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Review

Comparison of body composition methods: a literature analysis

M Fogelholm1 and W van Marken Lichtenbelt2

1The UKK Institute, POB 30, FIN-33501, Tampere, Finland and 2Department of Human Biology, University of Maastricht, Maastricht,
The Netherlands

Objective: To examine the comparability of different methods to assess percentage body fat (BF%) against
underwater weighing (UWW).
Design: A meta-analysis on 54 papers, published in 1985±96, on healthy, adult Caucasians.
Methods: The mean BF% from different studies were treated as single data points. In addition to UWW, the
studies included one or more of the following methods: 3- or 4-component model, dual-energy X-ray
absorptiometry (DXA), dual-energy photon absorptiometry, isotope dilution, bioimpedance (BIA), skinfolds
or near-infrared interactance (NIR). Within each of the methods, the analyses were done separately for different
mathematical functions, techniques or instruments.
Main outcome measures: Bias (mean difference) and error (s.d. of difference) between BF% measured by
UWW and the other methods.
Results: The 4-component model gave 0.6 (95% con®dence interval for the mean, CI: 0.1 to 1.2) BF% higher
results than UWW. Also the 3-component model with body density and total body water (� 1.4 BF%, 95% CI:
� 0.3 to � 2.6), deuterium dilution (� 1.5 BF%, 95% CI: � 0.7 to � 2.3), DXA by Norland (� 7.2 BF%, 95%
CI: 2.6 to 11.8) and BIA by Lukaski et al. (� 2.0 BF%, 95% CI: 0.2 to 3.8) overestimated BF%, whereas BIA by
Valhalla Scienti®c (72.6 BF%, 95% CI: 74.5 to 70.6) and skinfold equations by Jackson et al. (71.20, 95%
CI: 72.3 to 70.1) showed a relative underestimation. The mean bias for the skinfold equation by Durnin &
Womersley, against UWW, was 0.0 BF% (95% CI: 71.3 to 1.3). The correlation between the size of
measurement and the mean difference was signi®cant for only NIR (r�70.77, P� 0.003).
Conclusions: The difference between any method and UWW is dependent on the study. However, some
methods have a systematical tendency for relative over- or underestimation of BF%.
Descriptors: anthropometry; body fat; multicomponent models

Introduction

The different models of body composition can be organized
into ®ve levels: atomic, molecular, cellular, tissue-system
and whole body (Wang et al, 1992). In the molecular level,
the components of the body can be water, lipids, proteins,
minerals and glycogen. The total of all components is the
body weight. These body weight models are further named
according to the number of components, for example: 2-
component model, 3-component model, etc. Models with
three or more components are also referred to as multi-
component models.

Recently, Wang et al (1995) proposed a system of
organizing in vivo body-composition methods into six
classes. The basic idea is that a measurable quantity
is connected to body composition by a mathematical
function. The quantity used can be a measurable property
(property-based methods), such as body impedance or
X-ray attenuation, or a component already quanti®ed
from a property (component-based methods). Property-
based and component-based methods are often combined.

The properties needed for assessment of the molecular
composition of human body are measured by numerous
techniques (Lukaski et al, 1987; Wang et al, 1995). More-
over, different instrumentation and mathematical functions
multiply the variability of results. It is therefore expected
that body composition results obtained by different in vivo
methods are not identical.

The number of studies comparing results from body
composition methods have increased during the past ten
years. In most publications, underwater weighing (UWW)
has been compared with one or several other methods.
Unfortunately, the results have been too divergent to allow
any obvious conclusions. Consequently, the purpose of this
paper was to analyze studies on body-composition metho-
dology, and to give answers to the following questions: (1)
how large is the bias (difference between two mean values)
and error (standard deviation of individual differences) of
the estimated body fat content (% of body weight, BF%)
between UWW and alternative methods? (2) is the magni-
tude of bias dependent on the size of measurement (BF%),
the subjects' gender, or on the instrument or mathematical
function used? An analysis of mean values in 54 studies
formed the core of the present review. In addition, to get an
insight on the comparability of group and individual data,
the above questions were also examined by pooling the
individual results presented in 10 studies.
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Methods

Selection of studies
This review was restricted to studies published during the
years 1985±1996. The 54 studies (see Appendix) selected
were identi®ed by Medline computer-search and by scru-
tiny of the literature. Because only few studies used 3- or 4-
component models (in which the body is organized into
lipids, water and/or minerals, and the remaining lipid-free
mass), UWW (2C model) was chosen as the criterion
method for the review. In addition to UWW, the studies
included one or more of the following body-composition
methods: 3- or 4-component model, dual-energy X-ray
absorptiometry (DXA), dual-energy photon absorptiometry
(DPA), isotope dilution, bioimpedance (BIA), skinfolds or
near-infrared interactance (NIR).

The studies selected had to contain data on BF%, or
enough data for calculation of a mean value for BF%, such
as body weight and fat or fat-free weight. When body
composition was calculated from TBW results by isotope
dilution, the ratio FFM�TBW/0.732 was used (Pace &
Rathburn 1945). When needed, body density (Db) was
connected to BF% with Siri's (1956) equation (BF% �
(4.95/Db7 4.50)6 100).

In the selected studies, the subjects were healthy Cau-
casians. Because of potential racial differences in body
composition (Ortiz et al. 1992), studies with, for example,
black or Native American subjects were excluded. In
addition, studies with solely young (< 16 y) or aged
(> 60 y) subjects were not included in the analysis.

The statistical analyses were done separately for differ-
ent mathematical functions, techniques and instruments.
The following methods were grouped according to mathe-
matical functions: multicomponent methods into 3-compo-
nent models with body density and total body water TBW
(3Cw) or with body density and minerals (3Cm), and the 4-
component model (4C) with body density, body minerals
and TBW; BIA into the equations of RJL (RJL Systems
Inc., Detroit, MI), Lukaski et al (1985, 1986); Segal et al,
(1988), and Valhalla Scienti®c, San Diego, CA; skinfolds
into the equations of Durnin & Womersley (1974); Jackson
& Pollock (1978); or Jackson et al (1980). The results from
isotope analyses were segregated into deuterium (2H) and
tritium (3H) dilution, and the results obtained by DXA or
DPA by instrumentation: QDR (Hologic Inc., Waltham,
MA), DPX (Lunar Radiation Corp., Madison, WI), XR-26
(Norland Corp., Fort Atkinson, WI), and DPA.

Analysis of group results
In the analysis, the mean BF% from different studies were
treated as single, unweighed data points. The inter-method
difference was calculated by subtracting the UWW result
(mean BF%) from the alternative (alt) result. A positive
difference indicated a relative overestimation of BF% by
the alternative, and vice versa. The data were analyzed by
an approach proposed by Altman & Bland (1983), modi®ed
to the present analysis with several potential factors affect-
ing the difference between two methods.

Factors associated with the inter-method difference were
®rst studied by a multiple regression analysis
(alt� alternative method compared against UWW): alt-
UWW �
A � (B � ((alt � UWW)/2) � (C � male) � (D � mixed
group). `Male' and `mixed group' were used as dummy
variables (Kahn & Sempos, 1989): if the subjects were
males, male� 1, otherwise male� 0; if the subjects were

mixed (males and females) mixed� 1, otherwise
mixed� 0. In this approach, the female gender was used
as a reference. Letter A refers to the intercept, B to the
regression coef®cient for the size of measurement, adjusted
for the linear effect of gender, and letters C and D to the
coef®cients for male and mixed gender, respectively,
adjusted for the linear effect of the size of measurement
and gender.

The second step was undertaken only if the difference
was not associated with the size of measurement. The mean
difference (bias), 95% con®dence interval for the mean
(95% CI) and standard deviation (error) was calculated.
The bias was considered signi®cant (P< 0.05), if the 95%
CI did not include zero. Differences between instruments or
mathematical functions, within a single method-group,
were identi®ed by the analysis of variance (ANOVA) and
post hoc t-tests.

Analysis of individual data
The analysis of individual data was based on all seven
studies showing individual body-composition results
(Graves et al, 1987; Heyms®eld et al, 1989a; Brodie et
al, 1991; McNeill et al, 1991; Friedl et al, 1992; Withers et
al, 1992; SohlstroÈm et al, 1993) and three studies from our
own laboratories (Marken Lichtenbelt et al, 1995; Fogel-
holm et al, 1996a,b). The above studies contained data on
underwater weighing and one of the following methods:
3Cm, 3Cw, 4C, deuterium dilution, DXA instruments by
Lunar (DPX) and Norland (XR-26), BIA equations by RJL
Systems and by Lukaski et al (1985, 1986), and skinfold
equations by Durnin & Womersley (1974) and Jackson et
al (1980).

Similar to the analysis of group data, the ®rst step was to
study associations with the difference between alternative
method and UWW. In addition to gender, each study
(namely laboratory) may have an effect on the difference.
Therefore, the multiple regression was: alt-UWW�A �
(B6 ((alt � UWW)/2) � (C6male) � (D16 study1) �
(D26 study2) etc. Males were coded 1 and females 0. The
studies were also dummy coded, using the study with the
largest number of subjects as the reference. The second step
(calculation of bias and s.d.) was done according to the
principles explained for the group analysis. All statistical
analyses were done with BMDP statistical software.

Results

In the analysis of group data, out of the 16 methods
(instruments or mathematical functions) compared against
UWW, only the bias NIR was signi®cantly (P� 0.003)
associated with the size of measurement (Table 1, Figures
1±6. Consequently, the second step of analysis (ANOVA)
was carried out with all remaining methods.

Seven instruments or mathematical functions had a bias
signi®cantly (P< 0.05) different from zero (Table 2): the
3Cw and 4C models, deuterium dilution, Norland XR-26
(DXA) and BIA by Lukaski et al (1985, 1986) equations
overestimated BF%, whereas BIA by Valhalla Scienti®c
and skinfold equations by Jackson & Pollock (1978) or
Jackson et al (1980) signi®cantly underestimated BF%, in
relation to UWW. The most signi®cant differences
(P< 0.01) in bias between techniques or mathematical
functions were found among multicomponent models, iso-
tope dilutions, DXA and BIA (Table 2): the bias was more
positive for 3Cw than for 3Cm, more positive for deuterium
dilution than for tritium dilution, more positive for Norland
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Table 1 Analysis of group data: a multiple regression analysis (difference between two methods�A� (B6mean of two methods)� (C6male)�
(D6mixed gender)) of factors associated with the difference between alternative methods and underwater weighing

na r2 Pb Intercept Meanc Maled Mixed e

Multi-component
3-comp., mineral 10 0.14 0.58 71.44 0.04 0.01
3-comp., water 10 0.29 0.60 70.54 0.04 1.84 70.16
4-component 10 0.12 0.83 1.48 70.04 70.19 0.92

Isotope dilution
D2O 19 0.01 0.99 1.92 70.00 70.31 70.26
T2O 13 0.22 0.49 77.02 0.23 2.15 70.34

DXA, DPA
Hologic QDR 7 0.56 0.42 11.70 70.46 75.04 71.10
Lunar DPX 19 0.26 0.19 70.55 0.03 71.49 2.00
Norland XR-26 4 0.94 0.24 2.67 0.16 71.95
DPA 10 0.33 0.25 19.30 71.59 76.77

Bioimpedance
Lukaski 7 0.60 0.37 70.72 0.12 70.53 71.47
RJL Systems 19 0.21 0.30 5.57 70.14 72.94 73.89
Segal 4 0.47 0.33 717.60 0.45 5.74 0.24
Valhalla 10 0.24 0.69 75.17 0.11 0.24 71.39

Skinfolds
Durnin 27 0.01 0.99 0.14 70.01 70.20 0.47
Jackson 16 0.19 0.44 1.77 70.12 71.02 2.20

Near-infrared inter.
All 15 0.63 0.003 6.21 70.30f 70.95

a Number of data points (studies).
b Statistical signi®cance (P-value) for the total regression.
c Coef®cient for the effect of the size of measurement (mean of underwater weighing and the alternative method).
d Coef®cient for the effect of male gender, with female gender as the reference.
e Coef®cient for the effect of mixed groups, with female gender as the reference.
f Coef®cient different from zero (P< 0.001).

Figure 1 Assessment of percentage body fat by the 4-component model
(4C) and 3-component models, with density and body minerals (3Cm), or
density and total body water (3Cw), against underwater weighing: the
relative bias (multicomponent method minus underwater weighing) plotted
against the size of measurement (mean of multicomponent method and
underwater weighing). Each data point represents a single, unweighed
mean result of one study.

Figure 2 Assessment of percentage body fat by deuterium and tritium
dilution against underwater weighing: the relative bias (dilution minus
underwater weighing) plotted against the size of measurement (mean of
dilution and underwater weighing). Each data point represents a single,
unweighed mean result of one study.

Figure 3 Assessment of percentage body fat by different dual-energy X-
ray absorptiometry instruments (Lunar, Hologic or Norland) and dual-
energy photon absorptiometry (DPA), against underwater weighing: the
relative bias (DXA or DPA minus underwater weighing) plotted against
the size of measurement (mean of DXA or DPA and underwater weigh-
ing). Each data point represents a single, unweighed mean result of one
study.

Figure 4 Assessment of percentage body fat by different bioimpedance
equations (RJL Systems, Lukaski et al (1985, 1986), Segal et al (1988),
Valhalla Inc.) against underwater weighing: the relative bias (bioimpe-
dance minus underwater weighing) plotted against the size of measurement
(mean of bioimpedance and underwater weighing). Each data point
represents a single, unweighed mean result of one study.
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XR-26 than for any other DXA techniques, and more
negative for BIA by Valhalla Scienti®c, compared against
the BIA equation by Lukaski et al (1985, 1986) and RJL
Systems.

The standard deviation of bias appeared to be smallest
(0.9±1.6 BF%) for multicomponent methods, dilution tech-
niques and DPA (Table 2). The corresponding results for
the remaining methods were between 1.9 and 4.2 BF%.

Using the individual data, the difference of 3Cm, Nor-
land XR-26, BIA equations by Lukaski et al (1985, 1986)
and RJL Systems, and skinfold equations by Durnin &
Womersley (1974), against UWW, was signi®cantly asso-
ciated (P< 0.001) with the size of measurement (Table 3).
Moreover, the study (laboratory) had a signi®cant
(P< 0.05) impact on the error of 3Cm, BIA equation by
RJL and skinfold equation by Durnin & Womersley (1974).

The s.d. of difference was smallest for the multicompo-
nent methods and Lunar DPX (2.0±2.7 BF%), correspond-
ing to a 95% agreement range (� 2 s.d.) of 4±5 BF%
below and above the bias (Table 4). The analysis of
individual data was, however, limited by the small

number of studies with individual data and by the very
limited data without an association between the size of
measurement and difference.

Discussion

Multicomponent models and isotope dilution
The theoretical problems of UWW (2C model) are asso-
ciated with the assumption of ®xed density of FFM
(Lohman, 1992). This assumption implies mainly that the
proportions of minerals, water and proteins in FFM are
constant and not affected by, for instance, sex, age, body
weight and body composition. Because these assumptions
are not always met, multicomponent methods are now
regarded as superior to the 2C model (Martin & Drink-
water, 1991; Lohman, 1992).

The assumptions needed in the 2C model of body
composition may be less suitable when applied to children,
aged people, subjects with illnesses affecting water balance
and/or bone density or non-Caucasian populations (Martin
& Drinkwater, 1991; Ortiz et al, 1992; Cote et al, 1993).

Figure 5 Assessment of percentage body fat by skinfold equations of
Durnin & Womersley (1974), or by the Jackson group (Jackson & Pollock,
1978; Jackson et al, 1980), against underwater weighing: the relative bias
(skinfold minus underwater weighing) plotted against the size of measure-
ment (mean of skinfolds and underwater weighing). Each data point
represents a single, unweighed mean result of one study.

Figure 6 Assessment of percentage body fat by near-infrared inter-
actance (NIR) against underwater weighing: the relative bias (NIR
minus underwater weighing) plotted against the size of measurement
(mean of NIR and underwater weighing). Each data point represents a
single, unweighed mean result of one study.

Table 2 Analysis of group data: comparison of underwater weighing against other methods for body fat
(BF%, percent of body weight) assessment

Bias 95% CIa s.d. ANOVAb

Multicomponent 0.01
3-comp., mineral 70.3 71.0 to 0.4 1.0 Aa
3-comp., water 1.4 0.3 to 2.6 1.6 A
4-component 0.6 0.1 to 1.2 0.9 a

Isotope dilution 0.006
D2O 1.5 0.7 to 2.3 1.6 A
T2O 70.2 71.2 to 0.8 1.6 A

DXA, DPA < 0.001
Hologic QDR 70.3 72.1 to 1.4 1.9 A
Lunar DPX 70.3 71.8 to 1.3 3.2 B
Norland XR-26 7.2 2.6 to 11.8 2.9 ABC
DPA 0.6 70.3 to 1.6 1.3 C

Bioimpedance 0.03
Lukaski 2.0 0.2 to 3.8 2.0 A
RJL Systems 0.3 71.2 to 1.7 3.0 a
Segal 71.2 74.2 to 1.8 4.2
Valhalla 72.6 74.5 to 70.6 2.6 Aa

Skinfolds 0.20
Durnin 70.0 71.3 to 1.3 3.3
Jackson 71.2 72.3 to 70.1 2.0

a 95% con®dence interval for the bias.
b Differences in bias within one method group: P-value for the analysis of variance. Identical letters indicate
statistical signi®cance between techniques or mathematical functions: A, B, C: P< 0.01; a: 0.01<P< 0.05.
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Studies on the above subjects were, however, not included
in the present analysis. For the above reason, and even
more because the number of studies using multicomponent
models was very limited, UWW was chosen as the criterion
variable for the present analysis. Nevertheless, this does not
imply that the results from UWW would be considered
correct.

The body composition models using deuterium dilution
to measure TBW (3Cw, 4C and deuterium dilution) gave,
on average, higher BF% estimations than UWW. To con-
trol for different hydration constants, the constant (0.732)
by Pace & Rathburn (1945) was used in this review, even in
the two studies with an originally different (0.72) constant
(Fuller et al, 1992, 1994).

In addition to the hydration constant, the equilibration
time between deuterium administration and collection of
urine, saliva or blood specimen varied from 2±3 h (Bunt et
al, 1989; Friedl et al, 1992; Withers et al, 1992; Cote et al,
1993; Pritchard et al, 1993; Wellens et al, 1994; Bergsma-
Kadijk et al, 1996) to 4±6 h (Fuller et al, 1992; Kooy et al,
1992; Marken Lichtenbelt et al, 1995), and to extrapolation
to zero-time during a two-week 2H2

18O experiment (Sohl-
stroÈm et al, 1993; Goran et al, 1994). All the above times
might have been too short, because it seems that the

equilibration of the marker in body ¯uids is not complete
until approximately 10 h after dose administration (Marken
Lichtenbelt et al, 1994, 1996). If a complete isotope
enrichment is not reached, TBW and FFM are underesti-
mated and BF% is overestimated. Because the present
analysis clearly indicate an upward shift in BF% estimation
with all equations using deuterium-measured TBW, the
assumptions for equilibration time warrant further studies.
Another possibility is that the typical hydration constant
(0.732) should be smaller (for example 0.72).

It has been conjectured that the water and bone mineral
content of the female body are more variable, compared
with males, and that the 2C model would be less valid for
females (Bunt et al, 1989; Vogel & Friedl, 1992; Cote et al,
1993). This hypothesis was not really supported by the
present literature analysis, because gender had no effect on
the bias between UWW and 4C or 3Cw models. Further,
the possible effect of gender on the bias between UWW and
3Cm should be interpreted with great caution, because the
statistical analysis was based on only two studies with male
and ®ve with female subjects.

The individual data showed a positive association
between the size of measurement and the difference
between 3Cm and UWW. This implies that the fraction
of bone mineral mass in body weight, or in FFM, increased
with increasing obesity (Martin & Drinkwater, 1991;
Lohman, 1992). A high bone mineral fraction would
increase the density of FFM and lead to lower BF%
estimations with the 2C model (UUW), and vice versa.
The apparent increase in bone mineral fraction could be a
result of a known positive association between bone
mineral and total body mass (Wardlaw, 1996). However,
the increasing positive bias of the 3Cm model could also be
an artefact, caused by an arti®cial relation between bone
mineral density and the thickness of body fat layer in some
DXA software versions (Mazess et al, 1992).

Dual-energy X-ray and dual-photon absorptiometry
Some investigators have proposed that the body-composi-
tion data from DXA could replace UWW as the reference

Table 3 Analysis of individual data: a multiple regression analysis (Difference between two methods�A� (B6mean of two methods)�
(C6male)� (D16 study1)� (D26 study2)) of factors associated with the difference between alternative methods and underwater weighing

na r2 Pb Intercept Meanc Maled Studye Referencesf

Multi-component
3-comp., mineral 143 0.33 < 0.001 74.22 0.11* h 3, 4, 7
3-comp., water 34 0.05 0.69 1.48 0.03 70.02 5, 7
4-component 34 0.02 0.87 0.34 0.06 70.30 5, 7

Isotope dilution
D2O 64 0.12 0.16 0.06 0.14 0.94 5, 7, 9, 10

DXA, DPA
Lunar DPX 46 0.25 0.02 0.01 0.05 73.24 7, 10
Norland XR-26 119 0.18 < 0.001 70.56 0.23g 3, 4

Bioimpedance
Lukaski 61 0.13 0.02 76.01 0.34g 1, 3
RJL Systems 101 0.19 < 0.001 7.65 70.24g h 2, 4

Skinfolds
Durnin 157 0.56 < 0.001 25.70 70.61g h 3, 4, 7, 8
Jackson 57 0.01 0.66 72.57 70.10 3, 7

a Number of data points (individuals).
b Statistical signi®cance (P-value) for the total regression.
c Coef®cient for the effect of the size of measurement (mean of underwater weighing and the alternative method).
d Coef®cient for the effect of male gender, with female gender as the reference.
e Association between individual studies and the error.
f References: (1) Graves et al, 1987; (2) Brodie et al, 1991; (3) Fogelholm et al, 1996a; (4) Fogelholm et al, 1996b; (5) Friedl et al, 1992; (6) Heyms®eld et
al, 1989a; (7) Marken Lichtenbelt et al, 1995; (8) McNeill et al, 1991; (9) SohlstroÈm et al, 1993; (10) Withers et al, 1992.
g Coef®cient different from zero (P< 0.001).
h The effect (coef®cient) of at least one study was signi®cantly (P< 0.05) different from zero.

Table 4 Analysis of individual data: comparison of underwater
weighing against other methods for body fat (BF%, percent of body
weight) assessment

Bias 95% CI a s.d.

Multicomponent
3-comp., water 1.7 1.0 to 2.4 2.1
4-component 1.0 0.2 to 1.7 2.0

Isotope dilution
D2O 2.8 1.9 to 3.8 3.7

DXA, DPA
Lunar DPX 71.1 71.2 to 70.3 2.7

Skinfolds
Jackson 74.6 75.4 to 73.8 3.0

a 95% con®dence interval for the bias.
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method for body-composition assessment (Pritchard et al,
1993). According to the present analysis, the instruments of
Norland Inc. gave very much overestimated BF% estima-
tions. The results from Pierson et al (1995) support the
above conclusion. However, the most recent software
versions by Norland (version 2.5.2) appear to yield BF%
estimations that are much closer to UWW (Fogelholm M,
SievaÈnen H, unpublished observations).

DXA by Hologic and Lunar, and DPA, gave results that
were, on average, close to UWW. Nevertheless, despite no
signi®cant relative bias, some differences between the
Lunar DPX and UWW were > 5 BF% (Johansson et al,
1993; Pritchard et al, 1993). It is known that changes of the
software may affect the outcome. Two studies reporting
large bias (� 1 s.d., namely, 3.0 BF%) used newer soft-
ware versions (3.4 or 3.6) (Pritchard et al, 1993; Tothill et
al, 1994), while studies with smaller bias used both new
(Hansen et al, 1993; Wellens et al, 1994) and older (1.3,
1.3z) versions (Bergsma-Kadijk et al, 1996; Fuller et al,
1992; Marken Lichtenbelt et al, 1995; Tataranni & Ravus-
sin, 1995). Unfortunately, several papers, including two out
of the three used in the individual data analysis, did not
give any information on the software version. Nevertheless,
it appears that software version is unable to fully explain
the variation of Lunar DPX results against UWW.

Recently, Paton et al (1995) reported large (5.8 BF%)
and Tataranni et al (1996) smaller (1.7 BF%) differences
between two DPX machines using the same software. The
inter-machine variability is likely to contribute to the
variation of DPX (or any DXA instrument) against UWW
in meta-analytical evaluations. DXA is certainly a promis-
ing approach on analysis of body composition, but the
comparability of different instruments and software ver-
sions need to be improved.

Bioimpedance, skinfolds and near-infrared interactance
The comparison of four common BIA equations revealed
rather large dissimilarities, especially between the extremes
(equations by Lukaski (1985, 1986) and Valhalla Scienti-
®c). The noticeably wide distribution of bias (s.d.) in
studies using the body-composition speci®c BIA-equation
by Segal et al (1988) might have been caused by dif®culties
in choosing between equations for lean or obese subjects.
Because single-frequency BIA measures mostly extra-
cellular water (Foster & Lukaski, 1996), not fat directly,
some of the discrepancies between BIA and UWW might
have been caused by variations in ¯uid distribution.

It has been suggested that BIA underestimates BF% in
obese people (Hodgdon & Fitzgerald, 1987; Heitman,
1994), perhaps because of insensitivity of BIA to detect
variations in body composition of the trunk region (Gray et
al, 1989). The present analysis with individual data sup-
ported the above conclusion, but only when the equation by
RJL Systems was used. In contrast, the equations of
Lukaski et al (1985, 1986) showed a tendency for increased
relative overestimation by BIA in the more obese study
population.

The classical skinfold equations of Durnin & Womers-
ley (1974) agreed, on average, very well with UWW.
However, in relation to UWW, the equations by the
Jackson group (1978, 1980) underestimated BF%. It has
been proposed that the Jackson & Pollock (1978) and
Jackson et al (1980) equations would be more suitable
than Durnin & Womersley (1974) equations for assessment
of physically active, lean people (Wilmore, 1992). Because
all studies with the Durnin & Womersley (1974) equation

were done with subjects with > 15 BF%, the above sugges-
tion could not be examined. In contrast to lean subjects,
taking skinfolds from very obese people may be technically
dif®cult which could affect the validity (Gray et al, 1990).
However, the present group analysis did not show any
associations between the bias of skinfolds and the size of
measurement (BF%).

The negative bias of NIR was caused by an under-
estimation of BF% in all studies on subjects with
> 25 BF%. The relative underestimation was remarkable
in obese subjects. Perhaps the near-infrared beam does not
penetrate deep enough to identify thick fat layers in the
forearm. However, NIR uses a multiple regression equation
with age, sex, weight and height as other independent
variables (Brooke-Wavell et al, 1995). Consequently,
other factors, besides the penetration of the near-infrared
beam, may contribute to the underestimated BF% in obese
subjects.

General discussion
The present literature review included 54 studies, in which
one or several body-composition of methods were com-
pared against UWW. The division for analysis was made by
model (multicomponent methods), instrument (DXA),
tracer (dilution techniques) or regression equation (BIA,
skinfolds). One could argue that the division should be
more accurate, for instance, results from DXA analyzed by
instrument and software, dilution techniques by tracer and
assumed exchange of tracer with non-aqueous components,
etc. However, it was felt that the clarity of presentation and
interpretation of the results would have suffered from an
increasing number of analytical units with only a few data
points.

The 4C model gave 0.6 BF% higher results than UWW.
Also the 3Cw model, deuterium dilution, DXA by Norland
(XR-26) and BIA by Lukaski et al (1985, 1986) equations
overestimated BF%, whereas BIA by Valhalla Scienti®c
and skinfold equations by Jackson & Pollock (1978) or
Jackson et al (1980) showed a relative underestimation.
The bias for Lunar DPX and skinfold equation by Durnin &
Womersley (1974), against UWW, was zero. The correla-
tion between the size of measurement and the bias was
signi®cant for only NIR (negative).

Although the difference on any alternative method
against UWW is dependent on the study, the present
analysis indicates that some methods have a systematical
tendency for relative over- or underestimation of BF%. The
studies selected for this review presented results for
healthy, Caucasian subjects with a wide range of BF%
(8±50). Hence, the above results on comparability of body-
composition methods might be different in children, elderly
subjects, non-Caucasians or diseased people.

Especially subjects with BF% between 15 and 35 were
well represented in numerous studies. Therefore, additional
body-composition method-comparisons in the above range
of BF% do not add very much to the existing knowledge.
Nevertheless, more studies using multicomponent methods
are warranted. Also different DXA instruments need more
validation in the obese range, preferably against multi-
component models. Finally, only a few studies have com-
pared the composition of weight loss by different methods
(Deurenberg et al, 1989; Ross et al, 1989; Albu et al, 1992;
Kooy et al, 1992). More work on the assessment of
changes in body composition need to be done.
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Appendix 1

Studies on body-composition methodology selected for the present review

Reference Gender1 Weight (kg) Body fat (%)2 Methods used 3

Bergsma-Kadijk et al, 1996 F 63.7 27.3 UWW, 3Cw, 4C, D2O, DXA1
Brodie et al, 1991 M 84.2 15.4 UWW, BIAr
Brodie et al, 1992 F 63.5, 79.3, 68.7, 86.8 24.6, 35.6, 19.5, 39.1 UWW, BIAr, NIR
Brooke-Wavell et al,, 1995 M 78.9 29.1 UWW, SFd, NIR
Bunt et al, 1989 M 74.3 11.7 UWW, D2O
Clark et al, 1993 M 81.0 17.4 UWW, DXAn, SFj
Cote et al, 1993 F 62.1 24.2 UWW, 3Cm, 3Cw, RC, D2O
Eaton et al, 1993 F 59.5 25.0 UWW, BIAr, SFj, NIR
Eckerson et al, 1992 M 72.6 9.6 UWW, BIAr, SFj
Elia et al, 1990 M,F 67.1 25.8 UWW, BIAv, SFd, NIR
Fogelholm et al, 1996a F 55.8 22.2 UWW, 3Cm, DXAn, BIAl, SFd
Fogelholm et al, 1996b F 92.1 43.9 UWW, 3Cm, DXAn, BIAr, SFd
Forslund et al, 1996 M 79.6 18.0 UWW, 3Cm
Friedl et al, 1992 M 75.2 17.3 UWW, 4C, D2O, DXA1
Fuller & Elia, 1989 M,F 67.5 25.0 UWW, BIAv, SFd
Fuller et al, 1992 F 66.5 21.6 UWW, 4C, D2O, DXA1, BIAv, SFd, NIR
Fuller et al, 1994 F 112.2 47.0 UWW, D2O, BIAr, BIAv, BIAo, SFd, NIR
Goran et al, 1994 M 115.0, 71.0 36.3, 13.7 UWW, 3Cw, D2O
Graves et al, 1987 F 48.2 15.4 UWW, BIAl, BIAr, SFj
Gray et al, 1989 M,F 91.0 39.0 UWW, RJLs
Gray et al, 1990 M,F 100.7, 93.9 25.0, 40.6 UWW, SFd, SFj
Hansen et al, 1993 F 61.0 29.9 UWW, DXA1
Heyms®eld et al, 1989a M,F 65.0, 59.4 20.0, 33.7 UWW, T2O, DPA
Heyms®eld et al, 1989b M,F 65.0, 59.7 20.0, 30.2 UWW, DPA
Heyms®eld et al, 1990 M,F 71.7, 60.8 21.6, 30.9 UWW, T2O, DPA
Heyward et al, 1992 F 58.3, 68.8 23.6, 36.9 UWW, BIAo, SFj, NIR
Horswill et al, 1990 M 76.4 15.7 UWW, 3Cw, 4C
Hortobagyi et al, 1992 M 107.2 19.0 UWW, BIAr, SFj, NIR
Johansson et al, 1993 M 79.3 18.1 UWW, DXA1, BIAv, SFd
Kaminsky et al, 1993 M ? 11.0 UWW, BIAr, SFj
Kooy et al, 1992 M,F 97.1, 85.5 32.5, 43.3 UWW, D2O, BIAl, BIAs, SFd
Lukaski et al, 1990 M,F 75.3 16.9 UWW, BIAl
Marken Lichtenbelt et al, 1995 F 52.4 17.4 UWW, 4C, D2O, DXA1
McLean et al, 1992 M,F 79.7, 61.1 16.4, 25.1 UWW, SFj, NIR
McNeill et al, 1991 F 57.3, 81.8 24.4, 42.4 UWW, BIAo, SFd
Penn et al, 1994 M 73.0 17.1 UWW, 4C, T2O, DXA1
Pierson et al, 1991 M,F 75.0, 61.1 20.8, 28.9 UWW, T2O, DPA, BIAs, SFd
Pritchard et al, 1993 M,F 67.6, 65.1 13.7, 25.1 UWW, D2O, DXAh, DXA1, BIAr, SFd
Ross et al, 1992 M 88.3, 82.1 28.4, 19.9 UWW, BIAl, BIAr, BIAs, SFd
Scherf et al, 1986 M,F 75.4 27.3 UWW, SFd, SFj
Segal et al, 1985 M,F 83.7 28.5 UWW, 3Cw, T2O, BIAs, SFd
Siconol® et al, 1995 M,F 69.2 26.3 UWW, 3Cw, 4C, D2O
Snead et al, 1993 M 75.0, 81.5 13.7, 22.7 UWW, 3Cm, DXAh

F 58.3, 63.0 21.8, 28.7
SohlstroÈm et al, 1993 F 60.3 27.6 UWW, D2O
Stout et al, 1994 M 77.0 15.1 UWW, BIAr, SFj, NIR
Tataranni & Ravussin, 1995 M,F 75.0, 128.8 27.0, 47.0 UWW, DXA1
Tothill et al, 1994 M,F 59.0 23.6 UWW, DXAh, DXA1, DXAn, BIAr
Van Loan et al, 1992 M,F 78.1, 64.0 23.5, 32.3 UWW, 3Cm, 4C, D2O, DXA1
Verlooy et al, 1991 M,F 68.9 22.8 UWW, DPA, SFd
Wang et al, 1989 M,F 77.5, 51.2 21.3, 28.6 UWW, DPA
Wang et al, 1993 M,F 72.0, 64.0 23.0, 33.0 UWW, T2O, DXA1, BIAs, SFd
Wellens et al, 1994 M,F 78.5, 63.9 22.5, 33.2 UWW, D2O, DXA1
Wilmore et al, 1994 M,F 88.6, 68.0 23.6, 30.9 UWW, BIAv, SFd, SFj, NIR
Withers et al, 1992 M 64.2 9.7 UWW, D2O, DXA1

Abbreviations: 1 M�male, F� female; 2 Body fat (% of body weight) by underwater weighing; 3 UWW� underwater weighing, 3C� 3-component
model (m�with bone or body minerals, w�with total body water); 4C� 4-component model; D2O� deuterium dilution, T2O� tritium dilution;
DXA� dual-energy X-ray absorptiometry (h�Hologic QDR, 1�Lunar DPX, n�Norland XR-26), DPA� dual-photon absorptiometry;
BIA� bioimpedance (1� equation by Lukaski et al (1985, 1986), r�manufacturer's equation by RJL Systems, s� equation by Segal et al (1988),
v�manufacturer's equation by Valhalla Scienti®c, o� other equations); SF� skinfolds (d� equation by Durnin & Womersley (1974), j� equation by
Jackson & Pollock (1978) or by Jackson et al (1980); NIR�Near-infrared interactance.
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