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OBJECTIVE: To study the effects of sex, age and race on the relation between body mass index (BMI) and measured percent
body fat (%fat).
DESIGN: Cross-sectional validation study of sedentary individuals.
SUBJECTS: The Heritage Family Study cohort of 665 black and white men and women who ranged in age from 17 to 65 y.
MEASUREMENTS: Body density determined from hydrostatic weighing. Percentage body fat determined with gender and racespecific, two-compartment models. BMI determined from height and weight, and sex and race in dummy coded form.
RESULTS: Polynomial regression showed that the relationship between %fat and BMI was quadratic for both men and women.
A natural log transformation of BMI adjusted for the non-linearity. Test for homogeneity of log transformed BMI and gender
showed that the male – female slopes were within random variance, but the intercepts differed. For the same BMI, the %fat of
females was 10.4% higher than that of males. General linear models analysis of the women’s data showed that age, race and
race-by-BMI interaction were independently related to %fat. The same analysis applied to the men’s data showed that %fat was
not just a function of BMI, but also age and age-by-BMI interaction. Multiple regression analyses provided models that defined
the bias.
CONCLUSIONS: These data and results published in the literature show that BMI and %fat relationship are not independent of
age and gender. These data showed a race effect for women, but not men. The failure to adjust for these sources of bias resulted
in substantial differences in the proportion of subjects defined as obese by measured %fat.
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Introduction
Public health data document that American adults and
youth are getting heavier. The weight-height ratio, body
mass index (BMI), has become the variable used to define
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standards of overweight and obesity. The advantage of using
BMI is that height and weight are variables readily available
and easy to measure. The 1985 NIH Consensus Development
Panel defined obesity of American men and women at a BMI
of  27.8 and  27.3 kg=m2, respectively. These earlier BMI
obesity standards represented the sex-specific 85th percentile
of the BMI distribution for persons in the 20 – 29 y age
group.1,2 The World Health Organization (WHO) recently
published BMI-based overweight and obesity standards for
men and women.3 The WHO standard defined a pre-obese
state (overweight) as a BMI between 25 and 29.9 kg=m2 and
obesity as a BMI  30 kg=m2. The use of a single standard for
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obesity for all adults was recommended because it is thought
to be independent of age and reference population and can
be used for making comparisons across studies both in the
United States and internationally.1 The WHO standards were
adopted subsequently by a National Institutes of Health
panel.4
The practice of using a single BMI standard assumes that
the BMI is independent of variables such as age, sex, ethnicity, and level of physical activity. Gallagher and associates5
presented evidence that BMI-defined levels of adiposity
determined from percentage body fat (%fat) were independent of race (black vs white), but not age and gender. Their
multivariate analysis showed that age and gender accounted
for significant %fat variance beyond that attributed to BMI.
Other investigators have documented that the relationship
between anthropometric measures (BMI and skinfold fat)
and measured %fat were not independent of age and
gender6 – 9 or ethnicity.6,8,10 The goal of this study was to
examine the effects of sex, age and race on the relation
between BMI and measured %fat.

Methods
These data were obtained as a part of the Heritage Family
Study which is a large multicenter clinical trial investigating
the possible genetic basis for the variability in the responses
of physiological measures, and the risk factors for cardiovascular disease and type 2 diabetes mellitus, to endurance
exercise training. This study includes four Clinical Centers
(Indiana University (note: this Clinical Center was formerly
at Arizona State University), Laval University in Quebec
where the Consortium Coordinating Center was, but has
moved to the Pennington Biomedical Research Center
(Baton Rouge, Louisiana), the University of Minnesota, and
The University of Texas at Austin) and a Data Coordinating
Center (Washington University School of Medicine, St Louis,
MO). Details of the Heritage Family Study aims, experimental design, and measurement protocols have been presented
in detail in a previous publication.11
The Heritage Family Study sample consists of families,
including the natural father and mother (  65 y of age) and
generally three offspring 17 y of age or older for white
families, or at least two first-degree relatives for black
families. Inclusion and exclusion criteria have been summarized in detail in a prior publication.11 Participants were
screened by each Clinical Center’s supervising physician
and staff, and only those who were previously sedentary,
free from pre-existing disease and not taking any medications that would affect any of the outcome variables were
allowed to enter the study. The Heritage Family Study started
with 855 subjects, and a total of 742 completed the study.
The sample of this study included 655 subjects who had
complete body composition data at the start of the study.
The sample included 296 men (81 black and 215 white) and
359 women (121 black and 238 white).
International Journal of Obesity

The anthropometric and body composition test battery
was administered on a single day. The participants reported
to the laboratory at least 4 h post-prandial and had performed no exercise in the previous 4 h. They were then
measured for height and weight, residual lung volume, and
underwater weight. Stature and body mass were measured to
the nearest 0.1 cm and 0.1 kg with a balance beam scale and a
stadiometer. BMI was determined as the ratio of weight (kg)
and height2 (m). Hydrostatic weighing was used to assess
body density according to the method of Behnke and Wilmore.12 The body density methods are fully described in
another source.13 Relative body fat (%fat) was estimated
from body density using the equations of Siri14 for white
men, Lohman15 for Caucasian women, Schutte et al16 for
black men, and Ortiz et al17 for black women. Important
quality assurance and quality control procedures were instituted across all four Clinical Centers and have been
described in other sources.13,18
The independent variables of this study were BMI, sex, age
and race. BMI and age were continuous variables, while race
and sex were dummy coded; race, black ¼ 0 and white ¼ 1;
and sex, female ¼ 0, male ¼ 1. Race differences were evaluated with ANOVA. Polynomial regression analysis examined
the linearity of the BMI and %fat relationship. General linear
model analysis was used to examine the relationship
between the dependent variable, hydrostatically measured
%fat, and the independent variables. A step-down analysis
was used to determine if the independent variables and their
interactions accounted for %fat variance beyond that of BMI.
A post-hoc t-test determined if the regression weight of each
independent variable differed significantly from zero.19,20
Cross-validation analysis was used to examine the generalizability of the Heritage data and body composition methodology. Published BMI, age and gender prediction
equations were applied to the Heritage data. Table 1 gives
these equations. The Gallager equation5 was developed on a
sample of 706 black and white men and women who ranged
in age from 20 to 94 y. The dependent variable was %fat
determined with the four-compartment model. The Deurenberg et al equation,7 developed on 747 Dutch men and
women, used the two-compartment Siri equation to calculate fat. The third published equation8 was a meta analysis of
46 studies consisting of a total 2516 and 1976 white men and
women. The final equation was developed with the Jackson – Pollock data21,22 that used the Siri two-compartment
method to determine %fat. The database consisted of 679
men and women who were predominately white. This equation has not been reported in the literature.
Each equation in Table 1 was applied to the Heritage data
to estimate each individual’s %fat. Data fit was determined
by comparing estimated %fat with Heritage measured %fat
contrasting race and gender groups. Product – moment correlation determined the relationship between estimated and
measured %fat. Systematic bias was evaluated by determin0
ing the mean between measure and estimated (Y-Y ) %fat and
determining if the difference differed from the expected
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Table 1 Regression equations with functions to estimate percentage body fat from BMI, age and sex
Regression model
Study
5

Gallagher et al
7
Deurenberg et al
Deurenberg et al8
Jackson – Pollock22,23
a

n

BMI

Sex

Age

Intercept

r

2

s.e.e.

706
747
*
679

1.46
1.20
1.29
1.61

7 11.6
7 10.8
7 11.4
7 12.1

0.14
0.23
0.20
0.13

7 10.0
7 5.4
7 8.0
7 13.9

0.81
0.79
0.88
0.75

5.7
4.1
2.2
5.5

Meta analysis of 46 studies with white men and women. All values are based on study means, not individual values.

value of 0. The standard error of estimate (s.e.e.) equation23
used was:

Regression analysis was used to examine the bivariate relationship between measured %fat and BMI. Figure 1 is the
plot of the male and female data. An examination of these
scattergrams suggested that the relationship between BMI
and %fat was not linear. Polynomial regression was used to
test for linearity. The BMI linear component accounted for
74.5% of the female variance and 65.4% for the male
variance. Adding the quadratic component accounted for
an additional 3.9% of the female variance (F(1356) ¼ 64.97;
P < 0.01) and 2.2% of the male variance (F(1293) ¼ 19.58;
P < 0.01). This showed that the relationship between BMI
and %fat for the Heritage males and females was quadratic.
The female model (r2 ¼ 0.78, s.e.e. ¼ 4.6%) provided a slightly
more accurate fit than the male model (r2 ¼ 0.68,
s.e.e. ¼ 4.9%).
The BMI data were transformed to the natural logarithm
scale to minimize the non-linearity.20 Table 2 gives the log
transformed BMI descriptive statistics. Figure 1 includes the
male and female quadratic regression lines, which appear to
be parallel. This was examined by testing for homogeneity of
male and female slopes and intercepts of the log BMI and
%fat relationship.19 This analysis showed that the test for
slope was not statistically significant (F(1654) ¼ 0.95; P > 0.05),
but the intercepts were (F(1654) ¼ 759.02; P < 0.01). The nonsignificant gender effect in slopes showed that the male and
female differences in the rate of incremental change in %fat
associated with an increment in log BMI were within chance
variation. The significant difference in intercepts showed

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
ðmeasured  estimatedÞ2
s:e:e: ¼
n1

Results
Table 2 gives the descriptive statistics of the male and female
subjects contrasted by race. The data show the well-documented anthropometric and body composition gender differences. The men were taller, heavier and leaner than the
women. ANOVA was used to evaluate race differences for
each gender. This analysis showed that the only male race
difference was body density. The density of the black men
was significantly higher than that of the white men. When
converted to %fat using race-specific equations, the black
and white difference was small, only 0.1%. In contrast, there
were several significant female race differences. The %fat
(mean  s.d.) of the black women was 6% higher than that
of the white women (36.0  8.9 vs 30.0  9.8), and their body
weight was 7.9 kg higher (74.4  16.5 vs 66.5  13.8). This
weight difference was due to the difference in fat weight. The
mean difference in fat weight was 7.0 kg (28.0  12.4 vs
21.0  11.0). The women’s race difference in fat-free body
mass (FFW) of 0.9 kg was not statistically significant.

Table 2 Male and female sample characteristics (mean  s.d.) contrasted by race
Males (n ¼ 296)

Variable
Age (y)
Height (cm)
Weight (kg)
BMI (weight=height2)
ln (BMI)
Body density (kg=l)
Percentage fat (%)
Fat weight (kg)
Fat-free weight (kg)
a

Females (n ¼ 359)

Black
(n ¼ 81)

White
(n ¼ 215)

Black
(n ¼ 121)

White
(n ¼ 238)

34.3  12.0
176.1  6.7
83.7  16.8
26.9  4.8
3.28  0.17
1.052  0.018
22.9  7.3
20.1  10.0
63.6  8.7

36.5  15.1
177.6  6.3
83.8  15.6
26.5  4.7
3.26  0.17
b
1.047  0.020
23.0  9.0
20.2  10.9
63.5  7.7

32.8  11.4
162.6  6.2
74.4  16.5
28.1  6.1
3.31  0.22
1.022  0.019
36.0  8.9
28.0  12.4
46.4  5.6

34.4  13.8
163.9  6.4
66.5  13.8a
24.8  4.9a
3.19  0.18a
a
1.029  0.021
a
30.0  9.8
a
21.0  11.0
45.5  5.2

b

P < 0.01; P < 0.05.
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variable. The dummy coded race variable was statistically
significant for the female model (Dr2 ¼ 0.01, F(1355) ¼ 10.13;
P < 0.01), but not for the males (Dr2 < 0.01, F(1292) < 1.00;
P > 0.05). The final step of the general linear model analyses
(model IV) was to examine the interaction of the significant
independent variables. This analysis showed that the female
race by log transformed BMI interaction was statistically
significant (Dr2 ¼ 0.0051, F(1354) ¼ 9.84; P < 0.01). The men’s
age by log transformed BMI interaction was statistically
significant (Dr2 ¼ 0.01, F(1292) ¼ 12.83; P < 0.01).
The female and male interactive effects were examined by
comparing the differences between measured %fat and %fat
estimated with model II, which did not include the interaction terms. Table 4 gives these mean difference (  s.d.)
between measured and estimated %fat (ie residual score).
The means are contrasted by the WHO BMI groups and the
interaction variable. The source of the female race by BMI
interaction is for the BMI group < 25 kg=m2. With age
statistically controlled, log transformed BMI systematically
under estimated the measured %fat of black women by 2.0
%fat and over estimated %fat of white women by 0.8 %fat.
As BMI increased, the race difference became progressively
smaller. The age by BMI interactive effect of men was
examined by splitting the men’s sample into three age
groups. The male interactive effect was in the WHO obesity
group (BMI > 30 kg=m2). The mean (  s.d.) differences
between measured and estimated (model II) %fat for age
the groups were: < 30 y, 3.3  4.3; 30 – < 45 y, 7 0.1  3.9;
and  45 y, 7 1.3  3.7. The mean differences for the older
two male age groups were < 1.0 %fat.
Table 5 gives the cross-validation of the four equations
(Table 1) applied to the Heritage data. This analysis examined the equation’s accuracy contrasted by gender and race.
The product-moment correlations among the four methods
were nearly identical. The largest correlation difference was
0.02 units. The correlations for the female subjects were
consistently higher than the male coefficients. The correlations for black men were slightly lower than the coefficients
for white men, but the standard errors were similar. This
suggested that the differences in the cross-validation correla-

Figure 1 Non-linear plot of the relationship between BMI and measured percentage body fat of the male and female Heritage data. The
quadratic regression equations are: women, Y0 (%fat) ¼ (4.35 BMI) 7
(0.05 BMI2) 7 46.24, (r2 ¼ 0.78, s.e.e. ¼ 4.63%); and men, Y0 (%fat) ¼
(3.76 BMI) 7 (0.04 BMI2) 7 47.80, (r2 ¼ 0.68, s.e.e. ¼ 4.90%).

that, for the same BMI, the %fat of females was about 10.4%
higher than that of males.
General linear models examined the effect of age, race and
the log transformed BMI on measured %fat. The male and
female data were analyzed separately. Table 3 gives these
analyses. Model I is the regression equation for log transformed BMI and %fat. The r2 estimates for model I were
nearly identical to those obtained in the polynomial regression models showing that the log transformation provided a
good fit of the non-linear relationship. Model II added age to
the model, and it accounted for an additional 5% of male
variance (F(1293) ¼ 50.51; P < 0.01) and 3% of female variance
(F(1356) ¼ 54.19; P < 0.01). Next (model III) race was added to
the independent variables of age and log transformed BMI

Table 3 General linear model analyses examining the effect of log transformed BMI, age, race and interactions on
percentage body fat of females and males
Female models
Variable

I

Intercept
ln BMI
Age
Raceb
Race ln BMI
Age ln BMI
2
r
2
r D
s.e.e. (% fat)
a

b

II

III

IV

I

7 107.22
a
43.05

a

7 102.01
a
39.96
0.14a

a

7 97.11
a
38.67
0.15a
7 1.63a

a

7 82.83
a
34.43
0.14a
7 26.02a
7.48a

a

0.80
a
0.01
4.4

0.81
a
0.01
4.3

a

0.82
a
0.01
4.3

a

II

III

7 111.13
a
41.04

a

7 103.94
a
37.31
0.14a

a

a

0.72
a
0.05
4.6

IV
a

7 104.21
a
37.35
0.14a
7 0.23

a

7 149.24
a
51.31
1.47a

a

0.78
4.7

P < 0.001. Key: race — black ¼ 0 and white ¼ 1.
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Male models

a

0.67
4.9

a

0.72
0.00
4.6

a

7 0.41
a
0.73
a
0.01
4.5
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Table 4 Mean (  s.d.) between measured and estimated (model II) percentage body fat contrasted by gender,
WHO BMI groups, and interaction terms (model IV)
Women — race groups
2

BMI group (kg=m )

Black

< 25

 30
All
a

White

2.0  4.1
n ¼ 45
0.9  4.4
n ¼ 33
7 0.1  3.4
n ¼ 43
1.0  4.0
n ¼ 121

25 – < 30

b

Men — age groups

a

7 0.8  4.8
n ¼ 143
0.3  4.0
n ¼ 45
7 0.4  3.6
n ¼ 34
7 0.5  4.5
n ¼ 238

b

< 30 y

30 – < 45 y

 45 y

7 0.5  4.8
n ¼ 85
7 0.9  5.3
n ¼ 29
a
3.3  4.3
n ¼ 20
0.0  5.0
n ¼ 143

7 0.2  3.4
n ¼ 10
0.3  4.3
n ¼ 34
7 0.1  3.9
n ¼ 16
0.1  4.0
n ¼ 60

0.0  4.8
n ¼ 23
0.7  4.1
n ¼ 34
c
7 1.3  3.7
n ¼ 29
0.0  4.2
n ¼ 102

c

P < 0.01; P < 0.05; P ¼ 0.06.

Table 5 Cross-validation of published equations with the male and female Heritage subjects
Black

White

ryy0

Y-Y0 (  s.d.)

s.e.e.

ryy0

Y-Y0 (  s.d.)

Male sample (n ¼ 296)
5
Gallagher et al
7
Deurenberg et al
Jackson and Pollock22,23
Deurenberg et al8

0.81
0.79
0.81
0.80

0.4  4.6
b
7 1.1  4.6
0.1  4.9
0.7  4.5

4.6
4.7
4.9
4.5

0.86
0.85
0.86
0.85

0.7  4.7
b
7 1.1  4.8
0.4  4.8
0.7  4.7b

b

4.7
4.9
4.8
4.8

Female sample (n ¼ 359)
5
Gallagher et al
Deurenberg et al7
Jackson and Pollock22,23
Deurenberg et al8

0.89
0.88
0.89
0.89

0.3  4.3
0.1  4.2
7 0.6  4.8
1.0  4.2a

4.8
4.2
4.8
4.8

0.88
0.88
0.88
0.88

7 1.1  4.7
7 2.3  4.8a
7 1.6  4.7a
7 1.0  4.7a

a

4.3
5.4
4.9
4.3

BMI, age and gender model

a

s.e.e.

P < 0.01; bP < 0.05.

tions were due to the higher %fat variability of the white
men (Table 2). Except for the Deurenberg et al equation
applied to white men, the mean difference between measured and estimated %fat was < 2 %fat, and nine of the 16
differences were < 1 %fat. All four equations systematically
overestimated measured %fat of white women. These mean
differences ranged from 7 2.3 to 7 1.0. With the exception
of the Deurenberg et al s.e.e. of 5.4 %fat, all cross-validation
s.e.e. values were  4.9 %fat.

Discussion
These Heritage results showed that several factors affect the
relationship between BMI and measured %fat. The polynomial regression analysis documented that the relationship
between BMI and %fat was quadratic, not linear. This curvilinear trend was common to both the male and female data.
Gallagher et al5 tested for non-linearity and found that the
BMI and %fat relationship was linear, not quadratic. This
incongruence between studies is likely because of differences
in the BMI range of the two samples. The upper BMI inclusion range used in the Gallagher study was  35 kg=m2.
Although the Heritage subjects were preferentially selected
to have a BMI < 40 kg=m2, subjects with levels above

40 kg=m2 were included so long as they were deemed medically fit for the training program. These subjects were judged
by the supervising physician to be ‘healthy’ and able to meet
the exercise demands required in the Heritage study. There
were 15 Heritage subjects (six men and nine women) with
BMI values > 40 kg=m2. The highest female BMI was
47.5 kg=m2 compared to 43.0 kg=m2 for men. An examination of the data in Figure 1 documents the influence of BMI
values  35 kg=m2 on the curvilinear relationship.
Gallager and associates5 reported that race (black and
white) did not statistically influence the relationship of
BMI and %fat for either men or women. These Heritage
results found a race effect for women, and it interacted
with BMI. An examination of the mean difference between
measured %fat and %fat estimated with Model II (Table 4)
showed that the source of race bias was for lower BMI values,
below the WHO pre-obese standard of 25 kg=m2. Not
accounting for race produced an under estimate of measured
%fat of black women and over estimate the %fat of white
women for BMI values below 25 kg=m2. This small effect
became smaller as a women’s BMI approached the WHO
obesity standard of 30 kg=m2. The cross-validation of the
Gallagher et al5 equation on the Heritage women provided
a good fit of the black and white Heritage women. The
International Journal of Obesity
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cross-validation standard error of black women was slightly
higher than for white women (4.8 vs 4.3 %fat) and both were
lower than the 5.7 %fat validation s.e.e. reported by Gallagher
and associates. These results suggested that the Heritage
women’s raceeffect was small andnot a major source of variance
when classifying women as obese by the WHO standard.
A common finding among all regression models in Table 1
was that age, gender and BMI regression coefficients were
similar. The Heritage data were reanalyzed to duplicate the
BMI, age and gender regression equations provided in Table
1. The regression weights (b  95% CI) for the Heritage
sample were: BMI (1.39  0.08); age (0.16  0.03); and sex
(710.34  0.72). These Heritage regression coefficients are
similar to those given in Table 1. This shows that sex and age
are major sources of variation in the BMI and %fat relationship. The gender effect in body composition is well documented.5,7 – 9,21,22 The age by BMI interaction for men is a
new finding. The post-hoc analysis provided in Table 4 shows
that this interactive effect was due to the an over estimate of
%fat of younger men with a BMI > 30 kg=m2. A possible
explanation for the interaction is the inter-relationship
among age, physical activity and body composition. Crosssectional aging research24 showed that both physical activity
level and FFM decreased with age. Pollock and associates25
reported a longitudinal decline in the FFM of active master
athletes. Fleg and Lakatta26 reported that at least 50% of the
age-related decline in aerobic fitness was do to the loss of
muscle mass. This suggests that future research needs to
consider the role of physical activity on the variation of
FFM and how it influences BMI.
Published research suggests that the body composition
race effect is complex. Wagner and Heyward27 published a
review article comparing body composition differences
between black and white individuals. They reported that
blacks have a greater bone density and body protein content
than whites, which produces a higher density in FFM in
Blacks. Visser et al28 used the four-compartment model to
calculate the %fat of 668 black and white men and women.
These data came from the database used by Gallagher et al.5
The Visser et al analysis showed that the mineral fraction of
FFM of black men and women was significantly higher than
in whites. They also reported that the water fraction of FFM
of blacks was higher than in the white subjects, but that
only the difference for women was statistically significant.
The bone density and water fraction differences offset each
other, producing non-significant race and gender differences in the density of FFM. The mean density of FFM of
the gender and race groups ranged from 1.098 kg=l for white
men to 1.101 kg=l for white women. None of these means
were significantly different from 1.100 kg=l. Visser compared %fat estimates obtained with four- and two-compartment models. The mean (  s.d.) %fat differences between
the four- and two-compartment models ranged from a low
of 7 0.1 %fat for black men age > 60 y to a high of 1.3 %fat
for white women age 40 – 60 y. Visser et al reported that
two-compartment models were valid for black and white
International Journal of Obesity

men and women at a group level, but the four-compartment model should be used when evaluating individual
differences.
While Visser and associates reported that density of FFM
of black and white American men and women did not differ
from 1.100 kg=l, published four-compartment data showed
that the density of FFM of other ethnic groups differ. Deurenberg-Yap et al10 reported significant differences in density
of FFM of Chinese, Malays and Indians. The means ranged
from a low of 1.0987 kg=l for Chinese men to a high of
1.1082 kg=l for Chinese women. Deurenberg et al8 applied
the meta analysis equation developed on white subjects
(Table 1) to the group data of several different ethnic
groups. They examined ethnic group variation with the
mean difference between measured and estimated %fat.
The mean differences for Chinese were small,  1 %fat, but
the mean differences for the sample of Ethiopian men and
women were large, 10.0 and 9.9 %fat. In contrast, the mean
difference for black men and women was 1.9 %fat. The meta
equation under estimated the %fat of Thai and Indonesian
men and women. These mean differences ranged from 5.9 to
8.8 %fat. The meta equation over estimated the %fat Polynesian men ( 7 4.1 %fat) and women ( 7 3.9 %fat). The meta
analysis results led Deurenberg and associates to suggest the
need to use population-specific cut-off points for defining
obesity from BMI.
The %fat of the Heritage subjects was determined by raceand gender-specific two-compartment %fat equations. This
could be the reason for the interactive effects. To examine
this possibility, the Heritage data were re-analyzed using
body density as the dependent variable. This re-analysis
showed that except for the expected difference in polarity
of the regression coefficients, the %fat and body density
results (model IV) were nearly identical. The female body
density analysis yielded an r2 of 0.80, compared to 0.82 for
the %fat model. Post hoc analysis showed that like the %fat
model, the regression coefficients of the independent variable of the body density model were all statistically significant, including the race-by-BMI interaction. The re-analysis
of the men’s data produced the same result. The r2 of the
men’s body density model IV equation was only 1% lower
than the %fat model and all regression coefficients, including the age by BMI interaction term, were statistically significant in the expected direction. This re-analysis showed
that the race and interactive effects were not caused by using
race-specific two-compartment %fat equations. The body
density re-analyses results are supported by the cross-validation analysis of the Gallagher four-compartment model and
the other three equations that used the two-compartment
model (Table 5). With the exception of the Deurenberg
equation,7 the Gallagher cross-validation results were not
noticeably superior to those obtained with the two-compartment %fat equations.
The data in Table 1 show that the age regression coefficients ranged from 0.13 to 0.23, suggesting a cross-sectional
aging effect of about 1.5 – 2.0 %fat per decade. While this
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may seem small, the bias can be substantial when defining
the proportion of subjects in a population who would be
classed as obese by a %fat standard. To examine this more
closely, multiple logistic analysis20,29 was used with the
Heritage data to estimate the proportion of men and
women, age 20 and 60 y, who would be classified as obese
by %fat cut-off scores of  25 and  33%.30 The proportion
of women who would be expected to exceed 33 %fat at a BMI
of 25 kg=m2 ranged from 27% (age 20 y) to 79% for age 60 y.
The proportion of women exceeding 33 %fat for a BMI of
30 kg=m2 ranged from 86 to 98% for women aged 20 and 60.
For the WHO overweight standard, the proportion men
exceeding  25% fat ranged from 12% at age 20 y to 44%,
at age 60 y. The male range for a BMI of 30 kg=m2 was 74 –
94%. This logistic analysis showed that age had a substantial
effect on population estimates of obesity defined by measured %fat.
The WHO and NIH cut-off BMI values of 25 and 30 kg=m2
to delineate overweight and obesity were defined because of
the general trends in the relationships between BMI and
morbidity and mortality rates. They were not arrived at
because BMI was a perfect predictor of obesity. However, it
is important to understand how BMI and adiposity, particularly %fat, associate across a wide range of ages, in each sex
and among ethnic groups. The results of the present study
indicate that BMI is only a moderate predictor of %fat. These
Heritage results are consistent with the re-analysis of published data showing that the BMI and %fat relationship are
not independent of gender and age. These Heritage results
are consistent with published data showing the need to
consider age and gender when defining the prevalence of
obesity with BMI for populations of American men and
women.

Acknowledgements
The Heritage Family Study is supported by the National
Heart, Lung and Blood Institute through the following
grants: HL45670 (C Bouchard, PI); HL47323 (AS Leon, PI);
HL47317 (DC Rao, PI); HL47327 (JS Skinner, PI); and
HL47321 (JH Wilmore, PI). Claude Bouchard is partially
supported by the George A Bray Chair in Nutrition. Credit
is also given to the University of Minnesota Clinical Research
Center, NIH Grant MO1-RR000400. Further, Art Leon is
partially supported by the Henry L Taylor Professorship in
Exercise Science and Health Enhancement. Thanks are
expressed to all of the co-principal investigators, investigators, co-investigators, local project coordinators, research
assistants, laboratory technicians, and secretaries who have
contributed to this study (see Bouchard et al10). Finally, the
Heritage consortium is very thankful to those hard-working
families whose participation has made these data possible.

References
1 Kuczmarski RJ, Flegal, KM. Criteria for definition of overweight in
transition: background and recommendations for the United
States. Am J Clin Nutr 2000; 72: 1075 – 1081.
2 McDowell A, Engel A, Massey J, Maurer K. Plan and operation of the
second National Health and Nutrition Examination Survey, 1976 – 80.
Series 1, 15, DHHS publication (PHS) 81-1317. US Government
Printing Office: Washington, DC; 1981.
3 World Health Organization. Obesity: preventing and managing the
global epidemic. Report of a WHO consultation on obesity. World
Health Organization: Geneva; 1998.
4 National Institutes of Health and National Heart Lung and Blood,
Institute. Clinical guidelines on the identification, evaluation,
and treatment of overweight and obesity in adults: the Evidence
Report. Obes Res 1998; 6(Suppl 2): 515 – 209.
5 Gallagher D, Visser M, Sepulveda D, Pierson RN, Harris T, Heymsfield SB. How useful is body mass index for comparison of body
fatness across age, sex, and ethnic groups. Am J Epidemiol 1996;
143: 228 – 239.
6 Deurenberg-Yap M, Schmidt G, van Staveren WA, Deurenberg P.
The paradox of low body mass index and high body fat percentage among Chinese, Malays and Indians in Singapore. Int J Obes
Relat Metab Disord 2000; 24: 1011 – 1017.
7 Deurenberg P, Weststrate, JA, Seidell, JC. Body mass index as a
measure of body fatness: age- and sex-specific prediction formulas. Br J Nutr 1991; 65: 105 – 114.
8 Deurenberg P, Yap M, van Staveren WA. Body mass index and
percent body fat. A meta analysis among different ethnic groups.
Int J Obes Relat Metab Disord 1998; 22: 1164 – 1171.
9 Womersley J, Durnin JVGA. A comparison of the skinfold method
with extent of overweight and various weight-height relationships in the assessment of obesity. Br J Nutr 1977; 38: 271 – 284.
10 Deurenberg-Yap M, Schmidt G, van Staveren WA, Hautvast JG,
Deurenberg P. Body fat measurement among Singaporean Chinese, Malays and Indians: a comparative study using a fourcompartment model and different two-compartment models. Br
J Nutr 2001; 85: 491 – 498.
11 Bouchard C, Leon AS, Rao DC, Skinner JS, Wilmore JH, Gagnon J.
The Heritage Family Study: aims, design, and measurement protocol. Med Sci Sports Exercise 1995; 27: 721 – 729.
12 Behnke AR, Wilmore JH. Evaluation and regulation of body build
and composition. Prentice-Hall: Englewood Cliffs, NJ; 1974.
13 Wilmore JH, Despres J, Stanforth PR, Mandel S, Rice T, Gagnon J,
Leon AS, Rao DC, Skinner JS, Bouchard C. Alterations in body
weight and composition consequent to 20 wk of endurance training: the Heritage Family Study. Am J Clin Nutr 1999; 70: 346 – 352.
14 Siri WE. Body composition from fluid space and density. In: Brozek J
and Hanschel A (eds). Techniques for measuring body composition.
National Academy of Science: Washington, DC; 1961.
15 Lohman TG. Applicability of body composition techniques and
constants for children and youths. Exercise Sports Sci Rev 1986; 14:
325 – 357.
16 Schutte JE, Townsend EJ, Hugg J, Shoup RF, Malina RM, Blomqvist CG. Density of lean body mass is greater in blacks than in
whites. J Appl Physiol 1984; 56: 1647 – 1649.
17 Ortiz O, Russell M, Daley TL. Differences in skeletal muscle and
bone mineral mass between black and white females and their
relevance to estimates of body composition. Am J Clin Nutr 1992;
55: 8 – 13.
18 Gagnon J, Province MA, Bouchard C. The Heritage Family Study:
quality assurance and quality control. Ann Epidemiol 1996; 6:
520 – 529.
19 Pedhauzur EJ. Multiple regression in behavioral research: explanation
and prediction, 3rd edn. Harcourt Brace: New York; 1997.
20 SAS. Statview, 5.0 edn. SAS Institute: Cary, NC; 1998.
21 Jackson AS, Pollock ML. Generalized equations for predicting
body density of men. Br J Nutr 1978; 40: 497 – 504.
22 Jackson AS, Pollock ML, Ward A. Generalized equations for
predicting body density of women. Med Sci Sports Exercise 1980;
12: 175 – 182.

International Journal of Obesity

Estimating percentage body fat
AS Jackson et al

796

23 Jackson AS. Research design and analysis of data procedures for
predicting body density. Med Sci Sports Exercise 1984; 16: 616 –
620.
24 Jackson AS, Beard EF, Wier LT, Ross RM, Stuteville JE, Blair SN.
Changes in aerobic power of men ages 25 – 70 y. Med Sci Sports
Exercise 1995; 27: 113 – 120.
25 Pollock ML, Foster C, Knapp D, Rod JL, Schmidt DH. Effect of age
and training on aerobic capacity and body composition of master
athletes. J Appl Physiol 1987; 62: 725 – 731.
26 Fleg JL, Lakatta EG. Role of muscle loss in the age-associated
reduction in VO2max. J Appl Physiol 1988; 65: 1147 – 1151.
27 Wagner DR, Heyward, VH. Measures of body composition in
blacks and whites: a comparative review. Am J Clin Nutr 2000;
71: 1392 – 1402.

International Journal of Obesity

28 Visser M, Gallagher D, Deurenberg, P, Wang, J, Pierson, RN,
Heymsfield SR. Density of fat-free body mass: relationship with
race, age, and level of body fatness. Am J Physiol 1997; 272(Endocrinol Metab 35): E781 – E787.
29 Hosmer DW, Lemeshow S. Applied logistic regression. John Wiley:
New York; 1989.
30 Wellens RI, Roche AF, Khamis HJ, Jackson AS, Pollock ML,
Siervogel RM. Relationships between body mass index and body
composition. Obes Res 1996; 4: 35 – 44.

