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ARTICLE INFO SUMMARY
Am’c{e history: ) Background & aims: The bioelectrical impedance vector analysis (BIVA) represents a qualitative analysis
Received 27 April 2023 of body composition. The vector, defined by resistance (R) and reactance (Xc) standardized by stature,

Accepted 27 July 2023 can be evaluated compared to the 50%,75%, and 95% tolerance ellipses representative of the reference

populations. The tolerance ellipses for healthy adults have been provided in 1995 and were developed by
Keywords: mixing underage, adult, and elderly subjects, possibly misrepresenting the actual adult population. The

E{CA current multicentric, cross-sectional study aimed to provide new tolerance ellipses specific for the
. general adult population and as a secondary aim to present centile curves for the bioelectrical phase

Body composition )

Health angle. . .

Sport Methods: R, Xc, and phase angle were measured in 2137 and 2230 males and females using phase-

Nutrition sensitive foot-to-hand analyzers at 50 kHz. A minimum of 35 subjects were included for each sex and

age category from 18 to 65 years.
Results: The new mean vectors showed a leftward shift on the R—Xc graph with respect to the former
reference values (males: F = 75.3; p < 0.001; females: F = 36.6, p < 0.001). The results provided new 3rd,
5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97th percentile curves for phase angle, identifying time point
phases of decrement (males: —0.03° per year at 33.0—51.0 years and —0.05° per year after 51 years;
females: —0.03° per year from 37.2 to 57.9 years).
Conclusions: Compared to the original references, the new data are characterized by a different distri-
bution within the R-Xc graph with a higher phase angle. Thirty years after the BIVA invention, the
current study presents new tolerance ellipses and phase angle reference values for the adult population.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The bioelectrical impedance analysis (BIA) has been proposed as
a low-cost, portable, and time-efficient method for assessing body
composition [1,2]. Based on the electrical properties of each bio-
logical structure, pioneering studies have first used BIA to examine
the correlation of the impedance with the blood flow conductive
volume [3] and then with the total body water [4,5]. At the end of
the 1980's Lukaski [6] and other authors [7—13] started to transfer
the theoretical basics of BIA to the assessment of different body
composition components. In detail, the bioelectrical impedance is
geometrically composed by resistance (R) and reactance (Xc)
[impedance = (R?> + Xc?) * 0.5]. The bioelectrical R represents the
opposition offered by the body to the flow of an alternating elec-
trical current and is inversely related to the water and electrolyte
content of the body [4]. The bioelectrical Xc, is related to the
capacitance properties of the cell membrane and to variations that
can occur depending on its integrity [4]. Additionally, the capaci-
tance causes the administered current to lag behind the voltage,
and it creates a phase shift that is represented by the bioelectrical
phase angle [4]. Regardless of the technology used for assessing the
bioelectrical features, the term “phase-sensitive devices” is
commonly used in the biomedical literature to describe those de-
vices that provide not only the impedance value, but also show its
factors (R and Xc) and phase angle [14,15].

Since then, the BIA has been used to estimate body fluids and
other body mass components through predictive equations [14].
However, the predictive equations show high accuracy only
when the subjects' characteristics comply with the characteris-
tics of the population for which the predictive equations have
been developed [14,16]. Indeed, since the very first predictive
equations were based on different pooled populations, following
studies have created specific predictive equations for given
populations [14,16]. Notwithstanding, some devices do not allow
a customized use of the predictive equations and predict body
composition regardless of the subject's characteristics [1]. While
progressions have been made in developing population-targeted
predictive equations, it was immediately clear that the optimal
use of the BIA to predict body composition would have required
several years to develop a wide range of population-specific
predictive equations, differentiating them for each body mass
component [17]. Not to mention that even the optimal predictive
equations contain a minimum standard error of estimation, and
that the proliferation of regression equations hampers the
comparability of the results.

For all the reasons above, in 1994 Piccoli and colleagues tried to
develop an alternative approach to estimate the variation in body
fluids using the BIA [17]. The authors used the whole-body R and Xc
values derived from a 50-kHz signal, normalized for the subject's
stature and plotted on the R-Xc graph, and yields a vector that has a
length and a direction [17]. With the bioelectrical impedance vector
analysis (BIVA), the length of the vector is inversely related to the
total body water [17]. Additionally the vector direction, defined as
the phase angle, was initially interpreted as the amount of body cell
mass [17], and subsequently as an indicator of the fluid distribution
among the intra and extracellular spaces [18—20]. Such a method
permits a qualitative analysis, thus addressing the previous limi-
tations concerning the regression error of estimations, the technical
error in the reference methods, the limitations of the bioelectrical
volume model (that is, the anisotropy of tissues and length of the
cylinder), and the biological variability (that is, the inter-individual
body composition differences) that propagate [21]. Purposedly,
Piccoli and colleagues provided graphical elliptical probability areas
(50%, 75%, and 95% tolerance ellipses) for comparing individual
vectors with normative values for the healthy general population.
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These references were initially developed on a sample of 85 male
and female subjects [17] and subsequently updated on 354 males
and 372 females [22]. Using the center of the major (vertical) axis of
the tolerance ellipses as a reference, the vectors ending outside the
upper region of the 50% tolerance ellipse are interpreted as a person
with less body fluid content than the mean with thresholds at 75%
and 95% for more extreme conditions, and vice versa for shorter
vectors. Referring to the center of the minor (horizontal) axis,
vectors outside of the left region of the 50% tolerance ellipse indi-
cate greater intra/extracellular water ratio, and vice versa for the
right pole. The current BIVA paradigm is schematically depicted in
Fig. 1. For a proper interpretation of Fig. 1, a seven-point scale is
obtained considering the 3rd, 12.5th, 25th, 50th, 75th, 87.5th, and
97th percentiles for both axes. Additionally, the center and the
extremities of the axes represent the mean values with standard
deviations, respectively.

The BIVA has become popular over the years as a procedure to
classify the people’s body composition with respect to the reference
population. For example, considering the center of the ellipses as
the mean bivariate value for the bioelectrical proprieties of a
certain population, shorter vectors identify subjects with more
fluids, as in the case of obesity or inflammation status, whereas
longer vectors represent subjects with less total body water, as in
the case of lean individual or dehydration status. In addition, vec-
tors displayed on the left side of the ellipses generally result in
subjects with higher muscle mass and in contrast rightward vectors
commonly occur in sarcopenic people [17,23]. It appears obvious
that the sample constituting the reference population is a key
aspect of this qualitative analysis. Indeed, further studies have
validated tolerance ellipses for different groups such as pediatric
[24—26], elderly [27,28] and several sport-specific populations [15].
That said, possible methodological limitations can be found in the
reference values provided by Piccoli et al. [22]. Indeed, the original
investigation used a mixed sample made by participants aged
15—85 years, considering underage, adult, and older people as a
single population. Additionally, the authors did not specify the sub-
samples for each age category, so it is impossible to weigh how
much each age category influenced the normative values and the
tolerance ellipses. Notwithstanding, that work continues to be a
milestone for both scientists and practitioners interested in BIVA,
resulting in possible mismatching when interpreting the subjects'
body composition. For example, subsequent studies showed that
elderly or pathological people resulted within the reference 50%
tolerance ellipse, which appeared as anomalous given that those
ellipses should reflect target values, especially in the case of the 50%
tolerance ellipse. More in detail, several studies showed elderly
people [29—40] positioned on the left side of the major axis within
the 50% where healthy adults are expected [17,41], and other
studies within the 75% and 95% tolerance ellipses [40,42] where the
athletic population is expected [43,44]. In line with this anomaly,
some studies showed male and female sarcopenic [40,45,46] or
malnourished [35,37,47] subjects within the 50% tolerance ellipse,
at the very least again something unexpected. It appears therefore
that either all the populations investigated in these studies repre-
sent a uniqueness in the body composition literature, or the toler-
ance ellipses provided by Piccoli et al. [22] cannot be intended as a
reference for the healthy adult population.

Therefore, the purpose of the present study was to provide new
tolerance ellipses for the general adult population, considering only
adults and subsampling the population in age categories with
similar sample size. As a secondary aim, given that the phase angle
has been raising attention in the literature as an independent
qualitative method to interpret the bioelectrical values [23,48], we
aimed to provide centile curves and describe its trend during
adulthood.
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Fig. 1. The R-Xc graph with the probability outcomes of mean and standard deviations (SD), percentiles, and tolerance ellipses. The interpretation considering the placement of the
vector along the major and minor axis is projected above. TBW: total body water; ICW/ECW: intra/extracellular ratio; BCM: body cell mass.

2. Methods
2.1. Participants

A total of 4367 participants aged from 18 to 65 years, 2137 males
(BMI = 25.1 + 3.1 kg/m?) and 2230 females (BMI = 23.9 + 3.2 kg/
m?) were involved in this study. The detailed anthropometric
characteristics of the participants are reported in Supplementary
Table 1. Subjects reporting pulmonary disease, severe cardiovas-
cular or uncontrolled metabolic diseases (diabetes, anemia, or
thyroid disease), electrolyte abnormalities, cancer, inflammatory
conditions, and the use of any implanted electrical devices were
excluded from the study. The recruitment occurred through ad-
vertisements located in Universities, medical and sports centers
across the Italian territory starting from January 2020.

2.2. Procedures

The present investigation was conceived as a multicenter, cross-
sectional study, involving 10 Departments from eight Italian Uni-
versities in the data collection. The anthropometric assessments
were taken in agreement with international criteria [49]. All the
bioelectrical impedance analyses were performed by using foot-to-
hand phase sensitive impedance analyzers (BIA 101, 101 anniver-
sary, or BIVA PRO, Akern, Florence, Italy) at a single frequency of
50 kHz. The measurements were made on isolated cots from
electrical conductors, with the participants supine with a leg
opening of 45° compared to the median line of the body and the
upper limbs, abducted 30° from the trunk [50]. After cleaning the
skin with isopropilic alcohol, four low-intrinsic impedance adhe-
sive electrodes (Biatrodes Akern Srl, Florence, Italy) were placed in
accordance with the International guidelines [50]. Experienced
operators performed the procedures. The participants were
instructed to avoid any food or beverage for the previous 4 h, as
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well as intensive exercise or alcohol intake for the previous 12 h
before the test. No differences were detected between the analyzers
used in the different centers (intraclass correlation
coefficient = 99.8%). Prior to each test session, the accuracy of the
analyzers was verified using a reference circuit with acceptance for
R measurements of 383 ohm (Q) and Xc values of 46 Q; the
test—retest coefficient of variation (CV% = standard deviation/
mean x 100%) on duplicate measurements of R and Xc was 0.3%
and 0.9%, respectively. The bioelectrical phase angle was calculated
as the arctangent of Xc/R x 180/m.

2.3. Statistical analysis

Statistical analysis was conducted using R (version 3.4.1), BIVA
software [51], and Lambda Mu and Sigma (LMS) method (LMS
chart-maker Pro version 2.4, 2008). The mean + standard deviation
was calculated for each variable. Normal distribution of data was
evaluated using the Shapiro—Wilk test. The two-sample Hotelling's
T? test was used to compare the differences in the mean bioelec-
trical impedance vector between the reference values provided by
Piccoli et al. [22] and those calculated in the current study. The
Mahalanobis distance (D?), which represents a multivariate mea-
sure of effect and a multivariate measure of distance, was calculated
to determine the magnitude of difference between the mean group
vectors. D?> was interpreted according to the following Stevens's
[52] guidelines: 0.25—0.49: small; 0.5—0.99: medium; >1: large.
Thereafter, the 50%, 75%, and 95% tolerance ellipses and smoothed
age and sex-specific percentiles (3rd, 5th, 10th, 25th, 50th, 75th,
90th, 95th, and 97th) for phase angle were generated. To better
understand the vector distribution of the participants on the new
and the former ellipses, they were grouped into six age categories
(18 to <20, 20 to <30, 30 to <40, 40 to <50, 50 to <60, and 60—65
years) for representing each decade during the adulthood, as done
in previous studies where body composition references were
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provided [27,53,54]. The LMS method was used to graphically
provide the annual rate of change of phase angle, with three
reference curves representing the median (M), the coefficient of
variation (S), and the power to remove skewness from the data (L)
by age and was implemented in the Generalized Additive Model for
Location, Scale, and Shape (GAMLSS) package included in R soft-
ware. In the LMS method, GAMLSS parameters and the parameters
of Box—Cox power exponential distribution were used for model
fitting to data. These reference curves were fitted to the original
data and the best fit was used to construct smoothed percentile
curves. After the application of the BoxCox power transformation,
the data at each age were normally distributed and the points on
each percentile curve were defined in terms of the formula: M =
(1 +LSz) 1/LwhereL, M, and S are values of the fitted curves at each
age, and z indicates the z-score for the required percentile. For both
sexes, simple linear regressions of the dependent variable (phase
angle) vs. the explanatory variable (age) were empirically investi-
gated and tested for changes in the response variables' slope
(Davies test) and for the existence of time points (Pscore test). To
identify the time point(s) where a change in the slope of phase
angle is observed, we performed a segmented regression analysis
using the “segmented” package (v 1.0.0), selecting the model with
the lower Bayesian information criterion value. Delta method and
sandwich estimator for the standard errors were used to compute
95% confidence interval (CI) of the time point estimates. The slope
coefficient estimates and the related 95% CIs were reported, and
significant slopes were detected using p-value set at <0.05.

3. Results

The bivariate comparison between the mean bioelectrical
impedance vectors of the new and the former reference ellipses
[22] showed a significant difference for both males (T? = 506.9,
F = 253.3, p < 0.001, D? = 1.29) and females (T? = 418.9, F = 209.4,
p < 0.001, D? = 1.15), resulting in a leftward shift of the new 50%,
75%, and 95% tolerance ellipses on the R-Xc plan (Fig. 2, panel B and
D). The new 50%, 75%, and 95% tolerance ellipses are presented in
Fig. 2 (panel A and C).

The mean vectors were empirically calculated for six age cate-
gories and plotted against the former [22] and the new tolerance
ellipses (Fig. 3). The age categories up to 49 years were initially
positioned at the extremity of the 50% tolerance ellipse while are
now aligned with the major axis of the ellipses. Additionally, the
age categories from 50 years were initially positioned within the
50% tolerance ellipse on the left side of the major axis, while are
now in the right side with respect to the major axis of the R-Xc
graph.

The reference centile curves for the phase angle are shown in
Fig. 4 for male (upper panel) and female (lower panel) participants.
The mean values are reported in Supplementary Table 2.

Figure 5 shows the annual rate of the changes in phase angle for
males (upper panel) and females (lower panel). The vertical dotted
lines represent the time point(s) where significant changes occur in
the phase angle trend. When phase angle was modeled against age
in male participants, we identified two time points of change
estimated at 33.0 years (95% CI: from 32.5 to 33.6 years) and 51.0
years (95% Cl: from 50.4 to 51.6 years), with a mean decrement
of —0.029°/y (95% CI: from —0.040 to —0.018°/y, p < 0.001) between
33.0 and 51.0 years and —0.049°y (95% CI: from —0.065 to —0.034°/
y, p < 0.001) after 51 years. Two time points were identified for
female participants, showing a mean phase angle decrease
of —0.026°/y (95% CI: from —0.034 to —0.018°/y, p < 0.001) from
37.2 years (95% CI: from 36.7 to 37.8 years) to 57.9 years (95% Cl:
from 57.3 to 58.5 years). After the second time point the phase

1752

Clinical Nutrition 42 (2023) 1749—1758

angle plateaued (slope: —0.005°/y, 95% CI: —0.037 to —0.025°]y,
p = 0.781) in the female participants.

4. Discussion

The primary aim of the present study was to provide new 50%,
75%, and 95% reference tolerance ellipses of the general adult male
and female population for assessing body composition using BIVA.
A secondary aim was to present centile curves for the bioelectrical
phase angle, identifying the transition/change time points across
the adult's lifespan. The results showed that the new tolerance
ellipses have been moved leftward compared to the previous ref-
erences provided by Piccoli et al. [22]. Therefore, whatever the
position on the R-Xc graph of a given population or subject, the
vector now shows a rightward shift than in the previous ellipses.
Additionally, the phase angle undergoes decrements across the
lifespan that are clearly visible at two time points for males (33 and
51 years old) and from 37 to 57 years old in females. The current
study provides new and updated reference values for conducting
qualitative analysis using BIVA or phase angle.

The qualitative analysis using the BIVA consists of evaluating the
vector position within the R-Xc graph with respect to 50%, 75%, and
95% tolerance ellipses (Fig. 1). The center of the ellipses indicates
the mean of the population's bivariate values of R/H and Xc/H, as
well as the 50th percentiles with respect to the major and minor
axes. In practical terms and in accordance with the relationship
between the bioelectrical properties and the body composition, the
major axis describes the body fluid content, while the minor axis
describes the body fluid distribution between the intra and extra-
cellular spaces [23,55]. Therefore, when comparing the new vs the
former reference tolerance ellipses provided by Piccoli et al. [22], it
appears quite clear that the two samples used for indicating the
healthy population have different body composition features,
depending on a series of reasons. First, while we examined a
sample including apparently healthy people aged from 18 to 65
years old, Piccoli et al. [22] developed their tolerance ellipses based
on a population spanning from 15 to 85 years old, thus including
both underage and elderly people. Both these populations have
different characteristics than adults, and especially lower muscle
mass and consequently less intracellular water [56], whose amount
reflects the direction of the vector. Thus, the tolerance ellipses by
Piccoli et al. [22] for the general population appear affected by the
characteristics of other populations that should have been consid-
ered separately. Second, strictly linked with the previous point, the
sub-samples for each age category were not stated [22], thus it is
unknown how much each population's characteristics weighted on
the position of the ellipses within the R-Xc plan. To address this
issue, the new reference tolerance ellipses have been made using
consistent sub-sampling for each age category. To summarize, we
acknowledge the enormous value of the work made by Piccoli and
colleagues to address the issues concerning the quantitative anal-
ysis through BIVA. However, the current study provides updated
references based on more restrictive criteria, and we believe that
the new tolerance ellipses are more specific for the adult
population.

The use of reference tolerance ellipses that were not reflecting
the characteristics of the general adult population may have led to
inappropriate interpretation of BIVA in several studies (Fig. 6). For
example, elderly people were placed on the left of the major axis
within the 50% [29—34,36,38], 75% [26,38,39,42], and 95% [35,37]
tolerance ellipses, where adults or physically active people are
expected [41]. In contrast, when plotting them on the new toler-
ance ellipses, they are now on the right of the major axis, where
people below the mean (in terms of total body water and intra/
extra cellular water ratio) are expected. Similarly, malnourished
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Fig. 4. The reference percentile curves for the phase angle in male (upper panel) and female (lower panel) participants.

and sarcopenic people [35,37,40,45—47] were initially positioned
within the 50% tolerance ellipse, and are now within the 75%
[35,37,45] and out of the 95% tolerance ellipses [40,46]. Since the
purpose of the tolerance ellipses should be to provide target zones
for specific populations, our study offers new solutions to re-
searchers and practitioners interested in BIVA, having the charac-
teristics of the general adult population as a reference. However,
the comparisons with previous studies may suffer from the differ-
ences among populations involved in the research. Indeed, the
literature has shown bioelectrical differences in samples of
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individuals classified by ethnic group [57]. On the other hand, the
differences among individuals of European ancestry appear to be
not very pronounced [58], and the present references could be used
confidently.

The development of new bioelectrical references to qualitatively
evaluate body composition using BIVA has called for a necessary
presentation of centile curves for the bioelectrical phase angle. The
phase angle was associated with body composition [15,23], mor-
tality rate [48,59], nutritional status [60], and physical performance
[15,23], hence pointed as a different possibility for a qualitative
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approach to the bioelectrical data. The average data of all the par-
ticipants showed a phase angle equal to 6.9° for males and 6.1° for
females. A direct comparison with the work of Piccoli et al. [22]
cannot be made because the phase angle values were not provided.
However, we had the possibility to compare the two mean vectors,
resulting in a large (D? > 1) leftward shift of the present mean
vector compared to what reported by Piccoli et al. [22]. Since the
phase angle is the graphical representation of the distance of the
vector from the X axis, we may argue that the phase angle values of
the population examined by Piccoli et al. [22] should have been
lower. A further counterprove is that the people aged >60 years
examined here (mean phase angle = 6.2° for males and 5.8° for
females) were positioned on the left side, far from the center of the
former tolerance ellipses (Fig. 3). Recently, reference centiles for the
athletic population [61] have been developed starting with a
sample aged 20—30 years old, showing phase angle mean values at
the 50th percentile of 7.7° and 6.8° for males and females,
respectively. Performing an age-matched comparison, the present
data indicate the 50th percentile mean values of 7.3° and 6.2° in the
same age category. Such a between-population difference should
derive from the greater amount of intracellular water, possibly
reflecting greater muscle mass in the athletic population [61]. The
centile curves provided here can help practitioners with novel
reference values to evaluate the body composition characteristics of
a given person with respect to the general adult population.
Another important aspect to be considered is how the phase
angle changes across the lifespan. A recent meta-analysis
involving more than 250,000 male and female subjects [59]
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highlighted that the phase angle increases progressively from the
first years of life until 18 years, then stabilizes from 19 until 48
years and progressively decreases thereafter. However, the au-
thors acknowledged that the majority of the studies did not
report the characteristics of the devices used for the BIA [59].
Since recent studies showed a lack of agreement between raw
bioelectrical parameters measured with different technologies
[62,63], the validity of the data resulting from the meta-analysis
can be questioned. In the current study we used the foot-to-hand
technology at a single frequency of 50 kHz to collect all data, an
analysis acknowledged as the most accurate with respect to the
gold standard methods [1]. As concerns the male sample, in-
crements in phase angle are visible up to 33 years, when an
inversion of the curve started with a decrement in phase angle,
that becomes significantly greater at 51 years. In females the
phase angle started to decrease at 37 years and plateaued around
58 years. Importantly, We would like to underline that physical
activity and particularly resistance training can increase the
phase angle, contrasting its decline induced by inactivity or aging
[64].

A strength of this study is the large sample size of 2137 males
and 2230 females in comparison to the 354 male and 372 female
subjects proposed as reference for the general population studied
by Piccoli et al. [22]. Apart from what has already been said, these
new ellipses arrive 30 years after the first, a period during which
even the secular trend [65] could have had an effect on the change
in body composition characteristics in the general population.
Some limitations of this study should also be acknowledged. Our
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Fig. 6. Mean vector data from literature [26,29—38,40,42,45—47] plotted on the new and former (in the background) [22] reference ellipses for males (panel A and C) and females
(panel B and D). Upper panels (A and B) include data on elderly people. Lower panels (C and D) include data on pathological subjects.

results are only applicable when using phase-sensitive foot-to-
hand technologies operating at a single frequency of 50 kHz.
Moreover, the proposed references are applicable to the adult
population that was examined in the present study and to pop-
ulations with similar biological and cultural characteristics, for
example most people of European geographic ancestry. The newly
proposed ellipses could be tested to check their suitability in other
adult populations, considering possible genetic differences in body
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size and proportions, or socio-cultural peculiarities related to
ethnicity. However, more studies are needed to analyze population
variability of body composition and to disentangle the effects of
biology and culture. Although we believe that the present results
give added value to BIVA, in absence of the outcomes of such
studies and of possible new population-specific references, scien-
tists and practitioners should be aware that the present ellipses
need caution when interpreted in different populations.
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5. Conclusions

The present study provides new 50%,75%, and 95% tolerance
ellipses for using in BIVA in relation to adult references 30 years
after their invention. The current updated references allow re-
searchers and practitioners for a more specific assessment to
compare the bioelectrical characteristics with those of the general
adult population, considering that the current references derive
from people from the Italian territory. A further possibility has been
presented for qualitatively using the single-frequency BIA data
providing centile curves for the phase angle. It is now possible to
refer at age-and sex-specific 3rd, 5th, 10th, 25th, 50th, 75th, 90th,
95th, and 97th percentiles, considering that time points of decre-
ment occur at 33 years and 51 years for males and from 37 up to 57
years for females. The qualitative BIVA and phase angle assess-
ments are now possible using reference values for the adult
population.
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