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Abstract

Body composition algorithms are typically validated using multi-ethnic populations without
accounting for ethnicity. This might be problematic when using multi-frequency bioimpedance
analysis (MF-BIA) for Hispanics. Group error (i.e., constant error [CE]), individual error (i.e.,
95% limits of agreement [LOAs]), and proportional bias of MF-BIA were determined in Hispanic
men and women (n = 84 and 97, respectively) when using dual energy X-ray absorptiometry
(DXA) as a reference method. Due to the lack of an ethnic-specific impedance equation for
Hispanics, it was hypothesized that MF-BIA would be biased when compared to DXA. For body
fat percent (BF%), MF-BIA displayed similar CEx95% LOA for the sample (—3.17+5.45%),
males (—3.24+5.5%), and females (—3.2+5.4%) compared to DXA. However, moderate proportional
bias was present for females (r=0.48). The sample (/=0.22) and males (+=-0.04) had trivial-to-no
proportional bias. Regarding fat mass (FM), MF-BIA exhibited CE+95% LOA values of —1.4+4.2
kg for the sample, —1.9+4.6 kg for males, and —0.9+3.6 kg for females. There was strong
proportional bias for females (=0.68) and moderate bias for the sample (=0.36). No proportional
bias was observed for males (/=—0.02). For fat-free mass (FFM), males demonstrated the largest
CE+95% LOA (1.6+4.6), compared to the sample (1.2+£3.9 kg) and females (0.9+3.4 kg) when
MF-BIA was compared to DXA. No proportional biases existed for the sample (/=—0.01) or
males (/=—0.10). However, females exhibited a moderate, negative bias (=-0.38). Due to the
observed moderate-to-strong proportional biases within body composition estimates, the need for
ethnic-specific algorithms is warranted, particularly for the Hispanic female population.
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Visual Abstract

Proportional bias of multi-frequency bioimpedance
analysis is larger in Hispanic females compared to males
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DXA = Dual-energy x-ray absorptiometry; MF-BIA = Multi-frequency bioimpedance analysis;
FFM = Fat-free mass; BF% = Body fat percentage; CE = Constant Error; The middle solid lines
on the scatterplots indicate CE. The dashed lines represent the upper and lower limits of agreement
(x 1.96 SD). The dashed-dotted regression lines represent the proportional bias.
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1. Introduction

Dual energy X-ray absorptiometry (DXA) is an imaging-based body composition method
that has traditionally served as the “reference standard” for diagnosis of osteoporosis [1-3].
Nonetheless, the ability of DXA to quantify fat-free mass (FFM), fat mass (FM), and body
fat (BF%) has led to widespread use in clinical and research settings [4-6]. Despite the
multiple body composition metrics computed by DXA, issues may arise when attempting
to complete body composition assessments with the device. For instance, the use of DXA
in females that are pregnant or seeking to become pregnant should be avoided due to the
small quantity of radiation exposure. Radiation, albeit small, also limits the number of scans
that should be conducted via DXA in a year, especially when considering recent radiation
exposure from other clinical devices such as magnetic resonance imaging and computed
tomography [7]. Finally, the cost of acquiring and maintaining a DXA machine can be
problematic for clinics and laboratories operating with a limited budget. Consequently,
alternative methods such as multi-frequency bioimpedance analysis (MF-BIA) can be used
as a surrogate of DXA in these circumstances.

Bioimpedance devices are designed to estimate the water content of FFM, which can then be
used to solve for other body composition metrics such as FM and BF%. One limitation

of bioimpedance technology is that it assumes the water content of FFM is constant

(73%) for all individuals, regardless of race/ethnicity [8]. This might be problematic when
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testing a Hispanic population since previous research has shown that Hispanic males and
females possess less water content in their FFM (72.00 and 71.88%, respectively) than
the assumed constant of 73% [9], which was observed over 5 decades ago in cadavers
[10]. In addition, many of the commercially available bioimpedance devices have been
developed with proprietary algorithms. Consequently, study sample characteristics are not
disclosed. Notably, commercial devices require inputting descriptive variables such as height
and weight, but do not include a measure of race/ethnicity. This serves as an area of
concern since the water content of FFM is significantly different between Hispanics and
non-Hispanic Caucasians as previously referenced [9, 11]. Due to previous findings, it
was hypothesized that MF-BIA (InBody 570) would be biased when compared to DXA.
Therefore, the purpose of this study was to determine the agreement between DXA and
MF-BIA for estimating BF%, FM, and FFM in a Hispanic population.

2. Methods and materials

2.1 Participants

One-hundred eighty-one individuals (males: 7=84; females: 7=97) of Hispanic descent had
body composition estimated via DXA and MF-BIA. Recruitment occurred via flyers, word
of mouth, and classroom recruitment. Inclusion criteria consisted of Hispanic females and
males that were: 1). 18 — 45 years of age and apparently healthy (i.e., free from orthopedic
disorders and who had no known signs or symptoms of cardiovascular, pulmonary, or
metabolic diseases); 2). < 158.76 kg due to DXA table restrictions; and 3). did not have
conditions or take medications that may affect body composition. Participants were asked
to complete an overnight fasting protocol, which consisted of not eating or drinking 8
hours prior to participation and to also avoid exercise 24 h before testing. Prior to testing,
participants provided written informed consent and a completed a self-reported medical
history questionnaire to ensure inclusion criteria were met. Institutional review board
approval for subject participation was approved by the host university (IRB # 2016-10-16).

2.2 Procedures

Upon completion of the informed consent and medical history questionnaire, participants’
hydration status was assessed from a urine sample using a handheld refractometer. Urine
specific gravity (USG) values < 1.029 were required for inclusion in this analysis [12]. After
assessing hydration, height was measured (to the nearest 0.1cm) with a stadiometer that has
a maximum capacity of 205 cm (SECA 213, Seca Ltd., Hamburg, Germany).

2.3 Multi-Frequency Bioimpedance Analysis

Subjects first had BF%, FFM, and FM measured with MF-BIA based upon manufacturer’s
instructions (InBody 570, InBodyUSA, Cerritos, CA). The MF-BIA device employed in
the current study utilized a tetrapolar 8-point tactile electrode system, which sends three
frequencies (i.e., 5, 50, and 500 kHz) of alternating currents through the body. For testing,
subjects’ feet were centered on the electrodes and the hand electrodes were grasped with
arms being held wide enough so there was no contact between the arms and torso. The
position was held for the duration of the test (approximately 45 seconds). Once the
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assessment was completed, participants were prompted to return the hand electrodes and
step off the device.

2.4 Dual Energy X-ray Absorptiometry

Next, subjects had their BF%, FFM, and FM measured with DXA (GE Lunar Prodigy,
Madison, WI). The DXA machine was calibrated according to the manufacturer’s
instructions via a standard calibration block prior to each scan. The DXA quality control
procedures were followed according to manufacturer guidelines. All subjects reported to
the laboratory and were asked to remove any metal objects (e.g., jewelry, coins, etc.).
Volunteers wore light cotton clothing free from metal during the scan and were instructed
to lie supine on the scanning bed with hands by their sides in a neutral position. During
body scans, subjects were asked to remain motionless, while \elcro straps were situated
around the ankles and knees. Scans lasted approximately 6 to 10 min. The same researcher
positioned all participants on the DXA scanning bed. In addition, the trained researcher
analyzed each scan to adjust software-determined regions of interest prior to producing the
body composition reports.

2.5 Statistical Analyses

All statistical analyses were performed using IBM SPSS Statistics v. 28.0 (IBM Corp.,
Armonk, NY) and data visualizations created using Microsoft Excel (Microsoft Corp.,
Redmond, WA). Prior to analysis, normality of the data were assessed using Shapiro-Wilks
tests, skewness, kurtosis, and histogram analyses. BF%, FM, and FFM values obtained from
DXA and MF-BIA were compared via paired samples t-tests. The magnitude of the mean
differences were assessed using Cohen’s d'statistics [13] and evaluated with Hopkins’ effect
size scale [14]. The scale for effect sizes was 0 to <0.2 for trivial, 0.2 to <0.6 for small, 0.6
to <1.2 for moderate, 1.2 to <2.0 for large, and =2.0 for very large.

Agreement within BF%, FM, and FFM, between lab measures, was assessed using intraclass
correlation coefficients (/CC), standard error of the estimate (SEE), and constant error (CE).
Additionally, Bland-Altman analyses [15] and linear regression modeling (enter method)
were used to identify the 95% limits of agreement (LOA) and proportional bias for BF%,
FM, and FFM. Proportional biases were determined by the estimated slope of the regression
line. A slope of 0 would indicate no proportional bias. The strength of association between
outcome variables (/CC), as estimated by DXA and MF-BIA, used a scale of 0 t0 0.19 as
very weak-to-no association, 0.20 to 0.39 as weak, 0.40 to 0.59 as moderate, 0.60 to 0.79

as strong, and 0.80 to 1.00 as very strong-to-perfect [14, 15]. All analyses were performed
for the entire sample, as well as factored by sex. Alpha levels were set a priori at a value of
<0.05. Values for all outcome variables are displayed as mean + standard deviation

3. Results

All individuals completed both the DXA and MF-BIA measurements (n7= 181). After
checks for normality, data were deemed parametric. No data were excluded prior to analysis
for any group or by sex comparisons.
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3.1 Body Fat Percentage

MF-BIA mean values for BF% showed a range in CE from -3.16% (females [¢=1.14]) to
-3.17% (both the group [@=1.14] and males [¢=1.12]) when compared to DXA (Table 1).
Correlation analyses indicated near-perfect associations between both methods for the group
(/CC=0.95), males (/CC=0.92), and females (/CC=0.92). The SEEs for MF-BIA ranged
from 2.23% (females) to 2.81% (males), while 95% LOASs ranged from +5.41% (females) to
+5.53% (males). Bland Altman analysis indicated a moderate proportional bias for females
(r=0.48), with trivial-to-no proportional bias for the group (/=0.22) and males (=-0.04)
(Fig. 1a—c).

3.2 Fat Mass

Regarding FM, MF-BIA mean values demonstrated a range in CE from —0.98kg (females
[a=0.53]) to —1.86kg (males [@=0.80]) when compared to DXA (Table 2). The 95% LOAs
ranged from £3.61kg for females to +4.55kg for males. Correlation analyses indicated near-
perfect associations between both methods for the group (/CC=0.99), males (/CC=0.97),
and females (/CC=0.98). The SEEs for MF-BIA ranged from 1.28kg (females) to 2.32

kg (males). Trend analyses determined a strong proportional bias for females (/=0.68),
moderate bias for the group (+=0.36), and no bias for males (/=-0.02) (Fig. 2a—c).

3.3 Fat-Free Mass

For FFM, males demonstrated the largest CE£95% LOA (1.6+4.6 kg), compared to the
sample (1.2+£3.9 kg) and females (0.9+3.4 kg) when MF-BIA was compared to DXA (Table
3). Effect sizes for mean comparisons were classified as moderate for the group (¢=0.60)
and males (¢=0.66), while females showed a small effect (¢=0.55) Near-perfect correlations
were observed for the group (/CC=0.99), males (/CC=0.98), and females (/CC=0.94).
Additionally, SEEs ranged from 1.66kg for females to 2.34kg for males. There was no
proportional bias present within the group (/=-0.01) or males (/=—0.10); however, females
exhibited a moderate, negative bias (/=—0.38) (Fig. 3a—c).

4. DISCUSSION

The purpose of this study was to determine the agreement between DXA and MF-BIA

for estimating BF%, FM, and FFM in a Hispanic population. The current study findings
demonstrate that MF-BIA systematically underestimated BF% by more than 3%, as
indicated by the CEs, when compared to DXA. In contrast, the CEs revealed that MF-

BIA slightly overestimates FFM values (0.9 to 1.6 kg) in a group of Hispanic adults. In
addition, the proportional bias for all comparisons revealed larger correlation coefficients
when evaluating Hispanic females. For instance, the moderate proportional bias of BF%
for Hispanic females suggest that MF-BIA underestimates BF% in leaner individuals, when
compared to DXA, and overestimates as level of body fatness increases. Altogether, the
observed systematic and proportional bias suggest caution should be employing when
assessing body composition with MF-BIA in Hispanics, adults, particularly when being
utilized in females. Consequently, these findings support the authors original hypothesis that
MF-BIA would be biased when compared to DXA.
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Although research has yet to compare MF-BIA vs DXA in Hispanic adults, numerous
studies have been conducted in other populations with both methods. For instance, Antonio
et al. [16] revealed that MF-BIA (InBody 770) underestimated BF% and FFM in a similar
fashion as the current study when compared to DXA in exercise-trained men and women.
Similarly, Shafer et al. [17] found that MF-BIA underestimates BF% in men and women
with a BMI classification as normal weight, but overestimates when compared to obese
individuals. In addition, researchers stated the error of MF-BIA (Inbody 320) increased at
higher adiposity levels [17], which may explain why proportional bias was more profound
for Hispanic females than males in the current study sample, particularly when estimating
FM and BF%. Collectively, the current study findings seem to be consistent with findings
from Antonio et al. [16] and Shafer et al. [17].

Additional reasons for discrepancies between MF-BIA and DXA are worth further
consideration. Specifically, the mean differences (CE) observed between both methods could
be related to the reference method used for analysis. For instance, Nickerson et al. [18]
revealed that DXA systematically overestimates BF% approximately 4% in young adults
when compared to a 5-compartment model. Similarly, Moon et al. [19] also revealed that
DXA overestimated adiposity by 3.71% when compared to a 5-compartment model in
female collegiate athletes. The DXA-based error in the aforementioned studies is similar
to the CE values observed in the current study. Therefore, it is plausible the mean body
composition values of MF-BIA are similar as a multi-compartment model. For instance,
both DXA and MF-BIA quantify body composition assuming hydration comprises 73% of
FFM [9]. These principles make it difficult to determine which method is more affected
by the employed assumptions of soft tissue hydration. As a result, additional research is
warranted in a Hispanic population.

The larger proportional bias in Hispanic females is also worth consideration. For example,
Tinsley [20] revealed that single-frequency BIA exhibited larger proportional bias in
women than men when compared to DXA. These findings are consistent with current

study results, which observed larger proportional bias when using MF-BIA in Hispanic
females. In contrasts, proportional bias was not observed between MF-BIA and DXA when
evaluated in previous research by Ling et al. [21]. The discrepancies between the current
study and previous findings of Ling et al. [21] could be multi-factorial. First, the current
study consisted of young Hispanic adults whereas Ling et al. [21] utilized middle-aged non-
Hispanic Caucasian adults. As previously mentioned, the hydration of FFM for Hispanics

is lower than values observed in non-Hispanic Caucasians, which bioimpedance principles
are based upon. Moreover, body composition is known to alter due to aging [22, 23].
Consequently, this may lead to different outcomes when evaluating populations that differ
from the assumed hydration constants and that have varying age ranges. Secondly, the DXA
model used by Ling et al. [21] differed from that of the current study. This is important to
consider since previous research has shown differences in body composition measurements
when using DXA devices from different manufacturers [24]. Thus, the type of DXA
scanner used in past research should also be taken into consideration when comparing and
contrasting results. Finally, it is possible the algorithms between the current study and Ling
et al. [21] were different. Notably, the race/ethnicity of subjects does not have to entered into
the MF-BIA software when calculating body composition with the current study device. As
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a result, there may be a need to develop an improved algorithm in the future with a larger
more heterogenous sample that accounts for different races/ethnicities.

There are several limitations worth considering when interpreting results of the present
study. First, the study consisted of young Hispanic adults. It’s unknown whether our results
can be generalized to Hispanic children, middle-aged adults, or elderly. Secondly, the use
of DXA may be viewed as a limitation due to the inability to account for variations in
hydration of FFM. Accordingly, future research might seek to compare MF-BIA to a

more advance multi-compartment model that is able to account for variations in FFM
characteristics. Thirdly, the current study did not evaluate single-frequency bioimpedance
(SF-BIA). Therefore, extrapolating present study results to SF-BIA should be avoided until
further research is conducted. For instance, it is worth noting that MF-BIA devices measure
impedance at 50 kHz, which is similar to SF-BIA devices. Thus, future research might seek
to quantify body composition at 50 kHz for both MF-BIA and SF-BIA in order to determine
if error is related to a device instead of an equation. Lastly, it is worth noting that the
results of the current study should only be generalized to the MF-BIA model used in the
current study (InBody 570). It is unknown whether these results would be observed in other
MF-BIA devices.

In conclusion, the current study sought to determine whether MF-BIA can be used as a
surrogate of DXA when compared to Hispanic males and females. Results revealed there
was large group error and proportional bias when comparing MF-BIA to DXA in young
Hispanic adults. In addition, the 95% LOAs were greater than £ 5.0% for males and females.
Collectively, these findings suggest MF-BIA and DXA may not be interchangeable in young
Hispanic adults. Moreover, the observed moderate-to-strong proportional biases, particularly
for Hispanic females, suggests there may be a need for manufacturers and researchers to
consider developing ethnic-specific algorithms in a Hispanic population.

Acknowledgement

The authors would like to extend thanks to the participants of this study and to Gabriel Perez, Andres Orozco,
Isabel Delgado, Samantha Narvaez, Misael Duque and Joshua Carrillo for their efforts in the data collection of the
current study.

Sources of Supports

Research reported in this publication was supported by the National Institute of General Medical Sciences of the
National Institutes of Health under Award Number SC1GM135099. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National Institutes of Health.

Abbreviation List

BF% body fat percentage

CE constant error

DXA dual energy X-ray absorptiometry
FFM fat-free mass

FM fat mass
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LOAs limits of agreement
MF-BIA multi-frequency bioelectrical impedance analysis
SEE standard error of estimate
USsG urine specific gravity
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Article Highlights

Multi-frequency bioimpedance analysis (MF-BIA) has yet to be evaluated in a
young Hispanic adult population

Previous research has shown the hydration of fat-free mass to differ from the
constants employed in MF-BIA principles

The use of proprietary algorithms that do not account for race/ethnicity might
introduce error when seeking to estimate body composition with MF-BIA

The mean differences between MF-BIA and dual energy X-ray
absorptiometry were significantly different when comparing body fat
percentage, fat mass, and fat-free mass

The proportional bias was largest for Hispanic females, which indicates the
development of new algorithms with a more heterogenous sample of Hispanic
adults may be necessary
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Figure 1.
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Bland and Altman plots comparing body fat percentage (BF%) between multi-frequency
bioelectrical impedance analysis (MF-BIA) and dual energy x-ray absorptiometry (DXA)
in Hispanic adults. [A] Entire group (7=181); [B] Females (7=97); and [C] Males (/7=84).
The middle solid lines indicate the constant error. The dashed lines represent the upper and
lower limits of agreement (x 1.96 SD). The dashed-dotted regression lines represent the

proportional bias
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Bland and Altman plots comparing fat mass (kg) between multi-frequency bioelectrical
impedance analysis (MF-BIA) and dual energy x-ray absorptiometry (DXA) in Hispanic
adults. [A] Entire group (17=181); [B] Females (/7=97); and [C] Males (/=84). The middle
solid lines indicate the constant error. The dashed lines represent the upper and lower limits
of agreement (+ 1.96 SD). The dashed-dotted regression lines represent the proportional

bias.
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Figure 3.

Bland and Altman plots comparing fat-free mass (kg) between multi-frequency bioelectrical
impedance analysis (MF-BIA) and dual energy x-ray absorptiometry (DXA) in Hispanic
adults. [A] Entire group (7=181); [B] Females (7=97); and [C] Males (/7=84). The middle
solid lines indicate the constant error. The dashed lines represent the upper and lower limits
of agreement (+ 1.96 SD). The dashed-dotted regression lines represent the proportional
bias.
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Comparison of body composition values between multi-frequency bioelectrical impedance and dual-energy
x-ray absorptiometry for all subjects (7= 181).

Variable (Mean + SD)
DXA BF% 30.25 £ 9.06
InBody BF%  27.08 = 9.68
DXA FM 21.71+£9.98
InBody FM 20.33+10.75
DXA FFM 51.50 +12.51

InBody FFM ~ 52.72 + 12.49

d ICC

114 0.95

0.65 0.99

0.60 0.99

R2

0.92

0.98

0.96

SEE CE+196SD Upper

2.60

2.04

1.90

-3.17 £5.45

-1.38+4.16

1.22+3.99

95% Limits of Agreement

2.28

2.78

521

Lower

-8.62

-5.54

=2.77

Trend

0.22

0.36

-0.01

DXA = Dual-energy x-ray absorptiometry; InBody 570 = Multi-frequency bioelectrical impedance; BF% = body fat percentage; FFM = fat-free
mass; SEE = standard error of estimate; CE = constant error.
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Comparison of body composition values between multi-frequency bioelectrical impedance and dual-energy

x-ray absorptiometry for females (7= 97).

Value (Mean + SD)
DXABF% 34.63 £8.03
InBody BF%  31.47 £9.35
DXA FM 22.61 +10.75
InBody FM 21.64 +12.01
DXA FFM 42.56 £ 6.84

InBody FFM  43.50 + 6.20

d ICC

115 094

0.53 0.97

0.55 0.98

R2

0.92

0.98

0.94

SEE

2.23

1.28

1.66

CE+196SD Upper

-3.16 £5.41

-0.98 +3.61

0.94 £3.35

95% Limits of Agreement

2.25

2.63

4.29

Lower

-8.57

-4.59

-241

Trend

0.48

0.68

-0.38

DXA = Dual-energy x-ray absorptiometry; InBody 570 = Multi-frequency bioelectrical impedance; BF% = body fat percentage; FFM = fat-free
mass; SEE = standard error of estimate; CE = constant error.
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Comparison of body composition values between multi-frequency bioelectrical impedance and dual-energy

x-ray absorptiometry for males (7= 84).

Value (Mean * SD) d ICC R? SEE
DXA BF% 25.19+7.42 -
InBody BF%  22.02+7.33 112 092 086 281
DXA FM 20.67 £ 8.96 ---
InBody FM 18.81+890 0.80 097 093 232
DXA FFM 61.81+9.18 -
InBody FFM 6336 +8.95 0.66 098 0.94 234

95% Limits of Agreement
CE+196SD Upper Lower Trend

-3.17+5.53 2.16 -8.70  -0.04

-1.86 +4.55 2.69 -6.41 -0.02

1.55+4.57 6.12 -3.02 -0.10

DXA = Dual-energy x-ray absorptiometry; InBody 570 = Multi-frequency bioelectrical impedance; BF% = body fat percentage; FFM = fat-free

mass; SEE = standard error of estimate; CE = constant error
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