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Background: Obesity is a serious disease that burdens public health systems
around the world. It is a risk factor for the development of several non-
communicable chronic diseases that are related to the amount and distribution
of body fat. Body composition assessment using simple and low-cost
techniques can help in the early detection of excess fat, allowing for the
prevention and treatment of both obesity and associated diseases. Thus,
identifying and proposing valid anthropometric indices for this purpose can
be a great ally of health programs.

Objective: To verify the validity of the Body Adiposity Index (BAI) in relation to
Dual Energy X-Ray Absorptiometry (DXA) for estimating body fat percentage in
Brazilian adults, as well as to propose a new mathematical model to estimate
the fat-free mass of this population.

Methods: In a cross-sectional study, 424 subjects (of which 220 were women),
aged between 20 and 59 years, were evaluated by BAl and DXA, then randomly
divided into two groups stratified by sex: the development group (n = 283) and
the cross-validation group (n = 141). Statistical analyses to test the validity of
BAIl as a predictor of fat mass, in addition to proposing a new mathematical
model for estimating fat-free mass, using DXA as a reference method. The
analysis included paired t-test, stepwise multiple regression, coefficient of
concordance correlation, and Bland-Altman plots.

Results: The BAI validity analysis showed a low correlation coefficient
of agreement [CCC = 0.626; p (precision) = 0.795; Cy(accuracy) =
0.787]; in addition, the mean difference in the Bland-Altman plot was
different from zero in the cross-validation group (p < 0.01) and limits
of agreement (LOA) ranged between—8.0 and 14.4kg, indicating a
poor agreement between the BAI and the reference method. The new
mathematical model for estimating FFM showed a high correlation
coefficient of agreement (CCC = 0.952; p = 00953, Cp, = 0.999), in
addition to acceptable LOA in the Bland-Altman plot (-6.7 and 6.7).
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Conclusion: In the studied sample, the BAl showed low validity for estimating
body fat, while the new proposed model was found to be a good option to
assess the body composition of Brazilian adults.

obesity, physical evaluation, body composition, Body Adiposity Index, fat percentual,
body fat percentage, fat-free mass

Introduction

Obesity is a severe disease overloading public health systems
worldwide. It is an important risk factor for developing
chronic diseases such as hypertension and diabetes, as well
as cardiovascular and cerebrovascular events (1). Such a
risk impact on secondary conditions is related to body fat
distribution, i.e., an abnormal amount of body fat exerts an
independent risk according to morbidity and represents a
different impact in relation to other forms of excessive weight
(2, 3).

Body composition assessments, ie., determining the
proportions of fat mass and fat-free mass, are an essential
factor for prescribing and monitoring dietary and exercise
programs, as well as verifying the response to such programs
and health treatments (4). The most accurate method for
the body composition assessment is the four-compartment
model (4C) which is the criterion method for assessing fat
mass (FM) and fat-free mass (FFM) at the molecular level,
given that the variability of the main FFM components
(water, protein, and minerals) is assessed (5). Furthermore,
techniques such as magnetic resonance imaging (MRI) and
dual-energy X-ray absorptiometry (DXA) rely on high-cost
equipment and qualified personnel, so relatively simple
and low operating cost techniques such as anthropometry
and bioimpedance have been preferred in clinical and field
settings (5-7).

Several mathematical models and anthropometric indices
have been proposed to estimate different body components
and health risk factors, in order to simplify the role of health
professionals in clinical practice or field assessments (8-10).

Previously, in a study by Bergman et al. (11), a new
anthropometric index for the estimation of body fat mass was
presented, called the Body Adiposity Index (BAI). In this study,
the BAI was successfully validated using DXA as a reference
method, for the determination of body fat percentage (BF%)
in a sample of American and Mexican men and women.
Subsequently, Barreira et al. (12) tested the BAI in a large sample
of 3,851 subjects in Baton Rouge (USA) and concluded that the
BAI is not a valid predictor of BF%. Likewise, a study conducted
in Brazil (13) also pointed out that the BAI is not an efficient
predictor of BF% in young Brazilian athletes of both sexes.
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Considering the inconsistent findings regarding the validity
of the BAI for determining BF% in different population groups,
we hypothesized that the BAI may not be suitable for all
populations. We verified the need to test the validity of the
BAI to estimate the results obtained by DXA for BF% in
different Brazilian subpopulations. Thus, the objective of this
study was to verify the validity of the BAI in relation to DXA
for estimating BF% in Brazilian adults, as well as to propose
a new mathematical model to estimate the fat-free mass of
this population.

Methods

Sample

Four hundred and twenty-four participants (51.9% women,
20-59 years old), from the northeast region of Brazil, who
were recruited through dissemination among the participants
of university extension projects from the Physical Education
Department of the Federal University of Rio Grande do Norte
(UERN) were included in this cross-sectional study.

After their inclusion in the study, the sample was randomly
divided into two groups, i.e., the group used for the development
of a mathematical model for FFM (n = 283) and the cross-
validation group (n = 141). For the sample size calculation,
using FFM as a primary outcome, we considered a medium
to small effect size (0.10) with six predictors (independent
variables), with a type I error of 5% and a power of 95%. Using
these parameters, a total of 132 participants was required.

Procedures

All data collection was conducted in a single visit by
each participant to the laboratory to perform anthropometric
measurements and DXA assessments, after consenting to the
ethical terms approved by the Ethical Committee of the
University Hospital Onofre Lopes~-HUOL/UFRN-ID CODE:
34804414.7.0000.5292. Individuals with any physical deficiency,
prothesis, under specific diets, or reporting diuretic problems or
edema were excluded from the sample.
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Anthropometric evaluation

Weight (W) was measured using a Sanny® digital scale
(BL200PP, American Medical, Sdo Bernardo do Campo, Brazil),
with 0.1kg precision. Participants were barefoot and wearing
light clothes. The height (Ht) was measured using the
stadiometer Caprice Sanny® (American Medical do Brasil,
Sao Bernardo do Campo, Brasil) with 0.1cm precision, and
participants were barefoot, in an orthostatic position. Hip
circumference (HC) was measured using a Sanny® measuring
tape with 0.1cm precision, at the level of the maximum
extension of the buttocks posteriorly in a horizontal plane, as
described in the original BAI article (11). Waist circumference
(WC) was measured at the midpoint between the iliac crest
and the lower border of the last rib, using a Sanny®
anthropometric metal tape measure with 0.1 cm precision, with
the participants standing and the tape measure over bare skin
at the measurement site. The body mass index (BMI) was
determined as the body mass (kg)/heigh‘[2 (m).

Body adiposity index

The BAI was calculated using the height (Ht) and the hip
circumference (HC) in Bergman et al. (11) equation as:

HC (cm)

B = o v

Dual-energy X-ray absorptiometry

The DXA scan was performed using the Lunar Prodigy,
model NRL 41990 (GE Lunar®, Madison, WI, USA) with
participants in the supine position, feet attached and stabilized
to the stretcher, and hands in pronation. Measurements were
performed following the recommendations proposed by Nana
et al. (14). The body composition was determined by enCORE
software (GE Healthcare®, version 15.0, Madison, W1, USA).

Statistics

The Kolmogorov-Smirnov test was applied to verify the
normal distribution of the data. The descriptive analysis
consisted of the mean and standard deviation of all study
variables, and the comparisons between groups were performed
using Student’s ¢-test for independent samples.

To test the validity of the BAI to estimate BF%, the
means of the results obtained by BAI and measured by DXA
were compared using the paired ¢-test. In addition, Pearson’s
correlation coefficient (r), coefficient of determination (%),
and standard error of the estimate (SEE) were calculated. The
approach proposed by Lin (15) was used for the concordance
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correlation coefficient (CCC) analysis to verify the validity
(p) and accuracy (Cp,) between the estimated and measured
BF% values.

The stepwise multiple regression analysis was used to
propose the new mathematical model for FFM. The stepwise
regression analysis was conducted using FFM obtained by
DXA as a dependent variable and age, sex, weight, height, hip
circumference, and waist circumference as possible independent
variables. During model development, the normality of the
residuals and homogeneity of variance were tested. Significance
at p < 0.05 was established as the criterion for inclusion of
a predictor, whereas removal criteria were set at p > 0.1.
If more than one variable remained in the model, and to
assess multicollinearity, a variance inflation factor (VIF) and
the tolerance (reciprocal of VIF) were calculated for each
independent variable, and a VIF < 10 or tolerance higher than
0.1 was considered appropriate (16, 17). To verify the validity of
the proposed model, the same approach as described for the BAI
was used. For the cross-validation of the new model proposed in
this study, a multiple regression analysis was performed. In turn,
the new model accuracy was evaluated using pure error (PE),
which was calculated as the square root of the mean of the sum
of squared differences between the measurement and estimate
of FFM (18). The Bland-Altman (19) plots were used to verify
bias and concordance between FFM measurement and estimate,
in which the limits of agreement (LOA) were defined as the
mean of differences & 1.96 standard deviations, including the
analysis of the correlation between the mean and the difference
of the methods. Analyses were carried out with the statistical
package SPSS v.20.0 (SPSS Inc., IBM Corp., Armonk, New
York, NY, United States) and MedCalc version 12.5.0. Statistical
significance of p < 0.05 was considered for all tests.

Results

Table 1 describes the physical characteristics and body
composition variables for the developmental and cross-
validation groups, as well as for the whole sample with
no differences observed between the two groups (ie.,
developmental and cross-validation) (p > 0.05).

When testing the validity of the BAI to estimate the body
fat percentage, although the correlation with DXA was high (r
= 0.795 p < 0.01), it was found that there was a significant
difference when the mean results were compared with the
measurements obtained by DXA (DXA = 30.7 4+ 9.8; BAI
= 28.2 4+ 5.2; p < 0.01). The other validity criteria used are
presented in Table 2, together with the performance of the cross-
validation of the model proposed in this study for the estimation
of fat-free mass.

Table 3 shows the regression model for predicting FFM (kg).
The possible independent variables used were: age (years), sex,
weight (kg), height (cm), hip circumference (cm), and waist
circumference (cm). Only the variables that contributed to the
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TABLE 1 Descriptive characteristics and body composition of development and cross-validation groups (mean + sd).

Development group (DG) Cross-validation group (CVG)
Male Female Whole sample Male Female Whole sample

(n=136) (n=147) (n=283) (n=68) (n=73) (n=141)
Age (yrs) 36.6 +12.5 38.7 £13.0 37.7 £12.8 38.8 +12.8 40.0 £13.0 394 +129
Weight (kg) 784 +14.1 65.7 +13.3 71.8 £15.1 80.4 +13.0 66.8 +10.9 734 +13.7
Height (cm) 1749 £74 161.3 £6.3 167.9 £9.6 1745 £7,2 161.6 £6.9 167.8 £9.6
BMI (kg/mz) 25.6 +4.0 252 +49 254 +44 264 +39 25.7 +44 26.0 +4.2
FM (kg) 19.2 +£8.6 25.1 +£9.2 222 +94 21.0 +£8.0 258 +8.6 23.5 +8.6
FM (%) 238 £7.2 372 +£7.0 30.7 +£9.8 25.5 £7.0 379 +£7.7 319 +9.6
FFM (kg) 59.2 +£9.1 40.6 £5.9 49.6 +£12.0 59.4 +8.1 41.0 £5.9 499 +11.6
Hip circumference (cm) 99.6 £7.6 100.4 £9.5 100.0 £8.6 99.3 £8.6 102.4 £8.6 100.9 £8.7
Waist circumference (cm) 88.2 +11.7 823 +12.9 85.1 £12.6 90.6 +10.8 83.6 +14.6 87.0 +£13.3
BAI (BF%) 25.1 +34 31.1 +£5.0 282 +£52 252 +42 32.0 £5.3 282 +£52
BMI, Body Mass Index; FM, fat mass; FEM, fat-free mass; BAIL Body Adiposity Index; BF%, body fat percentage.
TABLE 2 Cross-validation of FFM predictive new model, and validation of BAI for BF%.

CCC Analysis
FFM (kg) p-value* CcCC o Cp r? PE (kg)
DXA 499 £ 11.6
New model 49.5+11.5 0.844 0.952 0.953 0.999 091 3.40
CCC Analysis
BF% p-value* CCC o Cp r? PE (%)

DXA 30.7+9.8
BAI 282+52 <0,001 0.625 0.795 0.787 0.63 6.54

BAL Body Adiposity Index; FEM, fat-free mass; BF%, body fat percentage; CCC, Concordance Correlation Coefficient; p, accuracy; Cy, validity; PE, pure error. 'Differences between

predictive models and reference method by paired t-test.

estimates using a backward stepwise approach were used in
the model. The performance of the developed model can be
observed by the high coefficient of determination (r?> = 0.91) and
low standard error of the estimate (SEE = 3.67 kg).

The resulting prediction model included is shown below,
including FFM (fat-free mass) in kg, height (Ht) in cm, weight
(W) in kg, sex (male = 0; female = 1), age in years, hip
circumference (HC) in centimeters and waist circumference
(WQC) in cm:

FFM = 26.771 + 0.143Ht + 0.725 W — 7.942Sex — 0.087Age
—0.328HC — 0.154 WC

From the results of FEM, it is possible to calculate FM
in kilograms by subtracting FFM from body mass (FM =
BM - FEM). Then, it is also possible to calculate body
fat percentage by the mathematical expression: BF% =
(EM x 100)/BM.
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Estimated FFM by the new model developed in this study
did not present significant differences in comparison with
the value determined by DXA for both the development
All

model

and cross-validation groups. used for
the their
validity. Additionally, no association was found between

0.08;

parameters
proposing and validating confirmed
the mean and the difference in the methods (r =
p=0.356).

Figure 1 presents the LOA in the cross-validation group for
BF% between the standard method (DXA) and the BAI and the
LOA for FFM between DXA and the new model developed in
this study.

The mean difference in the Bland-Altman plot was different
from zero in the cross-validation group for BAI (p = 0.006) but
was not different from zero for FFM by the new model (p =
0.728). For BAI, the LOA ranged between—8.0 and 14.4 for the
body fat percentage, while the LOA ranged between—6.7 and
6.7 kg for fat-free mass, indicating poor agreement between BAI
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TABLE 3 Regression model for the prediction of FFM (kg).

Variables included in the model Regression coefficient

Constant +26,771
Height +0.143
Weight +0.725
Sex —7.942
Age —0.087
Hip Circumference —0.328
Waist Circumference —0.154

10.3389/fnut.2022.888507

r? SEE p-value Collinearity statistics
Tolerance VIF
<0.001

0.648° 7.138 <0.001 0293 3.409
0.806° 5307 <0.001 0.130 7.695
0.884¢ 4.118 <0.001 0.355 2.816
0.893¢ 3.963 <0.001 0.799 1.252
0.902° 3.791 <0.001 0.182 5.489
0.909¢ 3.669 <0.001 0251 3.989

SEE, standard error of the estimate; VIF, variance inflation factor. Predictors: *(Constant), Height; (Constant), Height, Weight; ¢(Constant), Height, Weight, Sex; ¢(Constant), Height,
Weight, Sex, Age; ¢(Constant), Height, Weight, Sex, Age, Hip Circumference; f(Constant), Height, Weight, Sex, Age, Hip Circumference, Waist Circumference. The r? change was

significant for a, b, ¢, d, e, and f.

A r=0.68 (r2=0.46); p<0,0001
20
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FIGURE 1
Bland-Altman plots for the concordance limits between values
determined by the reference method (DXA) and BAI for BF% (A);
and between values determined by the reference method (DXA)
and New Model for FFM (B) in Brazilian adults, derived in
this study.

and DXA, but an acceptable agreement between the new model
and the reference method.
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Discussion

The objective of the present study was to evaluate the
validity of the BAI, using DXA as a reference, to estimate
body fat percentage in subjects from the Brazilian population.
The results did not confirm the validity of the BAI for
estimating body fat in Brazilian adults, which justifies the
need to create new mathematical models to estimate the
body composition of this population. Thus, we developed
and cross-validated a model for estimating fat-free mass
through anthropometric measurements, using DXA as a
reference method.

The BAI is an alternative DXA-based low-cost method for
determining body adiposity with a simplified protocol and
acceptable accuracy verified in different populations. However,
except for the applicability of BAI for the diagnosis of excessive
body fat, there is no consensus in the literature regarding its
validity in different populations (7, 20).

The equations for the development of BAI are based on body
height and hip circumference since these variables correlate with
the BF% verified by DXA. The original study-named BetaGene-
used men and women from the adult Mexican-American
population of the USA. Different populations show distinct
anthropometric characteristics, including body fat distribution
(21, 22). Thus, an index based on a certain population may
not attend to the specific characteristics of another population.
Such conflict in the applicability of BAI has been evidenced
by several studies (13, 20, 23-25). These reports consistently
show that the BAI does not offer a valid estimation of
BF% in subpopulations such as Caucasians, Europeans, adult
Americans, female athletes, Brazilian women, and children. In
line with the above, the main finding in our study was the
poor validity of BAI in relation to DXA, to estimate BF% in
Brazilian adults.

An issue that deserves to be highlighted is that the use of
BAI in men and women may have different associations with
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the body fat values obtained by DXA, which may be related to
the distribution of body fat, as it is more concentrated in the
gluteal-femoral region in women, in contrast to the abdominal
region in men (26), thus interfering with the results of the BAI,
which has hip circumference as one of its variables. In this
way, perhaps a model that also uses waist circumference would
provide better results.

Several studies have shown unsatisfactory results with the
use of the BAIL. Miazgowski et al. (27) analyzed 234 Caucasian
women aged between 20 and 40 years and found a moderate
correlation between the BF% values provided by the BAI and
DXA. The validity of the BAI was also tested in 106 Asian adults
by Lam et al. (24), and their results showed that the values
obtained by BAI underestimated the BF% of individuals by an
average of 5.77% in relation to DXA. Furthermore, Freedman
et al. (28) found that BAI values reported a 75% overestimation
in BF% of men and a 70% underestimation in women in a large
sample of 1,151 adults of different ethnicities (37% Caucasian,
27% Black, 25% Hispanic, 8% Asian, and 3% others).

Differences in fat distribution in different ethnicities have
been previously reported as being associated with environmental
and cultural factors, such as nutrition habits and physical activity
(21, 22). In this sense, despite the original study’s validation of
the BAI for the evaluation of BF% in North Americans, it seems
that this validation was biased by the ethnicity of the sample,
which was mostly Black.

The present study also found that there is a large difference
in the limits of agreement between the BAI and DXA, according
to the Bland-Altman plot. It was verified that the BAI might
underestimate BF% as much as 8.0% or overestimate it up
to 14.4% in adult Brazilians, which indicates that the BAI is
not an adequate tool for the determination of BF% in healthy
adult Brazilians. Convergently, Cerqueira et al. (20) previously
detected a tendency for an overestimation when applying the
BAI for the determination of BF% in Brazilians with low fat
mass, as well as an underestimation in Brazilians with obesity.

Another study carried out in Brazil analyzed the validity
of the BAI to estimate the BF% of 144 adults with
severe obesity (candidates for bariatric surgery), using air
displacement plethysmography (BOD POD®) as the standard
technique (29). The authors showed poor validity of the
BAI and LOA very close to those of the present study
for the percentage of body fat (-7.48 to 14.84). Thus, the
authors chose to develop a new mathematical model for the
study population.

In this sense, the creation of a mathematical model
for estimating body composition in the population of the
present study, using simple anthropometric measurements,
seems to be a viable way to obtain better results than
the BAIL Thus, we developed and tested the validity of
several models, and the one that presented the best results
of validity and cross-validation was the one that proposed
the estimation of fat-free mass and included as dependent

Frontiersin Nutrition

06

10.3389/fnut.2022.888507

variables height, weight, sex, age, hip circumference, and
waist circumference, with excellent prediction performance
observed by the high coefficient of determination (1> =
091) and low standard error of the estimate (SEE
3.67 kg).

The low cost and ease of use may explain the number of
studies that have been carried out to propose anthropometric
mathematical models for estimating body composition
in different groups or to validate existing ones (30-35).
However, most of these equations were proposed to meet
the specificities of the group under study, such as breast-
feeding children (30), children (34), adolescent athletes
(33),

(32) and elite athletes (35), among many others, which

healthy adults (31), or those with chronic diseases

cannot be generalized to groups other than the population
of origin.

Considering that there is no consensus on generalizable
anthropometric prediction equations to validly estimate
body composition, a comprehensive study was carried out
to develop and validate practical anthropometric predictions
for lean body mass, fat mass, and percent fat in adults
(men, n = 7,531; women, n = 6,534) participating in
the National Health and Nutrition Examination Survey
1999-2006 (36). The authors derived several regression
models, with different
including circumferences

anthropometric
skinfolds,
that a practical equation including age, race, height, weight,

measurements,
and and concluded
and waist circumference had a high predictive ability for
lean body mass and fat mass and that the inclusion of other
circumferences and skinfold thickness slightly improved the
prediction model.

There have been few studies carried out in Brazil
with the aim of proposing mathematical models based on
circumference measurements to estimate body composition.
In the same geographic region of the country where we
carried out our study, another study was previously carried
out that proposed predictive equations for fat mass and
fat-free mass of adolescents aged 10 to 16 vyears, based
on anthropometric measurements, and concluded that the
equations developed to estimate fat mass in females and fat-
free body mass in all genders had high adjusted coefficients of
determination (37).

More recently, in southern Brazil, a study was carried
out to propose mathematical models for
the percentage of body fat in women aged 18 to 35
(38).
the authors only used Pearson’s correlation coeflicient

estimating

years, based on body circumferences However,
and the paired t-test, in relation to DXA as a reference
method,

to validate and carry out the cross-validation of the

and lacked more robust statistical analyses
developed models.
In the same year, a mathematical model was developed to

estimate the BF% of Brazilian subjects with severe obesity, and
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candidates for bariatric surgery, demonstrating high validity
and limits of agreement similar to the present study, but this
model does not apply to our sample since the anthropometric
characteristics of the source population are very different from
our sample (29).

This study has several strengths. To our knowledge, this
is the first study to develop and cross-validate a predictive
equation for FFM by body circumference, using DXA as
a reference method, in Brazilian adults in the northeast
region. The mathematical model developed in our study
showed a high coefficient of determination and good limits
of agreement in relation to the reference method, and
all the parameters used for the proposition and cross-
validation of the model confirmed its validity for the
population studied (15, 18, 19, 39), which can be used to
monitor changes in FFM resulting from dietary and exercise
programs (40).

However, there are limitations to our study that must be
addressed. The sample included adults from only one region
of the country, and ethnicity was not assessed. Other studies
carried out in Brazil for the development of predictive equations
by anthropometry (38, 41) also used ethnically mixed samples,
miscegenation, and ethnic differences, which suggests the need
to validate the equation proposed in the study in other regions
of the country and with subjects from different ethnic origins.
Another important issue concerns the standard technique used.
The 4C model is the most appropriate reference method to assess
FM and FFM at the molecular level (5). However, due to the
complexity of the technique (42), the use of DXA to derive
anthropometric equations has been widely accepted (7, 34, 36,
37). It is noteworthy that the new equations are only useful for
Brazilian adults with similar characteristics. In addition, more
research should be carried out to test the accuracy of the new
model in tracking FFM.

Conclusion

In the studied sample, the BAI showed low validity for
estimating body fat, while the new proposed model proved
to be a good option to assess the body composition of
Brazilian adults. However, we are aware that the validity of
the proposed model must be tested in other regions of the
country and in other population groups in order to verify
its applicability.
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