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Abstract
Few investigations have evaluated the validity of current body composition technology among racially and ethnically diverse populations. This
study assessed the validity of common body compositionmethods in amulti-ethnic sample stratified by race and ethnicity. One hundred and ten
individuals (55 % female, age: 26·5 (SD 6·9) years) identifying as Asian, African American/Black, Caucasian/White, Hispanic, Multi-racial and
Native American were enrolled. Seven body composition models (dual-energy X-ray absorptiometry (DXA), air displacement plethysmography
(ADP), two bioelectrical impedance devices (BIS, IB) and three multi-compartment models) were evaluated against a four-compartment cri-
terionmodel by assessing total error (TE) and standard error of the estimate. For the total sample, measures of % fat and fat-free mass (FFM) from
multi-compartment models were all excellent to ideal (% fat: TE= 0·94–2·37 %; FFM: TE= 0·72–1·78 kg) compared with the criterion. % fat mea-
sureswere very good to excellent for DXA, ADP and IB (TE= 2·52–2·89 %) and fairly good for BIS (TE= 4·12 %). For FFM, single device estimates
were good (BIS; TE = 3·12 kg) to ideal (DXA, ADP, IB; TE= 1·21–2·15 kg). Results did not vary meaningfully between each race and ethnicity,
except BIS was not valid for African American/Black, Caucasian/White and Multi-racial participants for % fat (TE= 4·3–4·9 %). The multi-com-
partmentmodels evaluated can be utilised in amulti-ethnic sample and in each individual race and ethnicity to obtain highly valid results for % fat
and FFM. Estimates from DXA, ADP and IB were also valid. The BIS may demonstrate greater TE for all racial and ethnic cohorts and results
should be interpreted cautiously.
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Racial and ethnic minority populations in the USA have a height-
ened risk for numerous chronic diseases including obesity and
the related co-morbidities, such as CVD and diabetes(1–3). Due
to the strong, positive relationship between excess fat accumu-
lation and cardiometabolic disease risk(4,5), it is vital to thor-
oughly investigate body composition as a component of
health in minority populations. Multi-compartment models are
considered the gold standard method for analysis of body com-
position(6,7), as they allow for a molecular level assessment of
several constituents of the body such as total body water
(TBW), bone mineral content (BMC) and soft tissue mineral

content. Multi-compartment models require a minimum of two
devices to measure additional compartments of the body;
although error exists for each device, the propagation of errors
does not meaningfully impact the validity of multi-compartment
models (total error of the measurement= 0·59–0·89 % fat)(8).
Therefore, multi-compartment models have been established
as the criterionmethod formeasuring body composition and val-
idating new body composition techniques.

However, multi-compartment models may not be the most
feasible or practical technique in all research and clinical set-
tings. Therefore, single-device two-compartment models (e.g.

* Corresponding author: Dr M. N. M. Blue, email mblue@unc.edu

Abbreviations: ADP, air displacement plethysmography; BIA, bioelectrical impedance analysis; BIS, bioelectrical impedance spectroscopy; BMC, bone mineral
content; DXA, dual-energy X-ray absorptiometry; D2O, deuterium oxide; FM, fat mass; FFM, fat-free mass; LOA, limits of agreement; MD, mean difference; SEE,
standard error of the estimate; TBW, total body water; TE, total error; 3C, three-compartment.

British Journal of Nutrition (2022), 128, 2387–2397 doi:10.1017/S0007114522000368
© The Author(s), 2022. Published by Cambridge University Press on behalf of The Nutrition Society

https://doi.org/10.1017/S0007114522000368  Published online by Cam
bridge U

niversity Press

mailto:mblue@unc.edu
https://doi.org/10.1017/S0007114522000368
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0007114522000368&domain=pdf
https://doi.org/10.1017/S0007114522000368


air displacement plethysmography (ADP), bioelectrical imped-
ance analysis/spectroscopy (BIA/BIS)) and three-compartment
(3C) models (e.g. dual-energy X-ray absorptiometry (DXA))
are more commonly utilised to estimate fat mass (FM) and fat-
free mass (FFM). As two-compartment models measure fewer
body compartments, several assumptions must be met for accu-
rate measures of body composition. BIA and BIS devices may be
influenced by various factors including hydration, body propor-
tion (e.g., length of limbs and trunk) and fat distribution(8,9),
while ADP may be influenced by fat-free body density estima-
tions(8). Previous studies have observed slight physiological
differences in these components in racial and ethnic minorities.
Specifically, differences in trunk and limb length(10), FFM charac-
teristics (e.g. TBW:FFM ratio, density of FFM)(11), FM and FFM
distribution in the trunk and limbs(12), as well as differences in
BMC(10,13), and total body density(11) have been reported.
Racial and ethnic variations in body compartments may influ-
ence the ability of body composition models to accurately assess
body composition.

Investigations that have evaluated the validity of body com-
position models in racial and ethnic minorities are limited. Few
studies have used a criterion multi-compartment model to deter-
mine validity(14–16); themajority of studies include only one racial
and ethnic category(17–20) and evaluate a single body composi-
tion technique(21–23) which limits the ability to compare validity
across multiple devices and populations. Furthermore, technol-
ogy has advanced since initial validity studies were conducted,
and therefore conclusions are based on outdated models and
software. Validity investigations evaluating up-to-date technol-
ogy in a more diverse sample may improve our ability to select
the appropriate method in order to accurately assess body com-
position in specific racial and ethnic populations. Therefore, the
purpose of this study was to assess the validity of existing body
composition methods (four devices and three multi-compart-
ment models) compared with a 4-compartment, molecular level
criterion model for measures of body fat percentage (% fat) and
FFM in a multi-ethnic sample stratified by race and ethnicity.

Experimental methods

Participants

One hundred and thirty-four individuals were screened for eli-
gibility (Fig. 1). Following screening, 110 adults (55 % Female;
Table 1) enrolled in the present study. Participants were stratified
by self-reported race and ethnicity in the following cohorts:
African American/Black (AA, n 22), Caucasian/White (W, n
22), Asian (A, n 22), Hispanic (H, n 22), Native American (NA,
n 1) and Multi-racial (MR, n 21; including Hispanic and White
(n 11), Hispanic and Black (n 1), Black and White (n 6),
Black and Asian (n 3)). To identify race and ethnicity, partici-
pants were asked to provide paternal and maternal racial and
ethnic identification and region of origin (e.g. Central America,
Northern Europe, South Asia). The distribution of the sample
by race and ethnicity, age and BMI (kg/m2) is displayed in
Table 2. G * Power software was used to calculate sample size
requirements (matched pairs t test) to ensure statistical power
of 0·8 at an α level of 0·05 for analyses in the total multi-ethnic

sample. A previous study by Bosy-Westphal et al.(14) assessed
the validity of a bioelectrical impedance device compared with
a 4C criterion model in a multi-ethnic sample (including Asian,
Caucasian, Afro-American, Hispanic). The reported mean differ-
ence (MD) between methods for measures of FFM was 0·8
(SD 1·9) kg; the calculated effect size (0·42) estimates forty-seven
participants would be sufficient to power analyses in the total
sample. Participants were excluded if their BMI was <18·5 or
>39·99, if they were pregnant or planning to become pregnant,
if they had gained or lost greater than 3 kg in the previous
2 months, had been diagnosed with a musculoskeletal disease,
had been diagnosed with a musculoskeletal injury limiting
daily activities in the previous 3 months, actively participated
in 7 d/week of resistance or aerobic training, had used anabolic
steroids in previous year, had a self-identified or clinically diag-
nosed eating disorder or had been diagnosed with a disease that
may have resulted in significant changes in TBW (e.g. renal dis-
ease) or weight status (e.g. thyroid abnormalities). This study
was conducted according to the guidelines laid down in the
Declaration of Helsinki, and all procedures involving human
subjects/patients were approved by the University’s Biomedical
Review Board. Written informed consent was obtained from all
subjects/patients.

Experimental design

For this cross-sectional, observational study, participants
reported to the laboratory for a single testing session after a 12 h
fast including abstention from caffeine, alcohol and tobacco.
Participants refrained from strenuous exercise for a minimum
of 24 h prior to testing. Following enrolment, participants pro-
vided a urine sample to assess hydration by urine specific gravity
(for inclusion, urine specific gravity had to be between 1·002 and
1·029 measured by a refractometer). A research technician mea-
sured height to the 0·1 cm using a portable stadiometer
(Perspective Enterprises) and weight to the nearest 0·1 kg using
a calibrated scale (Tanita Inc.). Participants then provided a
saliva sample for baseline TBW estimates. Bioelectrical imped-
ance body composition measurements were completed fol-
lowed by ingestion of deuterium oxide (D2O). The remaining
body composition assessments (DXA, ADP) were then com-
pleted. Three hours following ingestion of D2O, participants

Fig. 1. CONSORT diagram.
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provided a second saliva sample for analysis of TBW. From the
aforementioned procedures, FM, FFM and % fat were collected
from each device (BIA/BIS, DXA, ADP) as well as calculated
using multi-compartment models. The details for each model
and device are described below.

Body composition

Body composition was assessed by eight existing body compo-
sition models, including two 4C models, three 3C models and
3 two-compartment models. The criterion 4C and BIS 4C model
were completed using a 4C model described by Wang et al.(12)

(Equation 1) to determine FM.

FMðkgÞ ¼ 2:748 ðBVÞ � 0:699 ðTBWÞ þ 1:129 ðMoÞ � 2:051 ðBMÞ
(1)

where BV is the body volume (L), TBW is the total body water
(L), Mo is the total body bone mineral (kg) and BM is the body
mass (kg). For the criterion 4C model, TBW was assessed with
deuterium dilution, BV was estimated by ADP and Mo was cal-
culated from a total BMC measure estimated by a full body DXA
scan (Mo = BMC × 1·0436)(25). For the BIS 4C model, TBW was
assessed by bioelectrical impedance spectroscopy; BV and Mo
were measured using the same procedures as the criterion.
Both models are described in Table 3. The BIS 3C and D2O
3C models (Table 3) were assessed using the following 3C
model(6) (Equation 2) to determine FM.

FM kgð Þ ¼ 2:118 BVð Þ � 0:780 TBWð Þ � 1:351 BMð Þ (2)

For 4C and 3Cmodels, Equations 3 and 4were used to estimate%
fat and FFM following calculation of FM.

% fat ¼ FM

BM

� �
x 100 (3)

FFM kgð Þ ¼ BM� FM (4)

The remaining body composition models estimated % fat, FM
and FFM from single device measures: ADP, BIS (SFB7
ImpediMed), IB (InBody 770) and DXA.

Dual-energy X-ray absorptiometry

For each participant, a trained technician performed and ana-
lysed a full body DXA (GE Lunar iDXA; enCORE Software

Table 1. Participant characteristics
(Mean values and standard deviations)

n

Age (years) Height (cm) Weight (kg) BMI (kg/m2) % Fat FFM (kg)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Total 110 26·5 6·9 169·4 9·4 72·8 14·4 25·3 4·0 25·7 9·5 54·1 12·7
Asian 22 26·1 7·0 167·3 8·0 64·5 10·4 23·0 3·2 25·1 7·9 49·2 10·1
African American/Black 22 26·1 4·4 170·5 9·0 80·9 16·0 27·7 4·4 26·4 9·5 59·3 13·7
Caucasian/White 22 29·3 8·3 172·3 9·5 73·9 11·8 24·9 3·4 24·5 10·6 55·8 12·2
Hispanic 22 24·4 5·8 165·0 9·6 68·8 14·7 25·1 3·7 27·2 8·4 50·1 12·4
Multi-racial 21 27·0 7·8 172·2 9·6 76·2 14·2 25·7 4·3 25·1 11·7 56·8 12·8

% fat, body fat percentage; FFM, fat-free mass.

Table 2. Distribution of sample by BMI and age
(Frequency and percentage within each race and ethnic sample)

<25 25–29·9 ≥30

BMI (kg/m2) 18–26 27–35 36–45 18–26 27–35 36–45 18–26 27–35 36–45

Age (years) n % n % n % n % n % n % n % n % n %

Non-Hispanic White 6 27·2 3 13·6 3 13·6 4 18·2 3 13·6 1 4·5 0 0 2 9·1
Non-Hispanic Black 3 13·6 3 13·6 0 6 27·2 2 9·1 1 4·5 4 18·2 3 13·6 0
Hispanic 9 40·9 2 9·1 1 4·5 6 27·2 2 9·1 0 1 4·5 1 4·5 0
Asian 12 54·5 3 13·6 3 13·6 2 9·1 0 0 0 0 1 4·5
Multi-Racial 7 33·3 1 4·8 3 14·3 4 19·0 1 4·8 1 4·8 2 9·5 1 4·8 1 4·8

Table 3. Methods for 3-compartment (3C) and 4-compartment (4C) body
composition models

BV TBW Mo BM

Criterion 4C ADP D2O DXA Calibrated electronic scale
BIS 4C ADP BIS DXA Calibrated electronic scale
D2O 3C ADP D2O – Calibrated electronic scale
BIS 3C ADP BIS – Calibrated electronic scale

BV, body volume; TBW, total bodywater; Mo, total body bonemineral; BM, bodymass;
ADP, air displacement plethysmography; D2O, deuterium dilution; DXA, dual-energy
X-ray absorptiometry.
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Version 16) scan to determine lean soft tissue, FM, BMC and %
fat. Prior to testing, participants were asked to remove all
metal, thick clothing and heavy plastic to reduce interference
with the scan. Birth date, height, weight and race were entered
into the DXA software. Participants were positioned supine in
the centre of the scanning table and were instructed to remain
still and breathe normally for the duration of the scan. The
regions-of-interest were manually adjusted by the DXA
technician.

Deuterium dilution

TBW was measured by a criterion 3-h D2O dilution protocol in
accordance with the International Atomic Energy Agency guide-
lines for isotope dilution(26). A research technician prepared a
large batch of the D2O solution composed of 5 l of tap water
and 515 g of D2O. Individual doses of 58, 67, 79, 95 and 114 g
were prepared to ensure an excess of at least 0·05 g 2H/kg of
bodymass. Based on bodymass and sex, participants consumed
one of the aforementioned doses of the D2O solution after pro-
viding a 2 ml baseline saliva sample. The exact dose of D2O was
recorded to the nearest 0·01 g for each participant. During the 3-h
equilibration period, participants were allowed to have up to 250
ml of water. The volume consumed by each participant was
recorded. Three hours following ingestion, participants pro-
vided a post-saliva sample. Saliva samples were stored in −20
°C freezer until batch analysis was completed in triplicate via iso-
tope-ratio mass spectroscopy at the University of Wisconsin
Isotope Ratio Mass Spectrometry Laboratory. The baseline and
D2O-enriched saliva samples were used to calculate TBW
including the correction factor for non-aqueous exchange
of D2O(27).

Bioelectrical impedance

Two bioelectrical impedance devices (BIS: SFB7 ImpediMed
(10–500 kHz); IB: InBody 770; Biospace Co. (1–1000 kHz)) were
used to assess TBW. For BIS, participants laid supine on a table
with arms separated from the torso and legs separated from each
other. Prior to testing, height, weight, age and sex were entered
into the device, and each electrode sitewas cleanedwith an alco-
hol wipe. Two electrodes were placed 5 cm apart on the dorsal
side of the right wrist and hand, and two electrodes were placed
on the dorsal side of the right ankle and foot for total body mea-
sures. Device default settings for resistivity coefficients, the
hydration constant (0·732), body density (1·05 kg/l) and the
body proportion constant (4·30) were used to estimate TBW,
total body FFM and % fat. All validity conclusions are based
on results obtained using the device’s default coefficients and
constants.

For IB, participants were asked to stand upright for 5 min
prior to measurement of TBW. Participants stood barefoot on
the devicewith their soles in contactwith the foot electrodeswith
legs separated and were instructed to grasp the device handles
with their palm, fingers and thumbmaking contact with the hand
electrodes. Arms were raised to separate from the torso and par-
ticipants were asked to stand still during measurement. Device
software automatically estimated TBW, FFM and % fat.

Air displacement plethysmography

Prior to each BV measurement, the device (BodPod®, COSMED
USA, Inc.) was calibrated according to the manufacturer guide-
lines. Participants were asked to wear a cap and tight-fitting
clothing such as a bathing suit or compression shorts, and to
remove all metal including jewellery, watches and glasses prior
to measurement to reduce isothermal air. Body mass was mea-
sured to the nearest 0·01 kg using the device’s included scale
(Tanita Inc.). During the assessment, participants were seated
in an upright position and asked to minimise movement.
Body volume was measured by a minimum of two trials that
were within 150ml of each other. Thoracic gas volumewasmea-
sured via manufacturer instructions. In the event measured tho-
racic gas volume could not be obtained in three trials (n 49), the
value was estimated by the software’s standard prediction equa-
tions. Previous investigations have reported no significant
differences between predicted and measured lung volume in
adults(28,29).

Statistical analysis

Mean values and standard deviation of % fat and FFM for each
model, as well as MD and CI between each model and the cri-
terion were calculated for the entire sample and within each
racial and ethnic cohort; data obtained from the one Native
American enrolled were only included in full sample analyses.
Total error (TE =

p
∑(predicted-actual)2/n), standard error

of the estimate (SEE =
p
∑(predicted-actual)•

p
1-r2) and Pearson’s

correlation coefficients (r) were completed to determine the
agreement of each body composition model (BIS 4C, BIS
3C, D2O 3C, ADP, DXA, IB, BIS) for estimates of % fat and
FFM compared with the criterion. Subjective ratings of agree-
ment between the model and criterion were reported accord-
ing to the Heyward and Wagner(7) validity subjective rating
scale. Separate paired samples t tests were also performed
to evaluate the agreement between the criterion and each
body composition model. To assess individual variability,
Bland–Altman plots for % fat and FFM were constructed and
proportional bias was assessed by linear regression analyses
for each body composition model. An α level of 0·05 was set a
priori. Statistical analyses were performed using SPSS (IBM
Corp., IBM SPSS Statistics for Windows, Version 21.0).

Results

Multi-compartment device measures

For the total multi-ethnic sample, measures of % fat and FFM
from multi-compartment models were excellent to ideal (%
fat: TE= 0·94–2·37 %, SEE= 0·39–1·99 %; FFM: TE= 0·72–1·78
kg; SEE= 0·30–1·62 kg) compared with the criterion. Of the
multi-compartment models, lowest error was observed for the
D2O 3C, followed by the BIS 3C and BIS 4C models. All multi-
compartmentmodels demonstrated significantly differentmeans
(P< 0·001) for % fat (BIS 4C: MD (CI) = −1·5 % (−1·8, −1·1),
Cohen’s d= -0·8; BIS 3C: MD (CI) = −0·9 % (−1·3, −0·50),
Cohen’s d= -0·4; D2O 3C: MD (CI)= 0·8 % (0 6, 0 9), Cohen’s
d= 1·1) and FFM (BIS 4C: MD (CI)= 1·1 kg (0·8, 1·4), Cohen’s
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d= 0·8; BIS 3C: MD (CI)= 0·7 kg (0 3, 1·0), Cohen’s d= 0·4; D2O
3C: MD (CI) =−0·6 kg (−0 7, −0 5), Cohen’s d= -1·1), compared
with the criterion (% fat: 25·6 %; FFM: 54·1 kg). Bland–Altman
plot analyses (Fig. 2(a)–(c)) demonstrated individual variability
was smallest for the D2O 3C model (limits of agreement (LOA):
−0·1 to 1·7 %). Proportional bias was present for all multi-
compartment models (P< 0·05) (Fig. 2(a)–(c)).

When stratified by race and ethnicity (Table 4), measures of %
fat from the D2O 3C, BIS 4C and BIS 3Cmodels were very good
to excellent for all participants, with the highest error
(TE = 2·7 %, SEE = 1 %) observed for Caucasian/White

individuals. For measures of FFM, all multi-compartment mod-
els provided valid results for all races and ethnicities (Table 4).
For BIS 4C, D2O 3C and BIS 3C, TE indicated FFM results were
excellent to ideal.

For % fat and FFM measures in Asian and Hispanic
individuals, MD were observed for all multi-compartment mod-
els comparedwith the criterion (Asian: % fat: 0·7–2·1 %, P< 0·05,
FFM:−0·4 to 1·4 kg, P< 0·05; Hispanic: % fat: 0·8–1·8 %, P< 0·01;
FFM: −0·6 to 1·3 kg, P< 0·05). For Multi-racial individuals, MD
was significant between the BIS 4C % fat and FFM estimates
(% fat: −1·3 %, P= 0·008; FFM: 1·0 kg, P= 0·008) and D2O 3C
% fat and FFM estimates (% fat: 0·7 %, P< 0·001, FFM: −0·6
kg, P< 0·001) compared with the criterion; for Caucasians,
MD was significant for BIS 4C, D2O 3C and BIS 3C (% fat:
−1·8 to 1·1 %, P< 0·05; FFM: −0·to 1·4 kg; P< 0·05) compared
with the criterion. In the African American/Black sample, the
D2O 3C estimates demonstrated the only significant MD (%
fat: 0·8 %, P< 0·001; FFM: −0·6 kg; P< 0·001). For all races and
ethnicities, the BIS 4C and BIS 3C models underestimated % fat
values (∼1–2 %) and overestimated FFM (∼1 kg), with the oppo-
site relationship observed for the D2O 3C model (Table 4).

Single device measures

In the total sample, % fat measures were very good to excel-
lent for DXA, ADP and IB (TE = 2·71 %, 2·52 %, 2·89 %;
SEE = 1·53 %, 1·55 %, 2·87 %) and fairly good for BIS
(TE = 4·12 %, SEE = 4·03 %). FFM estimates from DXA, ADP
and IB were excellent to ideal (TE = 1·80 kg, 1·77 kg, 2·15
kg; SEE = 1·21 kg, 1·19 kg, 2·14 kg) and estimates from BIS
were good to very good (TE = 3·12 kg, SEE = 3·10 kg). For
the total sample, ADP and DXA had the lowest error, followed
by the IB; BIS demonstrated the highest error. DXA and ADP
estimates of mean % fat (DXA: MD (CI) = 2·0 % (1·5, 2·4),
Cohen’s d = 0·8; ADP: MD (CI) = −1·7 % (−2·2, −1·2),
Cohen’s d = -0·7) and mean FFM (DXA: MD (CI) = −1·1 kg
(−1·5, −0·8), Cohen’s d = -0·6; ADP: MD (CI) = 1·2 kg (0·9,
1·5), Cohen’s d = 0·7) were significantly different (P < 0·001)
compared with the criterion (% fat: 25·6 %; FFM: 54·1 kg).
IB (% fat MD (CI) = −0·5 % (−1·2, 0·2), Cohen’s d = -0·1,
P = 0·138; FFM MD (CI) = 0·4 kg (−0·1, 1·0), Cohen’s d = 0·2,
P = 0·109) and BIS (% fat MD (CI) = −0·6 % (−1·5, 0·2),
Cohen’s d = -0·1, P = 0·142; FFM MD (CI) = 0·7 kg (−0·01,
1·3), Cohen’s d = 0·2, P = 0·054) means were not significantly
different from the criterion. Bland–Altman plot analyses
(Fig. 3(a)–(d)) demonstrated individual variability for the
total sample was greatest for the BIS % fat measures (LOA:
−8·5 to 7·6 %) and smallest for the DXA (LOA: −1·2 to
5·4 %) and ADP (LOA: −5·2 to 1·4 %) devices. Proportional
bias was present for BIS, DXA and ADP (P < 0·01) but not
for the IB (P = 0·449) (Fig. 3(a)–(d)).

When stratified by race and ethnicity, according to TE, % fat
estimates for DXA were very good to excellent for all races and
ethnicities (Table 5). ADP estimates were ideal to very good
for all races and ethnicities according to TE. Based on TE,
the BIS device estimates for % fat were fairly good to poor
for African American/Black, Caucasian/White and Multi-racial
samples, but performed more accurately for Asian and
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Fig. 2. Bland–Altman plot analyses and regression for multi-compartment mod-
els body fat percentage estimates. (a) Bioelectrical impedance spectroscopy 4C
model (95 % limits of agreement (LOA) = −5·1–2·4%; mean difference (MD) =
−1·5%; regression equation: P< 0·001); (b) bioelectrical impedance spectros-
copy 3C model (LOA= -5·1–3·4%; MD: −0·8%; regression equation:
P< 0·001); (c) deuterium dilution 3C model (LOA = -0·1–1·7%; MD= 0·8%;
regression equation: P< 0·001). Black dashed line, LOA; black solid line, mean
difference; grey solid line, regression line.
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Table 4. Validity statistics comparing the 4C criterion with four multi-compartment models for measures of body fat percentage and fat-free mass
(Mean values and standard deviations)

% Fat FFM (kg)

Mean SD TE SEE R2 Rating Mean SD TE SEE R2 Rating

Criterion 4C 24·3 6·6 49·2 10·1
Asian BIS 4C 22·2* 6·8 2·4 1·4 0·958 Excellent – Ideal 50·6* 10·6 1·7 0·8 0·994 Ideal

D2O 3C 25·2* 6·3 1·0 0·4 0·997 Ideal 48·6* 9·8 0·7 0·2 0·999 Ideal
BIS 3C 22·9* 6·5 2·0 1·5 0·947 Excellent – Ideal 50·2* 10·4 1·4 0·9 0·992 Ideal
Criterion 4C 26·4 9·5 59·4 13·7

African American/Black BIS 4C 25·9 8·0 2·0 1·4 0·979 Excellent – Ideal 59·8 13·4 1·6 1·5 0·987 Ideal
D2O 3C 27·2* 9·3 0·9 0·4 0·998 Ideal 58·7* 13·5 0·7 0·3 0·999 Ideal
BIS 3C 26·6 7·6 2·4 1·7 0·968 Excellent – Ideal 59·3 13·1 1·8 1·8 0·982 Ideal
Criterion 4C 24·5 10·6 55·8 12·2

Caucasian/White BIS 4C 22·7* 9·6 2·7 1·9 0·968 Very good – Excellent 57·2* 12·1 2·1 1·6 0·983 Excellent – Ideal
D2O 3C 25·4* 10·3 1·0 0·2 0·999 Ideal 55·1* 11·9 0·7 0·3 0·999 Ideal
BIS 3C 23·3* 9·2 2·7 2·2 0·959 Very good – Excellent 56·7* 11·8 2·0 1·9 0·977 Excellent – Ideal
Criterion 4C 27·2 8·4 50·1 12·4

Hispanic BIS 4C 25·4* 8·1 2·4 1·5 0·967 Excellent – Ideal 51·4* 12·6 1·7 1·1 0·993 Ideal
D2O 3C 28·0* 8·0 1·0 0·3 0·999 Ideal 49·5* 12·0 0·7 0·2 0·999 Ideal
BIS 3C 26·0* 7·7 2·2 1·8 0·954 Excellent – Ideal 51·0* 12·2 1·5 1·3 0·989 Ideal
Criterion 4C 25·1 11·7 56·8 12·8

Multi-Racial BIS 4C 23·9* 10·6 2·3 1·7 0·980 Excellent – Ideal 57·8* 12·5 1·9 1·6 0·985 Excellent – Ideal
D2O 3C 25·9* 11·5 0·9 0·4 0·999 Ideal 56·2* 12·5 0·7 0·4 0·999 Ideal
BIS 3C 24·5 10·2 2·4 1·8 0·976 Excellent – Ideal 57·4 12·3 1·9 1·8 0·980 Excellent – Ideal

% fat, body fat percentage; FFM, fat-free mass; TE, total error; SEE, standard error of the estimate; 4C, four-compartment model; BIS, bioelectrical impedance spectroscopy (ImpediMed); DXA, dual-energy X-ray absorptiometry; BV, body
volume; D2O, deuterium dilution; 3C, three-compartment model.
*Indicates significant difference from criterion (P< 0 05); subjective rating scale according to Heyward and Wagner(7) adapted from Lohman(50).
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Hispanic participants. The IB produced more valid % fat esti-
mates compared with the BIS for all races and ethnicities,
except Asian which demonstrated similar results between
devices (Table 5). IB measures were very good to excellent
for Hispanic and Multi-racial participants; slightly less accu-
rate results were observed for Asian, African American/
Black and Caucasian/White individuals.

For FFM measures, the DXA and ADP produced excellent to
ideal results for all races and ethnicities. Similar to% fat estimates,
the IB FFM measures were more valid compared with the BIS
ranging from good (W: TE= 2·5 kg) to ideal (H: TE= 1·8 kg);
BIS estimates were between fairly good to good and very good
to excellent (Table 5). Although TE/SEE results varied by race
and ethnicity, all groups demonstrated significant MD
(P< 0·05) for estimates from the DXA (% fat: 1·5–2·4 %; FFM:
−1·5 to−0·7 kg) and ADP (% fat:−2·2 to−1·2 %; FFM: 0·7–1·7 kg)
compared with the criterion (Table 5). For all races and ethnic-
ities, there were no significant differences in % fat and FFM for
the BIS (P= 0·126–0·957) and IB (P= 0·078–0·994) compared
with the criterion, except for Asian individuals; the BIS was sig-
nificantly different compared with the criterion (% fat: −1·4 %;
FFM: 1·1 kg; P< 0·05) (Table 5). For % fat and FFM, ADP and
DXA produced the most accurate estimates, followed by the
IB and then BIS. For each race and ethnicity, DXA overestimated
% fat (∼2 %) and underestimated FFM (∼1–2 kg), with the
opposite relationship observed for ADP (underestimated % fat
∼1–2 %, overestimated FFM ∼1 kg).

Discussion

Few investigations have evaluated the validity of current
body composition technology across diverse populations.
Identifying themost valid body compositionmodels and devices
across varied racial and ethnic populations may improve the
ability of investigators and clinicians to select the appropriate
method to accurately assess body composition and understand
health implications among these populations. Results did not
vary meaningfully between each race and ethnicity, except
BIS which performed poorly for body composition measures
in African American/Black, Caucasian/White and Multi-racial
samples (% fat TE= 4·3–4·9 %). The multi-compartment models
evaluated can be utilised in a multi-ethnic sample, as well as in
each individual race and ethnicity, to obtain highly valid results
for both % fat and FFM. Estimates fromDXA, ADP and IB are also
valid for mean estimates. The BIS, using manufacturer provided
settings (e.g. body proportion, resistivity coefficients, etc.), may
demonstrate greater total error for all racial and ethnic cohorts
and results should be interpreted cautiously.

Previous literature evaluating body composition validity in
minority populations and multi-ethnic samples has primarily
focused on single device (DXA, ADP, BIA/BIS) estimates of %
fat, FM and FFM(14,30–32). There are limited data comparing alter-
native multi-compartment models to a criterion; however, alter-
native multi-compartment models(16,33) and the DXA(18,34,35) are
commonly used as a criterion to validate single devicemeasures.
Wang et al.(6) evaluated several multi-compartment model
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Fig. 3. Bland–Altman plot analyses and regression for single device body fat percentage estimates. (a) Dual-energy X-ray absorptiometry (95 % limits of agreement
(LOA)=−1·2–5·4%;mean difference (MD) = 2·1%; regression equation:P< 0·001); (b) air displacement plethysmography (LOA= -5·1–1·4%;MD= -1·9%; regression
equation: P= 0·003); (c) bioelectrical impedance spectroscopy (LOA= -8·5–7·6%; MD= -0·5%; regression equation: P< 0·001); (d) InBody (LOA = -6·0–5·3%;
MD= -0·4%; regression equation: P= 0·449). Black dashed line, LOA; black solid line, mean difference; grey solid line, regression line.
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estimates of FM in a multi-ethnic sample compared with 6C cri-
terion and found disparate SEE values between 0·22–4·19 kg and
MD between 0·78–4·75 kg. The models that were determined to
be the most accurate incorporated a measurement of TBW and
demonstrated SEE (0·97–1·08 kg) and MD (0·78–1·02 kg) values
comparable to the SEE andMD observed in the present study for
FFM (SEE= 0·30–1·62 kg; MD= -0·6 to 1·1 kg). The multi-com-
partment models in the present study performed similarly across
each race and ethnicity and demonstrated excellent agreement.
Bland–Altman analyses demonstrated the D2O 3C model (LOA:
−0·1 to −1·7 %) had the lowest individual variability and BIS 3C
(LOA:−5·1 to 3·4 %) had the greatest. The small MD, narrow LOA
and ideal TE/SEE values from the D2O 3C model were likely a
result of the large contribution of D2O TBW estimates to both
the D2O 3C model and the 4C criterion. Proportional bias
was observed for all multi-compartment models; for each
model, individuals with greater % fat were significantly
underestimated.

For the single device body composition measures, DXA and
ADP demonstrated very good to excellent agreement for % fat,
and excellent to ideal agreement for FFMmeasures for the multi-
ethnic sample and in each race and ethnicity. However, for both
devices, estimates of % fat and FFM were significantly different
than the criterion. A recent study evaluating the reliability
of body composition devices in adults reported standard error
of the measurement values for % fat and FFM of 0·45 and
0·72 kg, respectively, for DXA and 1·28 and 1·30 kg, respectively,
for ADP(36). These results indicate the MD observed in the
present study are beyond the sensitivity of the device, suggesting
that investigators should cautiously interpret results and recog-
nise the likelihood of a true over or underestimation ofmeasures.
The IB and BIS % fat and FFM estimates were less accurate in
all races and ethnicities. However, IB did not display any

proportional bias, suggesting it would perform similarly across
a broad sample of individuals. Overall, devices did not perform
better in Caucasian/White individuals, compared with other
races and ethnicities. Validation studies that have evaluated
DXA in multi-ethnic samples have demonstrated SEE values
of 1·6 kg for FFM(37) and 2·8 % for % fat(23), similar to the
present study results (1·8 kg, 2·7 %, respectively). In individual
races and ethnicities, previous literature has reported smaller
MD (−0·2 to −0·3 % fat)(38,39) and similar TE (2·39 %)(38) for
African American/Black participants and slightly larger MD
(2·1–4·2 %)(40) in Asian individuals compared with the present
study. Previous literature has not established DXA validity in
Hispanic and Multi-racial individuals. For ADP, studies inves-
tigating multi-ethnic samples have reported SEE values of
2·7 %(41) and MD ranging from −1·8 to 2·4 % for % fat(41–43),
similar to the present study (SEE= 1·55 %; MD= 1·9 %).
However, these studies had very small minority representation
(7–30 % of sample) and only included African American/Black
and Asian participants. For Hispanic cohorts, to our knowledge,
validity studies have only included Mexican individuals and
found SEE results (% fat: −1·4 %; FM: 2·3 kg)(22,31), similar to
our findings (SEE= 1·2 %), but smaller MD (% fat: −0·99 %) com-
pared with a 3C criterion than the present study (MD: 2·4 %)(31).
Body fat percentage results in the present study demonstrated
better agreement between ADP and a 4C criterion for African
American/Black participants (SEE= 1·6 %, MD= 1·8 %) com-
pared with previous literature in a younger male population
(SEE= 4·7 %; MD= -3·6 %)(39). In Asian participants, ADP has
primarily been validated against a DXA criterion, which makes
comparison difficult; however, SEE (2·6 % v. 1·6 %)(32) and MD
(−3·9 % v. 2·1 %)(21) values were larger than the current study.

Several studies have investigated the validity of BIA
devices(14,34,44,45); however, few have utilised a multi-compartment

Table 5. Validity statistics comparing the 4C criterion with four single device models for measures of body fat percentage and fat-free mass

% Fat FFM (kg)

Mean SD TE SEE R2 Rating Mean SD TE SEE R2 Rating

Asian DXA 26·6* 6·2 2·6 1·1 0·972 Very good – Excellent 47·9* 9·7 1·6 0·8 0·994 Ideal
ADP 22·2* 6·6 2·6 1·6 0·940 Very good – Excellent 50·5* 10·1 1·6 1·0 0·991 Ideal
BIS 22·8* 6·8 3·1 2·7 0·828 Good – Very good 50·3* 11·1 2·2 1·6 0·976 Excellent
IB 23·7 6·3 3·1 3·1 0·773 Good – Very good 49·6 9·9 2·1 2·1 0·956 Excellent – Ideal

African American/Black DXA 28·6* 8·9 2·6 1·3 0·981 Very good – Excellent 57·9* 13·6 1·8 1·1 0·994 Excellent – Ideal
ADP 24·6* 9·5 2·4 1·6 0·971 Excellent – Ideal 60·7* 13·3 1·8 1·1 0·993 Ideal
BIS 27·6 6·7 4·6 4·2 0·799 Poor – Fairly good 58·7 13·3 3·4 3·5 0·937 Fairly good – Good
IB 26·9 9·7 3·2 3·2 0·764 Good – Very good 59·1 13·8 2·1 2·1 0·976 Excellent – Ideal

Caucasian/White DXA 26·1* 9·3 2·7 1·9 0·969 Very good – Excellent 54·9* 11·4 1·8 1·4 0·987 Ideal
ADP 23·0* 11·3 2·3 1·5 0·979 Excellent – Ideal 56·8* 12·5 1·6 1·2 0·990 Ideal
BIS 23·1 8·0 4·9 4·5 0·819 Poor – Fairly good 57·0 11·7 3·7 3·6 0·912 Fairly good – Good
IB 23·2 9·8 3·4 3·3 0·906 Good – Very good 56·7 11·3 2·5 2·3 0·964 Good – Very good

Hispanic DXA 29·6 7·4 2·8 1·2 0·981 Very good – Excellent 48·7 11·7 1·8 0·9 0·995 Ideal
ADP 25·2 8·4 2·6 1·6 0·964 Very good – Excellent 51·4 12·3 1·7 1·2 0·991 Ideal
BIS 26·2 7·2 3·5 3·4 0·836 Good – Very good 51·0 12·5 2·7 2·6 0·958 Good – Very good
IB 26·8 8·3 2·4 2·4 0·915 Very good – Excellent 50·5 12·2 1·8 1·8 0·979 Ideal

Multi-Racial DXA 27·1* 10·5 2·9 1·9 0·975 Very good – Excellent 55·5* 12·1 2·1 1·6 0·985 Excellent – Ideal
ADP 23·0* 12·7 2·7 1·3 0·987 Very good – Excellent 58·4* 13·6 2·1 1·0 0·993 Excellent – Ideal
BIS 25·2 8·6 4·3 3·5 0·913 Poor – Fairly good 56·8 11·6 3·4 3·4 0·930 Fairly good – Good
IB 25·1 11·3 2·7 2·8 0·943 Very good – Excellent 56·9 12·7 2·2 2·1 0·969 Excellent

% fat, body fat percentage; FFM, fat-free mass; TE, total error; SEE, standard error of the estimate; DXA, dual-energy X-ray absorptiometry; ADP, air displacement plethysmography;
BIS, bioelectrical impedance spectroscopy (ImpediMed); IB, InBody.
*Indicates significant difference from criterion (P< 0 05); subjective rating scale according to Heyward and Wagner(7) adapted from Lohman.

2394 M. N. M. Blue et al.

https://doi.org/10.1017/S0007114522000368  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114522000368


criterion for comparison(14,46,47). Similar to the present study, Bosy-
Westphal et al.(14) investigated the validity of FFM measures in
Hispanic, Caucasian, African American and Asian participants
and reported MD values of 0·4, 0·7, 1·5and 0·7 kg, respectively,
and TE values of 1·9, 2·1, 2·2 and 1·9 kg, respectively. These results
align with the IB TE and MD values reported in the present study,
but are smaller thanBIS error observed in this study. In a larger sam-
ple of Asian individuals (n 298), SEE (4·5 %) was larger than both
bioimpedance devices in the present study (2·7–3·1%). An older
study evaluating BIA FFM estimates compared with a 4C model
inHispanic females reported variable results depending on the spe-
cific regression equation utilised(47); overall results demonstrated
lower SEE (1·3–2·0 kg) compared with BIS, similar SEE compared
with IB and similar TE (1·6–3·2 kg) to both devices in the current
study. To our knowledge, only one study has evaluated the validity
of the IB device compared with a 4C criterion, although the 4C
equation utilised bioelectrical impedance technology as opposed
to isotope dilution. This study evaluated 146 African American,
Caucasian and Hispanic individuals and reported larger TE (5·1–
5·5%) and SEE (4·8–5·2%) values than the current study for the total
sample(16). Within each race and ethnicity, MD results were similar
for African American/Black individuals (−0·34%) and larger for
Caucasian/White (−2·13%) and Hispanic (1·4%) participants com-
pared with our study findings. Results from the current study sug-
gest the BIS, which is commonly used in clinical settings(48,49),
should be evaluated in larger, multi-ethnic populations to ensure
validity.

Bioelectrical impedance devices, which demonstrated the
largest TE and SEE for all races and ethnicities, require several
assumptions regarding body proportion, body density and resis-
tivity of tissue(8). A previous investigation in our laboratory (Blue
et al. – unpublished) observed significantly different relative arm
and leg lengths between races and ethnicities; African American/
Black participants had longer arms and legs compared with
Asian and Caucasian/White individuals. Device estimates may
be improved by allowing users to incorporate a measure of limb
length or utilising a different body proportion coefficient.
Additional components that may influence BIA/BIS measures
such as fat distribution, fat-free body density, total body density
and TBW:FFM ratio should be investigated further to determine if
adjusting standard coefficients and algorithms may improve
accuracy when evaluating a broad, diverse sample.

Although this study enrolled a diverse sample, there are lim-
itations to address. There was not sufficient enrolment of Native
American individuals; race-specific analyses could not be com-
pleted and thus results are not generalisable to Native American
participants. Additionally, the sample size did not allow for
analyses to be evaluated by sex within each racial and ethnic
group. To improve generalisability within Hispanic and Asian
samples, a single country or region of origin was not selected;
however, the diversity within those racial and ethnic categories
(e.g. East Asian v. South Asian) suggests future studies should
evaluate ethnic groups separately. Furthermore, future studies
should aim to include multiple sites to improve the ability to
enroll Native Americans and a larger cohort of racial and ethnic
minorities.

The current study results suggest the multi-compartment
models evaluated should be utilised to obtain the most valid

results for both % fat and FFM in a multi-ethnic sample, as well
as in each individual race and ethnicity. As TBW is a large com-
ponent of multi-compartment models, utilising isotope dilution
provided the most valid estimates (D2O 3C), even beyond mod-
els that measured an additional body constituent (e.g., Mo in BIS
4C model). Additionally, results suggest that single device esti-
mates from DXA and ADP are valid for mean estimates, but indi-
vidual variability may be high. IB and BIS devices demonstrated
the greatest error compared with all other models; BIS estimates
were not valid in African American/Black, Caucasian/White and
Multi-racial samples when utilising the manufacturer’s default
settings. To our knowledge, this is one of the first studies to
include individuals who identify as more than one race and eth-
nicity; results for this cohort were similar to the other races and
ethnicities. Overall, the most accurate estimates for all races and
ethnicities were obtained from D2O 3C, BIS 4C, BIS 3C
(TE= 0·9–2·4 %), followed by DXA, ADP, IB (TE= 2·5–2·9 %)
and then BIS (TE= 4·12 %). Results did not vary significantly
between races and ethnicities, except for BIS which was less
accurate for African American/Black, Caucasian/White, Multi-
racial individuals.

Acknowledgements

This study was supported by the National Strength and
Conditioning Association Foundation.

All authors approved the final manuscript version and con-
tributed as follows: conceptualization (M. N. M. B., A. E. S. R.),
methodology (M. N. M. B., A. E. S. R., G. M. T., B. K. N., E. D.
R., D. P.), funding acquisition (M. N. M. B., A. E. S. R.), investi-
gation (M. N. M. B., K. R. H., G. J. B., H. E. C., L. M. G., A. E.
S. R.), formal analysis (M. N. M. B., A. E. S. R.), writing original
draft (M. N. M. B., A. E. S. R.), and reviewing and editing (all
authors).

There are no conflicts of interest.

References

1. Kurian AK & Cardarelli KM (2007) Racial and ethnic differences
in cardiovascular disease risk factors: a systematic review. Ethn
Dis 17, 143–152.

2. Ong KL, Cheung BMY, Man YB, et al. (2007) Hypertension
among United States Adults 1999–2004. Hypertension 49,
69–75.

3. Sundquist J & Winkleby MA (1998) Cardiovascular risk fac-
tors in Mexican American adults : a transcultural analysis
of NHANES III, 1988–1994. Am J Public Health 1825,
1988–1994.

4. Müller MJ, Lagerpusch M, Enderle J, et al. (2012) Beyond the
body mass index: tracking body composition in the pathogen-
esis of obesity and the metabolic syndrome. Obes Rev 13,
Suppl. 2, 6–13.

5. Barreira TV, Staiano AE, Harrington DM, et al. (2012)
Anthropometric correlates of total body fat, abdominal adipos-
ity, and cardiovascular disease risk factors in a biracial sample
of men and women. Mayo Clin Proc 87, 452–460.

6. Wang ZM, Deurenberg P, Guo SS, et al. (1998) Six-compart-
ment body composition model: inter-method comparisons of
total body fat measurement. Int J Obes Relat Metab Disord
22, 329–337.

Body composition validity across races 2395

https://doi.org/10.1017/S0007114522000368  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114522000368


7. Heyward VH&Wagner DR (2004) Use of regression analysis in
body composition. In Applied Body Composition Assessment,
pp. 3–20 [Loarn D Robertson, Elaine H Mustain and Joyce
SextonI, editors]. Champaign: Human Kinetics.

8. Fosbøl MO & Zerahn B (2015) Contemporary methods of body
compositionmeasurement. Clin Physiol Funct Imag 35, 81–97.

9. Heyward VH & Wagner DR (2004) Applied Body Composition
Assessment, 2nd ed. Champaign: Human Kinetics.

10. Wagner DR & Heyward VH (2000) Measures of body compo-
sition in blacks and whites : a comparative review. Am J Clin
Nutr 71, 1392–402.

11. Tinsley GM, Smith-Ryan AE, Kim Y, et al. (2020) Fat-free mass
characteristics vary based on sex, race, and weight status in US
adults. Nutr Res 81, 58–70.

12. Hinton BJ, Fan B, Ng BK, et al. (2017) Dual energy X-ray
absorptiometry body composition reference values of limbs
and trunk from NHANES 1999–2004 with additional visualiza-
tion methods. PLOS ONE 12, 1–17.

13. Visser M, Gallaoher D, Deurenberg P, et al. (1997) Density of
fat-free body mass: relationship with race, age, and level of
body fatness. Am J Physiol 272, 781–787.

14. Bosy-Westphal A, Schautz B, Later W, et al. (2013) What makes
a BIA equation unique? Validity of eight-electrode multifre-
quency BIA to estimate body composition in a healthy adult
population. Eur J Clin Nutr 67, S14–S21.

15. Deurenberg P, Deurenberg-Yap M & Schouten FJM (2002)
Validity of total and segmental impedance measurements for
prediction of body composition across ethnic population
groups. Eur J Clin Nutr 56, 214.

16. Gibson AL, Holmes JC, Desautels RL, et al. (2008) Ability of new
octapolar bioimpedance spectroscopy analyzers to predict 4-
component – model percentage body fat in Hispanic, black
and white adults. Am J Clin Nutr 87, 332–338.

17. Stout JR, Eckerson JM, Housh TJ, et al. (1994) Validity of meth-
ods for estimating percent body fat in black males. J Strength
Cond Res 8, 243–246.

18. Vasudevan S, Mohan A, Mohan D, et al. (2004) Validation of
body fat measurement by skinfolds and two bioelectric imped-
ance methods with DEXA – the Chennai Urban rural epidemi-
ology study (CURES-3). J Assoc Physicians India 52, 877–881.

19. Wu CS, Chen YY, Chuang CL, et al. (2015) Predicting body
composition using foot-to-foot bioelectrical impedance analy-
sis in healthy Asian individuals. Nutr J 14, 1–9.

20. Hicks VL, Heyward VH, Baumgartner RN, et al. (1993) Body
composition of native-American women estimated by dual-
energy X-ray absorptiometry and hydrodensitometry. Basic
Life Sci 100, 89–90.

21. Bi X, Loo YT & Henry CJ (2018) Body fat measurements in
Singaporean adults using four methods. Nutrients 10, 1–11.

22. Alemán-Mateo H, Huerta RH, Esparza-Romero J, et al. (2007)
Body composition by the four-compartment model: validity
of the BOD POD for assessing body fat in Mexican elderly.
Eur J Clin Nutr 61, 830–836.

23. Prior BM, Cureton KJ, Modlesky CM, et al. (1997) In vivo vali-
dation of whole body composition estimates from dual-energy
X-ray absorptiometry. J Appl Physiol 83, 623–630.

24. Wang Z, Pi-Sunyer FX, Kotler DP, et al. (2002) Multicomponent
methods : evaluation of new and traditional soft tissue mineral
models by in vivo neutron activation analysis 1–3. Am J Clin
Nutr 76, 968–974.

25. Heymsfield SB, Lichtman S, Baumgartner RN, et al. (1990) Body
composition of humans: comparison of two improved four-
compartment models that differ in expense, technical complex-
ity, and radiation exposure. Am J Clin Nutr 52, 52–58.

26. Davidsson L & International Atomic Energy Agency (2009)
Assessment of Body Composition and Total Energy Expenditure

in Humans Using Stable Isotope Techniques. Vienna, Austria:
International Atomic Energy Agency.

27. Schoeller DA, Van SE, Peterson D, et al. (1980) Total body
water measurement in humans with 18O and 2H labeled water.
Am J Clin Nutr 33, 2686–2693.

28. Demerath EW, Guo SS, Chumlea WC, et al. (2002) Comparison
of percent body fat estimates using air displacement plethys-
mography and hydrodensitomery in adults and children. Int J
Obes Relat Metab Disord 26, 389–397.

29. McCrory MA, Mole PA, Gomez TD, et al. (1998) By using pre-
dicted and measured thoracic gas volumes. J Appl Physiol 84,
1475–1479.

30. Collins MA, Millard-Stafford ML, Sparling PB, et al. (1999)
Evaluation of the BOD POD for assessing body fat in collegiate
football players. Med Sci Sports Exerc 31, 1350–1356.

31. Alemán-Mateo H, Romero JE, Morales NM, et al. (2004) Body
composition by three-compartment model and relative validity
of some methods to assess percentage body fat in Mexican
healthy elderly subjects. Gerontology 50, 366–372.

32. Sasai H, Nakata Y, Nemoto M, et al. (2010) Air displacement
plethysmography for estimating body composition changes
with weight loss in middle-aged Japanese men. Obes Facts 3,
357–362.

33. Kupper J, Bartz M, Schultink J, et al. (1998) Measurements of
body fat in Indonesian adults: comparison between a three-
compartment model and widely used methods. Asia Pac J
Clin Nutr 7, 49–54.

34. Forrester JE, SheehanHMB& Joffe TH (2008) A validation study
of body composition by bioelectrical impedance analysis in
human immunodeficiency virus (HIV)-positive and HIV-
negative Hispanic men and women. J Am Diet Assoc 108,
534–538.

35. Wagner DR, Heyward VH & Gibson AL (2000) Validation of air
displacement plethysmography for assessing body composi-
tion. Med Sci Sports Exerc 32, 1339–1344.

36. Schubert MM, Seay RF, Spain KK, et al. (2019) Reliability and
validity of various laboratory methods of body composition
assessment in young adults. Clin Physiol Funct Imag 39,
150–159.

37. Tylavsky F, Lohman T, Blunt BA, et al. (2003) QDR 4500A DXA
overestimates fat-free mass compared with criterion methods. J
Appl Physiol 94, 959–965.

38. Wagner DR & Heyward VH (2001) Validity of two-component
models for estimating body fat of black men. J Appl Physiol 90,
649–656.

39. CollinsMA,Millard-StaffordML, Evans EM, et al. (2004) Effect of
race and musculoskeletal development on the accuracy of air
plethysmography. Med Sci Sports Exerc 36, 1070–1077.

40. Deurenberg-Yap M, Schmidt G, van Staveren WA, et al. (2001)
Body fat measurement among Singaporean Chinese, Malays
and Indians: a comparative study using a four-compartment
model and different two-compartment models. Br J Nutr
85, 491.

41. Fields DA,Wilson GD, Gladden LB, et al. (2001) Comparison of
the BOD POD with the four-compartment model in adult
females. Med Sci Sports Exerc 33, 1605–1610.

42. Wingfield HL, Smith-Ryan AE,Woessner MN, et al. (2014) Body
composition assessment in overweight women : validation of
air displacement plethysmography. Clin Physiol Funct Imag
34, 72–76.

43. Lowry DW & Tomiyama AJ (2015) Air displacement plethys-
mography versus dual-energy X-ray absorptiometry in under-
weight, normal-weight, and overweight/obese individuals.
PLOS ONE 10, 1–8.

44. Chen W, Jiang H, Yang JX, et al. (2017) Body composition
analysis by using bioelectrical impedance in a young healthy

2396 M. N. M. Blue et al.

https://doi.org/10.1017/S0007114522000368  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114522000368


Chinese population: methodological considerations. Food Nutr
Bull 38, 172–181.

45. Aglago KE, El MI, El KK, et al. (2013) Development and valida-
tion of bioelectrical impedance analysis equations for predict-
ing total body water and fat-free mass in North-African adults.
Eur J Clin Nutr 67, 1081–1086.

46. Deurenberg P & Deurenberg-Yap M (2002) Validation of skin-
fold thickness and hand-held impedance measurements for esti-
mation of body fat percentage among Singaporean Chinese,
Malay and Indian subjects. Asia Pac J Clin Nutr 11, 1–7.

47. Stolarczyk LM, Heyward VH, Goodman JA, et al. (1995)
Predictive accuracy of bioimpedance equations in estimating

fat-free mas of Hispanic Women. Med Sci Sports Exerc 27,
1450–1456.

48. Kim CR, Shin JH, Hwang JH, et al. (2018) Monitoring volume
status using bioelectrical impedance analysis in chronic hemo-
dialysis patients. ASAIO J 64, 245–252.

49. Lim SM, Han Y, Il KS, et al. (2019) Utilization of bioelectrical
impedance analysis for detection of lymphedema in breast
cancer survivors: a prospective cross sectional study. BMC
Cancer 19, 1–8.

50. Lohman T (1992) Current issues in exercise science series. In
Advances in Body Composition Assessment, pp. 3–4.
Champaign, IL: Human Kinetics.

Body composition validity across races 2397

https://doi.org/10.1017/S0007114522000368  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114522000368

	The validation of contemporary body composition methods in various races and ethnicities
	Experimental methods
	Participants
	Experimental design
	Body composition
	Dual-energy X-ray absorptiometry
	Deuterium dilution
	Bioelectrical impedance
	Air displacement plethysmography
	Statistical analysis

	Results
	Multi-compartment device measures
	Single device measures

	Discussion
	Acknowledgements
	References


