3◦ in men and 1.0◦ in women) [17]. They reflect a gradual loss of skeletal
muscle mass and quality, and of intracellular water, which are physiological changes of
ageing and represent a risk for possible diseases. Indeed, PhA has been shown to be low in
sarcopenic or sarcopenic obese individuals, and the prevalence of sarcopenia higher among
those with low PhA [37].

4.3. Inter-Population Variability

To our knowledge, no specific BIVA reference values are available for other populations.
Therefore, comparisons were limited to PhA. The newly assembled sample of 30–65 years
showed mean PhA values consistent with reference data for healthy adults of similar
age [34,35,38,39]. In particular, when stratified by age, our results for both sexes were highly
similar compared to the percentiles provided by Campa et al. for the Italian population [38],
with a maximum mean difference of 0.2◦. Similar values were also reported in the global
references published by Mattiello et al. [17]. Conversely, when compared with values
measured in a US sample by Barbosa-Silva et al. [34], our mean phase angles were lower
across sexes and age groups, with differences reaching 0.9◦ in young women. A similar
trend toward higher PhA values (0.5◦) was observed in adult Swiss women [39] and in
German men [35]. These discrepancies may reflect variations in lifestyle factors (dietary
patterns and physical activity levels) and genetic background among the populations
studied, together with methodological differences related to the use of different devices
across the studies mentioned above.

4.4. Illustrative Applications

The new reference values offer potential applications in the fields of clinical practice,
nutritional studies and sports science. Indeed, the illustrative examples of athletic and
pathological cases showed peculiar differences from the general population: the bioelec-
trical vectors of athletes occupied the left-lower quadrant of the ellipse while those of
individuals with obesity and anorexia nervosa fell outside the 95% variability.

The results are consistent with the theoretical expectations of spBIVA: the bioelectrical
vectors of competitive athletes, engaged in bodybuilding, streetlifting and tennis, were
located on the left-lower side of the ellipse, consistent with the expected low ECW/ICW
ratio and high body cell and muscle mass [40], although remaining within the range of the
physiological variability of the general population. Their elevated PhA values, on average
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8.1◦ in males and 6.8◦ in females, align with previous observations in bodybuilders: Piccoli
et al. [41] reported mean PhA of 8.6◦ in men, while Giakoni-Ramírez et al. [42] found mean
PhA values of 8.2◦ in men and 7.0◦ in women. However, our values were lower than those
reported by Nunes et al. [43] (9.3◦) in men. Overall, in sports science, the availability of the
new reference ellipses allows athletes to be compared to the variability of Italian adults as
well as across disciplines within the same reference framework.

Patients with obesity clustered in a well-defined region of the graph, substantially
exceeding the 95% tolerance ellipse at its upper right pole. These individuals were charac-
terized by long vectors, indicative of their high amounts of fat mass [13], and by low PhA,
likely reflecting the downward trend of the association between PhA and body fat, observed
in people with obesity [44]. Conversely, individuals with anorexia nervosa, characterized by
extremely low body weights, were positioned in the lower pole of the ellipse, far outside the
95% tolerance region. Notably, in these cases, regression equations for estimating fat mass
in patients with anorexia nervosa [45] yielded negative absolute values [24]. Interestingly,
the mean vectors of pathological groups fell outside the 95% tolerance ellipse, even when
compared with the overall tolerance ellipse for Italian individuals aged 18 to 100 years,
indicating that these extreme conditions lie beyond the physiological variability of the
general population, regardless of age-related differences. This result has both theoretical
and methodological implications, as it highlights the overwhelming effect of pathology
on body composition variability and allows the use of a broad age-range reference as a
practical benchmark for health-related applications.

In summary, this study has the strength to address a gap in the literature by providing
reference values for adults aged 30–65 years and enabling the generation of comprehensive
values from 18 to 100 years, applicable for body composition evaluation, comparative
purposes and for clinical applications. The use of standardized procedures, the same
anthropometric landmarks, and the same device type and manufacturer further strengthen
the study by ensuring the reliability and comparability of the data. However, some limi-
tations should be acknowledged. The relatively small size of the athlete subgroups and
of the independent sample of patients with anorexia nervosa included for comparative
purposes represents a limitation of the present study. Furthermore, the references have
been derived in a convenient sample of persons from the general population included
without using a specific sampling procedure that would have made it fully representative
of the Italian population. Indeed, the sample was primarily drawn from central and north-
ern Italy, underscoring the need for further research to achieve more balanced coverage
of the national population. Future work may also focus on investigating longitudinal
changes. Indeed, from a clinical perspective, tracking shifts in specific vectors through
serial measurements can be used for monitoring the efficacy of interventions. The role of
sociodemographic characteristics within the study population, as well as the variability
across other populations, represent further targets for research.

5. Conclusions
The new specific tolerance ellipses for the Italian adult population aged 30–65 years

show the expected pattern of sex- and age-related variation. Bioelectrical vectors of indi-
viduals with pathological body composition abnormalities (obesity and anorexia nervosa)
were outside the 95% range of variability. Athletes’ vectors also show a peculiar position,
thus highlighting the possibility to analyze body composition features with respect to the
general population and across different sports.

These reference values fill a gap in the existing literature, providing an updated frame-
work for interpreting body composition and for conducting comparative analyses in adults,
thereby supporting clinical, public health, and sports science research and applications.
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Stratification by age group enables focused comparisons, whereas the full 18–100 age
range allows direct comparisons of individuals or groups across different ages and facilitates
the monitoring of pathological conditions regardless of age.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jfmk11010081/s1, Table S1: Anthropometric and bioelectrical
characteristics of pathological samples and athletes.

Author Contributions: Conceptualization, E.M. and F.F.; Methodology, E.M. and F.F.; Formal Analysis,
F.F.; Investigation, F.F., E.P.J., V.S., S.S., F.M., F.S., C.P., A.P., G.M., P.I., S.B., L.G., L.C., E.C., F.C., M.M.C.,
S.T. and E.M.; Data Curation, F.F.; Writing—original draft, E.M. and F.F.; Writing—review and editing,
F.F., E.P.J., V.S., S.S., F.M., F.S., C.P., A.P., G.M., P.I., S.B., L.G., L.C., E.C., F.C., M.M.C., S.T. and E.M.;
Visualization, F.F.; Supervision, E.M. All authors have read and agreed to the published version of
the manuscript.

Funding: F.F.’s Ph.D. Scholarship is funded by the European Union—Next Generation EU, Mission 4
Component 2, CUP: F22B24000290005.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki for studies involving humans. It was approved by the Ethics Committee of Centres
involved in the Study: Ethics Committee of the University of Cagliari (approval 0312892, 13 November
2025); Bioethics Committee of the University of Bologna (approvals 0121439, 20 May 2022, and
0157696, 6 June 2024; Bioethics Committee of the University of Torino (approval n◦0640369, 7
December 2023); Ethics Committee of the University of Firenze (approval 0259279); Ethics Committee
for Clinical Drug Trials—Local Health Authority of Pescara (approval n◦1070 of 24 October 2013);
Ethics Committee for Research Involving Human Subjects—Department of Biomedical Sciences of
University of Padova (approval n◦ HEC-DSB/02-2023 of 31 July 2023); Ethics Committee of the
Istituto Auxologico Italiano (Approval n◦2022_09_27_15).

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

Data Availability Statement: Dataset available on request from the corresponding authors due to
restrictions related to the inclusion of human participants. Access is limited to research purposes
consistent with ethical standards.

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

References
1. Holmes, C.J.; Racette, S.B. The Utility of Body Composition Assessment in Nutrition and Clinical Practice: An Overview of

Current Methodology. Nutrients 2021, 13, 2493. [CrossRef] [PubMed]
2. World Health Organization (WHO). Obesity and Overweight. Available online: https://www.who.int/news-room/fact-

sheets/detail/obesity-and-overweight (accessed on 6 February 2026).
3. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al.

Sarcopenia: Revised European Consensus on Definition and Diagnosis. Age Ageing 2019, 48, 16–31. [CrossRef] [PubMed]
4. Donini, L.M.; Busetto, L.; Bischoff, S.C.; Cederholm, T.; Ballesteros-Pomar, M.D.; Batsis, J.A.; Bauer, J.M.; Boirie, Y.; Cruz-Jentoft,

A.J.; Dicker, D.; et al. Definition and Diagnostic Criteria for Sarcopenic Obesity: ESPEN and EASO Consensus Statement. Obes.
Facts 2022, 15, 321–335. [CrossRef] [PubMed]

5. Silva, A.M. Structural and Functional Body Components in Athletic Health and Performance Phenotypes. Eur. J. Clin. Nutr. 2019,
73, 215–224. [CrossRef]

6. Lukaski, H.; Raymond-Pope, C.J. New Frontiers of Body Composition in Sport. Int. J. Sports Med. 2021, 42, 588–601. [CrossRef]
7. Bennett, J.P.; Lim, S. The Critical Role of Body Composition Assessment in Advancing Research and Clinical Health Risk

Assessment across the Lifespan. J. Obes. Metab. Syndr. 2025, 34, 120–137. [CrossRef]
8. Son, J.W.; Han, B.; Bennett, J.P.; Heymsfield, S.; Lim, S. Development and Clinical Application of Bioelectrical Impedance Analysis

Method for Body Composition Assessment. Obes. Rev. 2025, 26, e13844. [CrossRef]

https://doi.org/10.3390/jfmk11010081

https://www.mdpi.com/article/10.3390/jfmk11010081/s1
https://www.mdpi.com/article/10.3390/jfmk11010081/s1
https://doi.org/10.3390/nu13082493
https://www.ncbi.nlm.nih.gov/pubmed/34444653
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1093/ageing/afy169
https://www.ncbi.nlm.nih.gov/pubmed/30312372
https://doi.org/10.1159/000521241
https://www.ncbi.nlm.nih.gov/pubmed/35196654
https://doi.org/10.1038/s41430-018-0321-9
https://doi.org/10.1055/a-1373-5881
https://doi.org/10.7570/jomes25010
https://doi.org/10.1111/obr.13844
https://doi.org/10.3390/jfmk11010081


J. Funct. Morphol. Kinesiol. 2026, 11, 81 14 of 15

9. Kyle, U.G.; Bosaeus, I.; De Lorenzo, A.D.; Deurenberg, P.; Elia, M.; Gómez, J.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. Edinb. Scotl 2004, 23,
1226–1243. [CrossRef]

10. Lukaski, H.C.; Garcia-Almeida, J.M. Phase Angle in Applications of Bioimpedance in Health and Disease. Rev. Endocr. Metab.
Disord. 2023, 24, 367–370. [CrossRef]

11. Norman, K.; Stobaus, 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]

12. 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] [PubMed]

13. Buffa, R.; Saragat, B.; Cabras, S.; Rinaldi, A.C.; Marini, E. Accuracy of Specific BIVA for the Assessment of Body Composition in
the United States Population. PLoS ONE 2013, 8, e58533. [CrossRef] [PubMed]

14. Bellido, D.; García-García, C.; Talluri, A.; Lukaski, H.C.; García-Almeida, J.M. Future Lines of Research on Phase Angle: Strengths
and Limitations. Rev. Endocr. Metab. Disord. 2023, 24, 563–583. [CrossRef] [PubMed]

15. Castizo-Olier, J.; Irurtia, A.; Jemni, M.; Carrasco-Marginet, M.; Fernández-García, R.; Rodríguez, F.A. Bioelectrical Impedance
Vector Analysis (BIVA) in Sport and Exercise: Systematic Review and Future Perspectives. PLoS ONE 2018, 13, e0197957.
[CrossRef]

16. Saragat, B.; Buffa, R.; Mereu, E.; De Rui, M.; Coin, A.; Sergi, G.; Marini, E. Specific Bioelectrical Impedance Vector Reference
Values for Assessing Body Composition in the Italian Elderly. Exp. Gerontol. 2014, 50, 52–56. [CrossRef]

17. Mattiello, R.; Amaral, M.A.; Mundstock, E.; Ziegelmann, P.K. Reference Values for the Phase Angle of the Electrical Bioimpedance:
Systematic Review and Meta-Analysis Involving More than 250,000 Subjects. Clin. Nutr. 2020, 39, 1411–1417. [CrossRef]

18. Serafini, S.; Mascherini, G.; Vaquero-Cristóbal, R.; Esparza-Ros, F.; Campa, F.; Izzicupo, P. Reference Tolerance Ellipses in
Bioelectrical Impedance Vector Analysis Across General, Pediatric, Pathological, and Athletic Populations: A Scoping Review.
J. Funct. Morphol. Kinesiol. 2025, 10, 415. [CrossRef]

19. Ibáñez, M.E.; Mereu, E.; Buffa, R.; Gualdi-Russo, E.; Zaccagni, L.; Cossu, S.; Rebato, E.; Marini, E. New Specific Bioelectrical
Impedance Vector Reference Values for Assessing Body Composition in the Italian-Spanish Young Adult Population. Am. J. Hum.
Biol. 2015, 27, 871–876. [CrossRef]

20. McKinney, J.; Velghe, J.; Fee, J.; Isserow, S.; Drezner, J.A. Defining Athletes and Exercisers. Am. J. Cardiol. 2019, 123, 532–535.
[CrossRef]

21. Garau, A. Analisi Della Composizione Corporea, Dell’asimmetria e Della Soddisfazione Dell’immagine Corporea in Un Campione
Di Atleti Praticanti Resistance Training. Master’s Thesis, University of Cagliari, Cagliari, Italy, 2024.

22. Sotgiu, I. Asimmetria Dell’arto Superiore in Tennisti Agonisti. Master’s Thesis, University of Cagliari, Cagliari, Italy, 2024.
23. Carta, M. Simmetria Dell’arto Superiore e Inferiore in Atleti Di Streetlifting. Masters’ Thesis, University of Cagliari, Cagliari,

Italy, 2025.
24. Portas, M.S. Limitazioni Della Bioimpedenziometria Nella Stima Della Massa Grassa in Pazienti Con Anoressia Nervosa e BMI

Estremamente Basso: Confronto Con La DEXA e Proposta Di Un Fattore Di Correzione. Postgraduate Specialization Thesis,
University of Cagliari, Cagliari, Italy, 2025.

25. World Medical Association. World Medical Association Declaration of Helsinki: Ethical Principles for Medical Research Involving
Human Subjects. JAMA 2013, 310, 2191–2194. [CrossRef]

26. Lohman, T.G.; Roche, A.F.; Martorell, R. Anthropometric Standardization Reference Manual; Human Kinetics Books: Champaign, IL,
USA, 1988; ISBN 978-0-87322-121-4.

27. Esparza-Ros, F.; Vaquero-Cristóbal, R.; Marfell-Jones, M. International Standards for Anthropometric Assessment, 2019 edition;
International Society for the Advancement of Kinanthropometry (ISAK): Murcia, Spain, 2019; ISBN 978-84-92986-15-6.

28. Physical Status: The Use of and Interpretation of Anthropometry, Report of a WHO Expert Committee. Available online:
https://www.who.int/publications/i/item/9241208546 (accessed on 15 October 2025).

29. Yanovski, S.Z.; Hubbard, V.S.; Heymsfield, S.B.; Lukaski, H.C. Bioelectrical Impedance Analysis in Body Composition Mea-
surement: National Institutes of Health Technology Assessment Conference Statement. Am. J. Clin. Nutr. 1996, 64, 524S–532S.
[CrossRef] [PubMed]

30. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Routledge: London, UK, 2013; ISBN 978-1-134-74270-7.
31. Benjamin, D.J.; Berger, J.O.; Johannesson, M.; Nosek, B.A.; Wagenmakers, E.-J.; Berk, R.; Bollen, K.A.; Brembs, B.; Brown, L.;

Camerer, C.; et al. Redefine Statistical Significance. Nat. Hum. Behav. 2017, 2, 6–10. [CrossRef] [PubMed]
32. Wells, J.C.K. Sexual Dimorphism of Body Composition. Best Pract. Res. Clin. Endocrinol. Metab. 2007, 21, 415–430. [CrossRef]

[PubMed]
33. Briand, M.; Raffin, J.; Gonzalez-Bautista, E.; Ritz, P.; Abellan Van Kan, G.; Pillard, F.; Faruch-Bilfeld, M.; Guyonnet, S.; Dray, C.;

Vellas, B.; et al. Body Composition and Aging: Cross-Sectional Results from the INSPIRE Study in People 20 to 93 Years Old.
GeroScience 2025, 47, 863–875. [CrossRef]

https://doi.org/10.3390/jfmk11010081

https://doi.org/10.1016/j.clnu.2004.06.004
https://doi.org/10.1007/s11154-023-09799-0
https://doi.org/10.1016/j.clnu.2012.05.008
https://doi.org/10.1038/ki.1994.305
https://www.ncbi.nlm.nih.gov/pubmed/7967368
https://doi.org/10.1371/journal.pone.0058533
https://www.ncbi.nlm.nih.gov/pubmed/23484033
https://doi.org/10.1007/s11154-023-09803-7
https://www.ncbi.nlm.nih.gov/pubmed/37043140
https://doi.org/10.1371/journal.pone.0197957
https://doi.org/10.1016/j.exger.2013.11.016
https://doi.org/10.1016/j.clnu.2019.07.004
https://doi.org/10.3390/jfmk10040415
https://doi.org/10.1002/ajhb.22728
https://doi.org/10.1016/j.amjcard.2018.11.001
https://doi.org/10.1001/jama.2013.281053
https://www.who.int/publications/i/item/9241208546
https://doi.org/10.1093/ajcn/64.3.524s
https://www.ncbi.nlm.nih.gov/pubmed/8780375
https://doi.org/10.1038/s41562-017-0189-z
https://www.ncbi.nlm.nih.gov/pubmed/30980045
https://doi.org/10.1016/j.beem.2007.04.007
https://www.ncbi.nlm.nih.gov/pubmed/17875489
https://doi.org/10.1007/s11357-024-01245-6
https://doi.org/10.3390/jfmk11010081


J. Funct. Morphol. Kinesiol. 2026, 11, 81 15 of 15

34. Barbosa-Silva, M.C.G.; Barros, A.J.D.; Wang, J.; Heymsfield, S.B.; Pierson, R.N. Bioelectrical Impedance Analysis: Population
Reference Values for Phase Angle by Age and Sex. Am. J. Clin. Nutr. 2005, 82, 49–52. [CrossRef]

35. Bosy-Westphal, A.; Danielzik, S.; Dörhöfer, R.-P.; Later, W.; Wiese, S.; Müller, M.J. Phase Angle from Bioelectrical Impedance
Analysis: Population Reference Values by Age, Sex, and Body Mass Index. JPEN J. Parenter. Enteral Nutr. 2006, 30, 309–316.
[CrossRef]

36. Kelly, T.L.; Wilson, K.E.; Heymsfield, S.B. Dual Energy X-Ray Absorptiometry Body Composition Reference Values from NHANES.
PLoS ONE 2009, 4, e7038. [CrossRef]

37. Di Vincenzo, O.; Marra, M.; Di Gregorio, A.; Pasanisi, F.; Scalfi, L. Bioelectrical Impedance Analysis (BIA) -Derived Phase Angle
in Sarcopenia: A Systematic Review. Clin. Nutr. Edinb. Scotl. 2021, 40, 3052–3061. [CrossRef]

38. Campa, F.; Coratella, G.; Cerullo, G.; Stagi, S.; Paoli, S.; Marini, S.; Grigoletto, A.; Moroni, A.; Petri, C.; Andreoli, A.; et al. New
Bioelectrical Impedance Vector References and Phase Angle Centile Curves in 4,367 Adults: The Need for an Urgent Update after
30 Years. Clin. Nutr. 2023, 42, 1749–1758. [CrossRef]

39. Kyle, U.G.; Genton, L.; Slosman, D.O.; Pichard, C. Fat-Free and Fat Mass Percentiles in 5225 Healthy Subjects Aged 15 to 98 Years.
Nutrition 2001, 17, 534–541. [CrossRef]

40. Marini, E.; Campa, F.; 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]

41. Piccoli, A.; Pastori, G.; Codognotto, M.; Paoli, A. Equivalence of Information from Single Frequency v. Bioimpedance Spectroscopy
in Bodybuilders. Br. J. Nutr. 2007, 97, 182–192. [CrossRef]

42. Giakoni-Ramírez, F.; Muñoz-Strale, C.; De Souza-Lima, J.; Aránguiz Dote, L.; López-Gil, J.F.; Clemente-Suárez, V.J.; Yáñez-
Sepúlveda, R. Hydration Strategies and Body Composition Differences in Male and Female Elite Bodybuilders During Competi-
tion. Nutrients 2025, 17, 1554. [CrossRef]

43. Nunes, J.P.; Araújo, J.P.M.; Ribeiro, A.S.; Campa, F.; Schoenfeld, B.J.; Cyrino, E.S.; Trindade, M.C.C. Changes in Intra-to-Extra-
Cellular Water Ratio and Bioelectrical Parameters from Day-Before to Day-Of Competition in Bodybuilders: A Pilot Study. Sports
2022, 10, 23. [CrossRef]

44. Frau, F.; Pizzo Junior, E.; Cabras, S.; Massidda, M.; Marini, E. Non-Linear Association Between Phase Angle and Body Fat in a
Sample of US Adults. Biology 2025, 14, 1621. [CrossRef]

45. Coëffier, M.; Gâté, M.; Rimbert, A.; Petit, A.; Folope, V.; Grigioni, S.; Déchelotte, P.; Achamrah, N. Validity of Bioimpedance
Equations to Evaluate Fat-Free Mass and Muscle Mass in Severely Malnourished Anorectic Patients. J. Clin. Med. 2020, 9, 3664.
[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/10.3390/jfmk11010081

https://doi.org/10.1093/ajcn/82.1.49
https://doi.org/10.1177/0148607106030004309
https://doi.org/10.1371/journal.pone.0007038
https://doi.org/10.1016/j.clnu.2020.10.048
https://doi.org/10.1016/j.clnu.2023.07.025
https://doi.org/10.1016/S0899-9007(01)00555-X
https://doi.org/10.1016/j.clnu.2019.02.016
https://doi.org/10.1017/S0007114507243077
https://doi.org/10.3390/nu17091554
https://doi.org/10.3390/sports10020023
https://doi.org/10.3390/biology14111621
https://doi.org/10.3390/jcm9113664
https://doi.org/10.3390/jfmk11010081

	Introduction 
	Materials and Methods 
	The Sample 
	Measurements 
	Statistical Analyses 

	Results 
	Discussion 
	Sexual Dimorphism 
	Age Related Variability 
	Inter-Population Variability 
	Illustrative Applications 

	Conclusions 
	References

