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ORIGINAL CONTRIBUTIONS

Bone Mass, Lean Mass, and Fat Mass: Same Genes or Same Environments?

T. V. Nguyen, G. M. Howard, P. J. Kelly, and J. A. Eisman

The contributions of genetic and environmental factors to the association among bone mineral density
(BMD), lean mass, and fat mass were assessed in the Sydney Twin Study of Osteoporosis (Australia),
1995-1996, in 57 monozygotic and 55 dizygotic female twin pairs of Caucasian background, aged 52.8
(standard deviation, 13) years. In multiple regression analysis, lean mass was a significant determinant of areal
BMD; however, fat mass was a principal determinant of volumetric BMD. Univariate model-fitting analyses
indicated that 80% and 65% of variance of lean mass and fat mass, respectively, were attributable to genetic
factors. The estimated heritability of BMD for lumbar spine, femoral neck, and total body BMD was 78%, 76%,
and 79%, respectively. Multivariate analyses suggested that, while the association between lean mass and fat
mass was attributable mainly to environmental factors {r, = 0.53, p < 0.01), the association among the three
BMD sites was attributable to both genetic and environmental factors (r, = 0.64-0.75, p < 0.001; r, =
0.57-0.70, p < 0.001). Furthermore, genetic factors that affect lean mass or fat mass have minor effects on
BMD. It is concluded that lean mass and fat mass, as well as bone density, are under strong genetic regulation.
However, the associations between BMD and fat mass or between lean mass and fat mass appear to be

mediated mainly via environmental influences. Am J Epidemiol 1998;147:3-16.

body composition; bone density; models, genetic; osteoporosis; twin studies

Osteoporosis is a disease characterized by an inad-
equate amount and/or structure of bone, which in-
creases the susceptibility to fracture with minimal
trauma. Bone mass and bone loss are strongly associ-
ated with body weight (1-4), subjects with higher
body weight having higher bone density and less bone
loss than their counterparts with lower weight in the
same age. However, body weight is made up of two
components: lean mass (LM) and fat mass (FM), and
which of the components is related to bone mass is the
subject of much contention. Cross-sectional analyses
of data from post- and premenopausal women (5-7)
suggest that bone mineral is related to fat mass, but not
lean mass. In other cross-sectional studies (3, 8, 9),
both leanand fat mass are related to bone mass. Thus,
the relation may be dependent on the way in which
bone density is expressed (10). This distinction is of
clinical relevance since, if bone density is related to
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LM, an increase in physical activity may translate
directly into protection against osteoporosis. On the
other hand, if bone mineral density (BMD) is related
to FM, then modification of dietary habits could play
a similar role.

These discrepancies may be related to statistical and
genetic confounding problems. Since lean mass and
fat mass are related, when they are treated as indepen-
dent factors in a multiple linear regression model, it is
difficult to separate the specific effect of each factor.
As a result, it will lead to the imprecise estimation of
the individual parameters and functions of the param-
eters (11) and, hence, give inconsistent apparent rela-
tions from sample to sample. This collinearity problem
cannot be resolved by statistical models but can be
addressed partially by considering study design. Part
of the variability of body composition and BMD is
related to age, which may be viewed as an index of
environments, changing significantly over a lifetime.
On the other hand, there is evidence suggesting that
genetic factors play a determining role in the variation
of bone mass (12-14). Thus, a design that controls for
these two factors could be useful. In a cotwin model,
the intrapair difference reflects environmental effects
(for monozygotic (MZ) pairs) and genetic and envi-
ronmental effects (for dizygotic (DZ) pairs). There-
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fore, by analyzing the intrapair differences in BMD as
a linear function of intrapair differences in LM and
FM, researchers can control for part of the genetic
factors. This approach has been shown to reduce the
magnitude of colinearity (15).

Both bone mass and lean mass are under strong
genetic regulation, with up to 80 percent of BMD and
lean mass variances attributable to genetic factors (12—
16). However, the mode of inheritance is not known,
and there have been no formal analyses on the contri-
bution of genes and environment to the covariance of
body composition and bone mass. Erroneous infer-
ences about the relation among LM, FM, and BMD
could be made if the covariates (LM and FM) and
BMD were mediated by the same genetic and envi-
ronmental factors. Twin studies can potentiaily resolve
this issue by analyzing the covariances among BMD,
LM, and FM in MZ and DZ twins to address the
question of whether heritability of BMD might reflect
specific genetic effects or might be mediated by shared
genetic influences on LM and FM.

This study sought to address three issues: 1) the
relation between body composition and BMD, con-
trolled for genetic factors; 2) the relative contribution
of genetic and environmental factors to the intersub-
ject variation in LM and FM; and 3) the extent to
which shared genetic and environmental factors con-
tribute to the covariation between body composition
and BMD.

MATERIALS AND METHODS
Subjects

Twins were recruited from a media campaign and
through the Australian National Health and Medical
Research Council’s Twin Registry, for a study into the
genetics of osteoporosis. The twins were females of
Caucasian background who were between 20 and 83
years, residing in the city of Sydney (Australia). The
study was approved by the Ethics Committee of St.
Vincent’s Hospital, and written informed consent was
obtained from all participants.

Baseline data including demographic characteristics
and clinical history were obtained by direct interview
using a structured questionnaire. Twin zygosity was
determined by self-report. The probability of misclas-
sification using this method compared with serologic
markers has been estimated to be below 5 percent (17).
Body height and weight were measured by a wall-
mounted stadiometer and balance scale by a trained
research nurse or doctor.

Measurements of BMD and body composition

Areal BMD (in g/cmz) of the lumbar spine, femoral
neck, and total body and body composition (lean mass

and fat mass) were measured by dual energy X-ray
absorptiometry (DEXA; Lunar Corp., Madison, Wis-
consin) (18). The coefficient of reliability of BMD
measurements at our institution was 0.98, 0.95, and
0.96 at the lumbar spine, the femoral neck, and total
body, respectively (19).

Areal BMD is derived as the ratio of bone mineral
content to the projected area of a skeletal region. The
quantity has the dimensions of mass/area, not a true
measure of density, which would have a unit of mass/
volume. To obtain an index of volumetric density
(mass/volume), BMD was divided by body height
(20).

As the projected area of the femoral neck is based on
a constant length along the axes of the neck of 1.5 cm,
it is possible to estimate the volumetric BMD at this
site by noting that the femoral neck volume (FNVOL)
can be expressed as a function of femoral neck bone
mineral content (FNBMC) and femoral neck bone
mineral density (FNBMD). After some algebra, it can
be shown that FNVOL = @/6(FNBMC/FNBMD)?
The estimated femoral neck volumetric BMD is then
derived as the ratio of FNBMC to FNVOL with the
unit of g/cm?, i.e., [((FNBMD)?)/{(FNBMC)]. The
estimated volumetric BMD at the lumbar spine was
derived from Lunar’s densitometry software (21).

Data analyses

To assess the association among lean mass, fat
mass, and BMD, we performed linear regression anal-
ysis in both matched and unmatched pairs. In the
matched pair analysis, intrapair differences in bone
density, LM, and FM (denoted by ABMD, ALM, and
AFM, respectively) were obtained by subtracting the
value of one twin from that of the other. ABMD was
then expressed as a linear function of ALM and AFM;
ie., ABMD = a + B(ALM) + WAFM) + ¢, where «,
B, and <y are intercept and regression coefficients as-
sociated with ALM and AFM, respectively, and € is
residual error terms. An iteratively reweighted least-
squares method (22) was used to estimate the model
parameters. In the unmatched analysis, each twin
within a pair was treated as an individual. The BMD of
the twin was then modeled as a linear function of her
LM and FM in a multiple regression analysis. As the
twins are not independent, the estimated error terms of
regression parameters, although unbiased, tend to be
correlated within pairs, which leads to underestimation
of standard errors and hence overstated statistical sig-
nificance (23). To avoid this problem, the generalized
least-square method (22) was used with iterative ad-
justment for the correlation of errors within pairs. In
each analysis, the backward elimination algorithm was
used to select the most parsimonious equation. Assess-
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ment of model adequacy was based on residual anal-
ysis.

Twin resemblance for a variable trait was assessed
for MZ and DZ twin pairs separately by the intraclass
correlation coefficient. In this method, the total vari-
ation (about the mean) of a trait was partitioned into
two sources: between-pairs (B) and within-pairs (W).
The correlation was estimated as the difference be-
tween the two sources over their sum, ie., (B —
W)/(B + W). The test for significant difference be-
tween the coefficients of MZ and DZ was based on the
modified Fisher’s z-transformation procedure (24).

To estimate the heritability (proportion of variance
of a trait attributable to genetic factors), we analyzed
the data according to the classical twin model (25). In
this model, the variance of a variable trait is parti-
tioned into genetic and environmental components.
The genetic variance may be due to additive (A) or
dominant (D) genetic influences. The environmental
variance may be due to environmental factors shared
by twins reared in the same family (C) and to the
nonshared environmental factors (E). Shared environ-
mental effects and dominant genetic effects cannot be
assessed simultaneously as they are completely con-
founded in the classical twin models. Additive genetic
factors are the effects of genes taken singly and added
over multiple loci, whereas dominant genetic factors
represent genetic interaction within loci. The classical
twin model assumes that additive genetic factors and
dominant genetic factors are perfectly correlated in
MZ pairs, while DZ pairs, like ordinary siblings, share
only one half of the additive genetic effects and one
quarter of the dominant genetic effects (figure 1). The
model also assumes that shared environmental effects
are perfectly correlated in both MZ and DZ twins; that
the effects of assortive mating, epistasis, and the
genotype-environmental interaction and/or correlation
are negligible; and that shared environmental influ-
ences are similar for MZ and DZ twins.

The influences of A, D, C, and E on the phenotype are
represented by the parameters a, §, x, and €, respectively,
which are equivalent to the standardized regression co-
efficients (figure 1). The amount of variance due to each
source is the square of these parameters. To estimate a,

b, x, and €, for each variable trait, the data were summa- .

rized into 2 X 2 variance-covariance matrices. The ma-
trices were then subject to analysis specified by five
possible models incorporating different combinations of
these factors, namely, E, CE, AE, ACE, and ADE. The
maximum likelihood method was used to estimate model
parameters. Selection of the best model was based on the
difference between likelihood ratio chi-square goodness-
of-fit test. The index of heritability was obtained as the

Am J Epidemiol Vol. 147, No. 1, 1998

FIGURE 1. Classic twin model. Path dlagrams illustrate the uni-
variate twin model. Latent variables are in clrcles; observed vari-
ables are depicted by squares. A, additive genetic factors; D, dom-
inant genetic factors; C, shared environmental factors; and E,
nonshared environmental factors (including measurement error).
The numbers associated with each factor denote twin 1 and twin 2.
The cormrelation between A1 and A2 is 1 for monozygotic (MZ) pairs
and 0.5 for dizygotic (DZ) pairs; between D1 and D2: 1 for MZ and
0.25 for DZ pairs. The correlation between shared environmental
factors (C1 and C2) Is assumed to be unlty for both zygosities.

square of parameter a from the most parsimonious
model.

To test the hypothesis that the same set of genes is
involved in the determination of LM, FM, and BMD,
the contribution of genetic environmental factors to
the covariances of LM, FM, and BMD was estimated
in a multivariate genetic model (figure 2). In this
model, the proportion of the total variance of BMD
caused by genetic effects is the sum of the squared
standardized path coefficients. For example, the heri-
tability of total body BMD is the sum of genetic
factors in common with LM (g2), FM (ngy), lumbar
spine and femoral neck BMD (g2, and gZ,), and ge-
netic factors that are specific to total body BMD (g.s);

5
i.e., Hrapmp 121 g>. Similarly, the proportion of

total variance caused by environmental factors is de-

: 2
) eei'

=]

composed as Exgpmp =

Under this multivariate model, it is possible to es-
timate the genetic and environmental correlations be-
tween any two variable traits. The genetic correlation
between any two variable traits i and j can be shown to
be equal to TeGp = 8/ V8 X s where 8ij is the
genetic covariance between variables i and j, and g,
and g are genetic variances of the variables i and j,
respectively. Similarly, the environmental correlation
between the two traits is obtained by r,. , =
e;/ Ve, X ey where e is the environmental covari-
ance between variables i/ and j, and e; and e are
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FIQURE 2. Cholesky factor model for the multivariables. Path
diagrams depict the common and unique factors for genetic and
environmental sources of variance and covariance for lean mass
(LM), fat mass (FM), and bone mineral density (BMD) at the lumbar
spine (LS), femoral neck (FN), and total body (TB). There are five
genetic factors (G1, G2, G3, G4, and G5) and five nonshared envi-
ronmental factors (E1, E2, E3, E4, and E5). The paths from G1 to
lean mass, fat mass, lumbar spine BMD, femoral neck BMD, and
total body BMD are denoted by g,,, 9o1+ Jo1: Gav, and g, respec-
tively. The paths from G2 to fat mass, lumbar spine BMD, femoral
neck BMD, and total body BMD are denoted by g5, Gea» Gaz, and
G2, respectively. The paths from G3 to lumbar spine BMD, femoral
neck BMD, and total body BMD are denoted by g.a, Gus, and Gea,
respectively. The paths from G4 to femoral neck BMD and total
body BMD are denoted by g, and g.,, respectively. The path from
G5 to total body BMD is denoted by g,s. The paths of environmental
factors, @,y, 8,1, 6.1, - - ., G are denoted similarly. The figure
illustrates only one twin in a pair.

environmental variances of the variables i and j, re-
spectively. The genetic/environmental correlation
measures the extent to which the two phenotypes share
genetic/environmental effects. For example, if two
traits share the same genetic factors, it is expected that
the genetic correlation is approximately equal to 1; on
the other hand, if the two traits are genetically inde-
pendent, it is expected that the genetic correlation
approximates 0.

As BMD, fat mass, and lean mass are each related to
age, all analyses were adjusted for age by expressing
BMD and body composition measures as a linear
function of age in the regression model. Standardized
residuals were used as the adjusted values for genetic
analyses. Preliminary univariate analyses suggested
that a model with A and E factors fit the data ade-
quately. Therefore, a Cholesky model (26) of decom-
position including additive genetic effects (A) and
nonshared environmental effects (E) was fitted to the
variance-covariance matrices. All model parameters
were estimated by using the maximum likelihood
method via the LISREL programs, version 7 (27).

RESULTS

This study comprised 112 female twin pairs, includ-
ing 57 MZ and 55 DZ pairs, with an average age of
52.8 (standard deviation, 13) years. The two zygosities
were comparable in terms of mean and variance of
age, weight, height, lean mass, fat mass, and bone
density (table 1). Of these twins, 155 individuals were
postmenopausal (age range, 46—83 years), and 68
were premenopausal. One subject’s menopausal status
was unknown.

Compared with the premenopausal group, post-
menopausal women had 15 percent higher fat mass
(27.7 (standard deviation, 9.4) vs. 24.1 (standard de-
viation, 7.9) kg; p = 0.004) but similar lean mass (37.4
(standard deviation, 4.2) vs. 38.4 (standard deviation,
4.6) kg; p = 0.15). In both cross-sectional and within-
pair differences analyses, fat mass was highly corre-
lated with weight and body mass index (r = 0.92 and
0.94), while lean mass was moderately correlated with
body mass index (r = 0.47) or weight (r = 0.69).
Moreover, lean mass was linearly associated with
body height via the equation LM (kg) = 0.43 X height

TABLE 1. Characteristics of the study sample, Sydney Twin Study of Ostsoporosis (Australia), 1995-1996
Weight Height Lean body mass Fat mass
No.
o Age o) (cm) a) o)
palrs Mean SD* Mean 8D Msan sD Msan 8D Maan SD
Monozygotic twinst 57 53 14 65 10 161 7 37 3.9 26 8.9
Dizygotic twins 65 52 13 67 12 161 7 38 4.9 27 9.3
Bone minaral denslty
Lumbar spine Volumetric lumbar spine Femoral neck Volumetric femoral neck Total body
(gfany) (@fcm?) (gfcm?) (g/am?) (g/cmd)
Mean SD Mean 8D Mean SD Maan SD Mean SD
Monozygotic twins 1.10 0.16 0.12 0.03 0.89 0.1 0.368 0.06 1.11 0.10
Dizygotic twins 1.16 0.17 0.13 0.04 0.92 0.14 0.38 ~ 0.08 1.14 0.10

* SD, standard deviation.

1 No significant diftsrance between the two zygosities was observed in any variable.

Am J Epiderniol Vol. 147, No. 1, 1998
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TABLE 2. Relations among lsan mass, fat mass, and bons mineral density in monozygotic twin pairs,
Sydney Twin Study of Osteoporosis (Austraila), 1995-19961

Lean Fal Bone minenal density
mass mass Lumbar Femonmal Total
o) <q) apine neck body
(giem?) (gfiem?) (g/cm?)
Higher LM% twin 38.0 27.7 1.12 0.90 1.12
Lower LM twin 27.0 25.0 1.08 0.88 1.10
Intrapair difference (mean + SEf) 1.0x0.22* 27 :0.99* 0.04 £0.01* 0.02 £ 0.007* 0.02 + 0.007*
Fat Lean Bone mineral denslty
mass mass Lumnbar Femoral Total
xg) ) spine nack body
(gfcm?) (g/icm®) _(gfom®)
Higher FM$ twin 28.9 37.9 1.1 0.90 1.12
Lower FM twin 23.8 37.1 1.08 0.88 1.10
Intrapair difference (mean + SE) 51+£0.78* 0.8 +0.23* 0.03+001* 0.02 £0.05* 0.02 +0.007*

* Significantly different from 0 at p < 0.001 level.

1 intmapair differences are shown for bone density, lean mass, and fat mass between twins on the basis of lean

mass (top) or fat mass (bottom).

1 LM, lean maass; SE, standard error; FM, fat mass.

(cm) —31.14, which accounts for 48 percent of the
variance of lean mass.

There were 25 women who reported estrogen use; of
these, 22 pairs were discordant for estrogen usage; i.e.,
one twin used, but the other did not. Analysis of
intrapair differences suggested that estrogen use was
associated with a 0.05 =+ 0.02 g/cm? (mean * standard
error, p = 0.03) increase in femoral neck BMD. The
effect of estrogen in femoral neck BMD was taken into
account in subsequent analyses. However, there was
no such effect observed in lumbar spine BMD (0.03 +
0.04 g/cm? p = 0.5), total body BMD, fat mass
(0.62 = 2.2 kg, p = 0.78), and lean mass (0.84 * 0.73
kg, p = 0.26).

Association between lean mass, fat
mass, and BMD

Within MZ pairs, the twin with greater lean mass
had significantly higher BMD at all sites measured.
Similar trends were also observed for the twin with
greater fat mass (table 2). Within twin pairs, the
twin with a higher lean mass also had a higher fat
mass (r = 0.43, p < 0.0001). In univariate analysis
on both MZ and DZ data, both lean mass and fat
mass were correlated with BMD at all sites. In-
trapair differences in lean mass were positively sig-
nificantly correlated with intrapair differences in
lumbar spine BMD (r = 0.38), femoral neck BMD
(r = 0.27), and total body BMD (r = 0.32; figure 3).
The correlation between intrapair differences in fat
mass and BMD at these sites was also statistically
significant (figure 3; correlation coefficients of
0.37, 0.26, and 0.59, respectively).

Am J Epidemiol Vol. 147, No. 1, 1998

In backward and stepwise multiple regression anal-
yses based on cross-sectional (unmatched) data, BMD
at all sites was negatively associated with age. Lean
mass was a significant determinant of both lumbar
spine and femoral neck BMD, while fat mass was an
independent additional predictor of total body BMD.
However, analysis on intrapair differences (matched)
data revealed that lean mass was the only significant
determinant of femoral neck BMD and that fat mass
was only significantly associated with total body
BMD, while both lean and fat mass were independent
determinants of lumbar spine BMD.

Since lean mass was related to height (r = 0.69), an
additional analysis was performed, in which lean mass
was adjusted for height in the linear regression model,
the adjusted lean mass was then subject to multiple
regression analysis. In unmatched analysis, it was
found that both fat mass and adjusted lean mass were
significant determinants of lumbar spine BMD; how-
ever, only adjusted lean mass and fat mass were each
significantly associated with femoral neck BMD and
total body BMD, respectively. In contrast, in matched
analysis, adjusted lean mass was a significant deter-
minant of both lumbar spine and total body BMD,
while fat mass was an independent additional predictor
of total body BMD.

When lumbar spine and femoral neck BMD were
expressed in the estimated volumetric dimension (g/
cm’), only fat mass was found to be a significant
predictor of both lumbar spine and femoral neck BMD
(in matched analysis), but only lean mass was a sig-
nificant determinant of lumbar spine BMD (in un-
matched analysis). However, BMD/height at all sites
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Difference in LSBMD (g/cm?2)
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FIGURE 3. Relation between lean mass, fat mass, and areal bone mineral density, Sydney Twin Study of Osteoporosis (Australia),
1895-1896. Correlations between intrapair differences in lean mass and fat mass and lumbar spine (LS) bone mineral density (BMD), femoral
neck (FN) BMD, and total body BMD. The differences in lean mass and fat mass were constrained to be positive (twin with lower value was
subtracted from twin with higher value). In each case, within a twin pair, the twin with a higher lean or a higher fat mass was associated with

higher BMD.

was related to only fat mass in either matched or
unmatched analysis (table 3).

In all analyses, the maximum proportion of variation
in BMD, the estimated volumetric BMD, or the BMD/
height ratio attributable to the variation in lean or fat
mass or both was 39 percent (total body BMD in
unmatched analysis), and the minimum was 6 percent
(femoral neck BMD in matched analysis).

Univariate genetic analysis

Intraclass correlations for MZ pairs (tMZ) were
significantly (p = 0.03) greater than for DZ pairs
(rDZ) in unadjusted lean and fat mass (figure 4). MZ
pairs were also more alike than DZ pairs in BMD. The
intraclass correlation * standard error in BMD at the
lumbar spine was 0.73 * 0.08 for MZ pairs and

Am J Epidemiol Vol. 147, No. 1, 1998
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TABLE 3. Relations between lean mass, fat mass, and bone mineral density, Sydney Twin Study of Ostaoporosis (Australia),

19951996
Regression coefficlent + SE* for a unft changet In
Variable Design Age Lean mass Fal mass R?
(years) (kg) ()

LSBMD* Unmatched -0.005 1 0.001 0.009 x 0.002 0.27
‘FNBMD* Unmatched =0.004 + 0.001 0.007 £ 0.002 0.27
TBBMD* Unmatched -0.003 £ 0.0004 0.003 + 0.001 0.004 + 0.001 0.39
LSBMD Matched NA* 0.009 £ 0.003 0.004 + 0.001 0.20
FNBMD Matched NA 0.008 + 0.003 0.07
TBBMD Matched NA : 0.005 + 0.001 0.35
LSBMD Unmatched =0.006 + 0.001 0.033 + 0.010% 0.268
FNBMD Unmatched =0.004 £ 0.001 0.022 £ 0.008% 0.24
TBBMD Unmatched ~0.003 £ 0.0004 0.015 £ 0.006%} 0.004 + 0.001 0.39
LSBMD Matched NA 0.030 + 0.012§ 0.004 + 0.001 0.19
FNBMD Matched NA 0.003 £ 0.001 0.08
TBBMD Matched NA 0.012 + 0.007§ 0.005 £ 0.001 0.37
LSBMD/Ht* Unmatched —0.003 + 0.0003 0.002 + 0.001 0.17
FNBMD/Ht Unmatched =0.002 £ 0.0003 0.001 £ 0.001 0.15
TBBMD/Ht Unmatched -0.002 £ 0.0003 0.003 £ 0.0004 0.30
LSBMD/Ht Matched NA 0.003 £ 0.001 0.13
FNBMD/MHt Matched NA 0.006 £ 0.001 0.08
TBBMD/Ht Matched NA 0.003 £ 0.001 0.26
Vol.* LSBMD Unmatched -0.001 £ 0.0001 0.001 + 0.0004 ’ 0.23
Vol. FNBMD Unmatched -0.002 = 0.0002 0.20
Vol. LSBMD Matched NA 0.001 £ 0.0003 0.06
Vol. FNBMD Matched NA 0.001 £ 0.0005 0.04

* SE, standard ermor; LSBMD, lumbar spine bone mineral density; FNBMD, femoral neck bone mineral density; TBBMD, total body bone

mineral density; NA, not applicable; Ht, height; Vol., volumetric.

1 Values are regression coefficients + SE for a 1-kg change in lean or fat mass or a 1-year change in age. Only those coefficients

statistically significantly different from 0 at the p < 0.01 level are shown.

$ Based on height-adjusted lean mass (with a mean of 0 and standard deviation of 1; range, =2.2 to 5.5.

§ Based on within-pair differences in height-adjusted lean mass.

0.39 * 0.12 for DZ pairs (p = 0.008); at the femoral
neck tMZ =0.69 = 0.07 vs.tIDZ =044 = 0.11,p =
0.05); for total body BMD (tMZ = 0.73 * 0.05 vs.
tDZ = 0.39 = 0.12, p = 0.008). After adjusting fat
mass and BMD for age and lean mass for height, the
differences between rMZ and rDZ remained statisti-
cally significant (table 4).

Univariate model-fitting analyses of adjusted lean
mass, fat mass, and bone density indicated that the
models with common and specific environmental fac-
tors (C and E) fitted the data inadequately (table 5).
There was no significant effect of common environ-
mental factors or dominant genetic factors on any trait
as the goodness-of-fit of models with ACE and ADE
was not significantly better than that of models with
AE. Therefore, estimation of heritability is based on
the model with additive genetic and nonshared envi-
ronmental factors. It is estimated from this model that
approximately 84 percent and 65 percent of variances

Am J Epidemiol Vol. 147, No. 1, 1998

of lean mass and fat mass, respectively, were attribut-
able to genetic factors. Estimated heritability values of
lumbar spine, femoral neck, and total body BMD were
78 percent, 76 percent, and 79 percent, respectively.

MuRivariate genetic analysis

To assess whether the observed relations between
BMD at various sites and body composition were
attributable to genetic or environmental factors, we
performed multivariate genetic model-fitting analyses
(as described in figure 2). Squared standardized path
coefficients (table 6) can be interpreted as estimates of
heritability of specific and decomposed values in
terms of the portion in common with and independent
of other genetic factors. Off-diagonal elements of this
analysis were small relative to diagonal elements,
which fact indicates that the majority of heritability of
each variable trait is due to specific genetic factors.
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FIQURE 4. Famillal resemblance in lean mass and fat mass, showing intrapair correlation in monozygotic ('M2Z) and dizygotic (rDZ) twins

for unadijusted lean mass (A) and fat mass (B}, Sydney Twin Study of Osteoporosis (Australia), 1995-1996.

The heritability of fat mass in this sample was 0.65,
and the portion of this due to shared genetic factors
with lean mass was 0.02, whereas approximately one
third of the environmental variance of FM was due to
shared environment with lean mass. This is consistent
with the nonsignificant genetic correlation between
lean mass and fat mass (# = 0.16, p = 0.24) and the
significant environmental correlation (r = 0.51, p <
0.001; table 7).

Genetic correlations among the three BMD measure-
ments ranged from 0.58 (between femoral neck and total
body BMD) to 0.75 (between lumbar spine and total

body BMD). A substantial part of the genetic influence
on femoral neck BMD (heritability of H* = 0.78) was
due to shared genetic effects on lumbar spine BMD (H?
= 0.26). Genetic factors that affect the lumbar spine
BMD also had a greater influence (H> = 0.43) than did
the specific genetic effect (H*> = 0.21) on total body
BMD (H? = 0.79). Environmental correlations between
BMD measurements were all statistically different from
zero, however, to a lesser extent, relative to the genetic
correlations (range, » = 0.60-0.70).

Genetic factors that affect lean mass had a non-
significant influence on the heritability of BMD,

Am J Epidemiol Vol. 147, No. 1, 1998
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TABLE 4. Intraclass correlation in lean mass age-adjusted
fat mass, lean mass, and bone density among monozygotic
(M2Z) and dizygotic (DZ) twins, Sydney Twin Study of
Osteoporosis (Australia), 19951996

Intractass cometation
coefficlent + SE* p
Mz rDZ* vale
(n=57) (n=55)
Lean mass 0.72 £ 0.08 0.32 £0.12 0.003
Fat mass 0.62 + 0.08 0.30 £ 0.12 0.032
Lumbar spine BMD* 0.74 £ 0.06 0.48 £ 0.10 0.028
Femoral neck BMD 0.73 £ 0.08 0.47 £ 0.11 0.031
Total body BMD 0.80 £ 0.05 0.48 £ 0.10 0.0038

* SE, asymptotic standard enor; MZ, monozygotic pairs’
comelation; rDZ, dizygotic pairs’ correlation; BMD, bone mineral
density.

accounting for less than 15 percent of the genetic
component of BMD. The genetic correlation be-
tween lean mass and BMD was statistically nonsig-
nificant. Significant genetic correlation between fat
mass and BMD was observed only for the total body
(r = 0.31, p < 0.01) but not for the lumbar spine
and femoral neck. In contrast, environmental corre-
lations between fat mass and BMD were slightly
higher than those between lean mass and BMD (r =
0.36-0.70 vs. r = 0.23-0.51).

DISCUSSION

There has been little doubt that BMD measured at
various sites is one of the best measurable determi-
nants of fracture risk (28-30). BMD is, in turn, regu-

TABLE 5. Contribution of genetic and environmental factors in age-acdjusted lean mass, fat mass, and
bone mass, a summary of univariate model-fitting analysis, Sydney Twin Study of Osteoporosis

(Australia), 1995-1996

Squared standardized coefficlents*
Variable/mode! ” D o = P vazn
Lean mass
Et 1.000 38.05 <0.001
CE 0.563 0.437 14.40 0.006
AE 0.835 0.165 2.81 0.59
ACE 0.835 0.000 0.165 2.81 0.42
ADE 0.756 0.079 . 0.165 2.80 0.42
Fat mass
E 1.000 373.83 <0.0001
CE 0.506 0.494 8.26 0.08
AE 0.848 0.352 0.34 0.99
ACE 0.848 0.020 0.332 0.34 0.95
ADE 0.624 0.024 0.332 0.34 0.85
Lumbar spine BMD$
E 1.000 67.93 <0.0001
CE 0.636 0.364 14.04 0.007
AE 0.778 0.222 7.85 0.11
ACE 0.621 0.157 0.222 7.65 0.11
ADE 0.778 0.000 0.222 7.65 0.11
Femoral neck BMD
E 1.000 59.20 <0.0001
CE 0.629 0.371 14.91 0.005
AE 0.764 0.236 6.00 0.20
ACE 0.656 0.108 0.236 2.75 0.43
ADE 0.764 0.000 0.236 6.00 0.1
Total body BMD
E 1.000 70.02 <0.0001
CE . 0.6857 0.353 13.60 0.009
AE 0.788 0.214 5.19 027
ACE 0.625 - 0.185 0.210 4.10 0.25
ADE 0.788 0.000 0.214 5.19 0.16

* A eadditive genetic factors; D, dominant genetic factors; C, shared environmental factors; £, nonshared

environmental factors,

1 Models E, CE, AE, ACE, and ADE have 5, 4, 4, 3, and 3 df, respectively.

$ BMD, bone mineral density.
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TABLE 6. Contribution of genstic and environmental factors to the variance of age-adjusted lsan mass,
fat mass, and bone mineral density, Sydney Twin Study of Ostsoporosis (Australia), 1995-1996

Lean Fet Bone mineral denslty
mass mass Lumbar Femoral Total
spine nack body
Genetic factors
a1 0.835 0.017 0.077 0.105 0.061
Q2 0.630 0.000 0.009 0.063
G3 0.701 0.260 0.428
G4 0.391 0.025
G5 0.210
Hre 0.835 0.648 0.778 0.764 0.786
Environmental factors
E1 0.164 0.087 0.034 0.014 0.081
E2 0.255 0.011 0.015 0.054
E3 0.177 0.052 0.038
E4 0.154 0.007
E5 0.056
Er 0.165 0.352 0.222 0.236 0.214

* H2, index of heritabifity; £2, environmental contribution.

TABLE 7. Genetic and environmental corelation = standard error in age-adjustod loan mass, fat mass,
and bone mineral density (BMD), Sydney Twin Study of Osteoporoseis (Australla), 1995-1996t

Bone minera) densly

Lean Fat

mass mass Lumbar Femoral Total

apine neck body

Lean mass 0.52** +0.08  0.39* + 0.08 0.23£0.15 0.51** +0.09
Fat mass 0.16  0.12 0.41*£0.08 0.36*+0.09 0.70* £ 0.07
Lumbar spine BMD 0.08 = 0.13 0.02+0.19 0.57** £0.08 0.70** £ 0.07
Femoral neck BMD 0.16 2 0.13 0.05+0.18 0.84** + 0.09 0.61** £ 0.08
Total body BMD 0.09£0.14 0.31* £0.09 0.75** +0.06 0.58** +0.10

* p < 0.05; ** 0.0001 < p < 0.01.

1 Values in the upper diagonals are ervironmental comelations, and vaeluaes In the lower diagonals are

genetic correlations.

lated by genetic, hormonal, dietary, and mechanical
factors. The present study addressed a small part of
this complex system by using the classic twin design.
It was found that 1) both lean mass and fat mass were
associated with areal BMD; however, fat mass alone
appeared to have an independent effect on BMD/
height ratios and volumetric BMD; 2) both lean mass
and fat mass as well as BMD were under strong
genetic influence; and 3) the association between fat
mass (and lean mass) and BMD was mediated mainly
through environmental influences.

The positive association between body weight and
bone density has been well documented in several
epidemiologic studies (1-3, 9). It has been shown in
this study that BMD is associated with either lean or
fat mass or both, depending on the skeletal site. This
finding is in agreement with previous studies in twins
(14-16) and cross-sectional studies (3, 8, 9, 31-34),
which showed that lean mass was a better determinant

of areal BMD. However, BMD (g/cm?) is an areal
measure, which excludes the anterior-posterior diam-
eter; thus, an approximation of volumetric density has
been suggested as a surrogate measure of true volu-
metric density. In this study, two estimates of volu-
metric BMD have been analyzed. One was derived
directly from the BMD scans, and another was ob-
tained as the BMD/height ratio (20). In both analyses,
fat mass was consistently associated with volumetric
BMD in matched analysis. In unmatched analysis, fat
mass was the only determinant of the BMD/height
ratio. These findings are in agreement with previous
cross-sectional studies (5-7, 20).

It is thus clear that the relation between body com-
position and BMD is conditional on the unit of mea-
surement in which BMD is expressed. As lean mass
(but not fat mass) is related to height, a correction of
BMD for height will reduce or eliminate the apparent
effect of lean mass and increase the significance of fat

Am J Epidemiol Vol. 147, No. 1, 1998
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mass on BMD. There was evidence suggesting that the
effect of lean mass on BMD was independent of body
height, as it was noted that height-adjusted lean mass
was a significant predictor of areal BMD. Statistically,
because lean mass and fat mass are correlated, it is
difficult to separate their independent effects in statis-
tical analysis. In this study, in contrast to a previous
report (15), the correlation between regression coeffi-
cients for fat mass and lean mass in matched analysis
(r = 0.43) was higher than that in unmatched analysis
(r = 0.31). Thus, analysis based on intrapair differ-
ences does not appear to reduce the problem of col-
linearity. The consequence of collinearity is that sam-
pling estimates of the strength of the relation between
body composition and BMD will vary from sample to
sample. The fact that analyses based on matched and
unmatched samples yielded different sets of predictor
variables is a reflection of this statistical problem. It
can also be argued that the conflicting findings from
previous studies are also due, in part, to the sampling
variation of the correlation between lean mass and fat
mass.

While inevitably there is sampling variation in the
relation, what appears to be consistent is that the
strength of association between lean mass and areal
BMD is more pronounced than between fat mass and
areal BMD. For example, an increase of 10 kg in lean
mass and 10 kg in fat mass was estimated to be
associated with an increase of 10 percent (or approx-
imately 1 standard deviation) and of 4 percent, respec-
tively, of lumbar spine BMD. Is the association be-
tween bone mass and lean or fat mass due to an
underlying biologic or artefactual mechanism? A
study on phantom results (35) suggested that the ad-
dition of fat tissue has no significant effect on the
measurement of BMD. Similarly, in vivo studies also
demonstrated a nonsignificant effect of fat on lumbar
spine BMD (36) and total body BMD (37). We also
tested the artefactual hypothesis by analyzing data
from 20 postmenopausal women in a weight-reduction
interventional trial and found that, over a period of 28
days, while lumbar spine and total body BMD did not
change, decreases of 2.6 * 0.41 kg and 3.7 = 0.43 kg
(mean * SE) in lean mass and fat mass, respectively,
were observed (unpublished data). Thus, it appears
that the association is biologic. Indeed, physical fit-
ness, body weight, and muscle strength have indepen-
dent effects on bone mass in samples of young and
elderly men and women (1, 12, 32), with independent
effects of weight and quadriceps strength on femoral
neck BMD. The relation between fat mass and BMD
has not been well characterized. Howéver, an attrac-
tive proposition is that estrogen production in adipo-
cytes influences bone mass. Nevertheless, in premeno-

Am J Epidemiol Vol. 147, No. 1, 1998

pausal women this hypothesis would not appear to be
relevant (38).

Is the intersubject variation in lean mass and fat
mass attributable to genetic or environmental factors?
In the present study, 84 percent and 65 percent of
intersubject variances of lean mass and fat mass, re-
spectively, were attributable to genetic factors, consis-
tent with previous estimates (16). The estimated her-
itability for body mass index in this sample was 72
percent, within the range of 5-90 percent reported in
the literature (39-42). Taking together, there is evi-
dence suggesting that genetic factors have a greater
influence on lean mass than on fat mass. The data also
indicated that shared familial environmental factors
had a minimal and nonsignificant effect on these traits.
Furthermore, model-fitting analysis indicated that the
mode of inheritance was additive rather than domi-
nant, as dominant genetic effects were found to be
statistically nonsignificant. The cross-sectional corre-
lation between lean mass and fat mass in this sample
was moderate (r = 0.33, p < 0.001), and in bivariate
analysis a significant part of this relation appeared to
be due to common environmental rather than genetic
factors. In fact, of the total heritability of fat mass of
65 percent, only 1.7 percent was attributable to shared
genetic factors with lean mass. On the other hand, the
environmental correlation between the two variable
traits was 0.53 compared with 0.16 for genetic factors.

This study confirms the familial influence on bone
density with estimates of heritability for the lumbar
spine, femoral neck, and total body BMD of 78 per-
cent, 76 percent, and 79 percent, respectively, which
are comparable with previous estimates (12-16).
However, the present study also indicates that a com-
mon source of genetic and environmental variances
underlies the clustering of BMD at various skeletal
areas. For example, the genetic correlation between
lumbar spine and total body BMD was 0.75 compared
with the environmental correlation of 0.70. Similarly,
the genetic correlations between the lumbar spine and
femoral neck were 0.64 compared with 0.57 for envi-
ronmental factors. This indicates that genes affecting
the lumbar spine BMD are more likely to affect total
body BMD than femoral neck BMD; likewise, envi-
ronmental factors affecting the lumbar spine BMD are
also likely to express effects on femoral neck and total
body BMD. Indeed, estimates of heritability from the
bivariate twin model suggest that over half of the
genetic influence on total body BMD is mediated
through the genetic influence on the lumbar spine (and
only a third of the genetic influence on femoral neck
BMD). Somewhat lower environmental correlations
between BMD sites observed in this study may relate,
in part, to the differential effects of environmental
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factors, such as smoking and dietary calcium intakes,
on various skeletal sites.

The fact that lifestyle and dietary habits as well as
body structure aggregate within families suggests that
shared genetic, in addition to shared environmental,
factors play a role in determining the phenotypic sim-
ilarity of individuals in the same family. While the
mechanism of association between either lean mass or
fat mass and bone density is not known, the present
study sought to determine whether the association is
controlled by genetic factors. The multivariate analy-
sis suggested that lean mass, fat mass, and bone den-
sity are more likely regulated by different genetic
factors and that the association between fat mass and
BMD is regulated mainly by environmental factors. In
fact, less than 15 percent of the estimated heritability
of bone density is due to genetic factors common with
those for lean mass. Indeed, none of the genetic cor-
relations between lean mass and bone density was
significant. In contrast, the environmental correlations
between fat mass (or lean mass) and BMD were all
significant. This has been supported further by data in
MZ twins, demonstrating that intrapair differences in
BMD were related significantly to intrapair differ-
ences in lean mass and fat mass (correlation coeffi-
cients ranged from r = 0.30 to r = 0.63). Thus,
significant associations exist between BMD and fat (or
lean) mass entirely in the apparent absence of genetic
influences.

Increased emphasis has been placed recently on the
search for specific genes that influence BMD. Among
others, the vitamin D receptor (VDR) gene has been
reported to be associated with BMD (43). Although
several studies have confirmed the relation, others
have not (44, 45). The continuous, unimodal distribu-
tion of BMD is probably due to multiple genetic (and
environmental) factors, each with small but additive
effects. It is, thus, expected that there are several other
genes yet to be found, which have effects on BMD.
The present study indicates that some of the genes may
have small but pleiotropic effects on both cortical and
trabecular BMD. The moderate genetic correlations
between BMD sites may explain the differential ef-
fects of the VDR gene alleles, which were observed
mostly at the lumbar spine and do not necessarily
translate into effects at the femoral neck, or vice versa.

The present findings must be interpreted in the con-
text of a number of potential limitations. The data
were obtained from a Caucasian population in Austra-
lia, among whom cultural backgrounds and environ-
mental living conditions are generally homogeneous.
Also, the present results were obtained in women only;
thus, care should be taken when extrapolating these
results to other populations and to men. However, a

recent cross-sectional study of 139 healthy men (46)
has found that lean mass was related to BMD (consis-
tent with the present study’s findings) and BMD/
height ratios (not consistent with the present results).
Hormone-related factors and environmental interac-
tion may contribute to the divergent results for men
and women.

Importantly, these data were obtained from twins,
which are arguably not representative of the general
unrelated population. However, the variances of bone
density, lean mass, and fat mass in this twin sample are
very comparable with those observed in unrelated
populations. Furthermore, the finding that the strength
of association between lean (or fat) mass and BMD
was similar between unmatched and matched analyses
suggests that the results can be generalized to nontwin
populations. The use of intrapair differences in the
analysis eliminates the effects of differential age and
other confounding environmental factors present in
most previous cross-sectional studies.

It has been argued that MZ twins are more likely to
share more similar environments than DZ pairs, pos-
sibly related to their phenotypic similarity (47). This
could result in an overestimate of the genetic influence
derived from twin studies. However, in all the traits
analyzed here, the model incorporating the effects of
additive genetic and specific environmental factors
(AE model) fit the data as well as the model with the
addition of shared environmental factors (ACE mod-
el). This may relate to the inadequacy of power to
detect a small effect in this and smaller studies (48).

Ratio variables, such as BMD/height, have been
suggested to generate spurious correlations (49). How-
ever, there was no significant correlation between the
BMD/height ratio and height, and the intercept term of
the regression equation of BMD against height was not
significantly different from zero. These findings, tak-
ing together, suggest that the adjustment of BMD for
body height is valid.

In conclusion, these data indicate that the clinically
relevant association between volumetric BMD and
body composition is mediated only through fat mass.
Furthermore, lean mass and fat mass, as with bone
density, are under strong genetic regulation. While it is
possible that the same genes modulate bone mass and
density at different skeletal BMD sites, the association
between BMD and fat mass or lean mass appears to be
mediated principally via common environmental in-
fluences. These data also suggest that modulation of
environmental factors could translate to clinically rel-
evant changes in BMD and presumably fracture risk.
The impact of such changes requires careful consid-
eration. .

Am J Epidemiol Vol. 147, No. 1, 1998

20z Iudy 01 uo }sanb Aq 88Z0G/E/ L/ L1 /a1o1e/ale/wo dno-oiwapese//:sdly Wolj papeojumoq



Genetics of Bone Mass, Fat Mass, and Lean Mass 15

ACKNOWLEDGMENTS

This study was supported, in part, by a grant from the

Australian National Health and Medical Research Council.

The authors acknowledge the invaluable assistance of

Sister Libby Powell with data collection and coordination of
the study. They also thank the twins themselves for their
enthusiasm and support of osteoporosis research. They also
would like to specially thank their colleague, Dr. Tania
Markovic, Metabolism Research Division (Garvan Insti-
tute), who kindly supplied data for the evaluation of the
association between weight change and BMD change in a
short-term interventional study.

REFERENCES

1.

10.

12.

13.
14.

15.

16.

17.

Nguyen TV, Kelly PJ, Sambrook PN, et al. Lifestyle factors
and bone density in the elderly: implications for osteoporosis
prevention. J Bone Miner Res 1994;9:1339--46.

. Hannan MT, Felson DT, Anderson JJ. Bone mineral density in

elderly men and women: results from the Framingham Osteo-
porosis Study. ] Bone Miner Res 1992;7:547-53.

. Edelstein SL, Barett-Connor E. Relation between body size

and bone mineral density in elderly men and women. Am J
Epidemiol 1993;138:160-9.

. Jones G, Nguyen T, Sambrook P, et al. Progressive femoral

neck bone loss in the elderly: longitudinal findings from the
Dubbo Osteoporosis Epidemiology Study. BMJ 1994;309:
691-5.

. Reid IR, Evans MC, Ames R, et al. The influence of osteo-

phytes and aortic calcification on spinal mineral density in
postmenopausal women. J Clin Endocrinol Metab 1991;72:
1372-4.

. Reid IR, Ames R, Evans MC, et al. Determinant of total body

and regional bone mineral density in normal postmenopausal
women—a key role for fat mass. J Clin Endocrinol Metab
1992;75:45-51.

. Reid IR, Evans MC, Ames RW. Volumetric bone density of

the lumbar spine is related to fat mass but not lean mass in
normal postmenopausal women. Osteoporos Int 1994;4:
362-17.

. Lindsay R, Cosman F, Herrington BS, et al. Bone mass and

body composition in normal women. J Bone Miner Res 1992;
7:55-63.

. Compston JE, Bhambhani M, Laskey MA, et al. Body com-

position and bone mass in postmenopausal women. Clin En-
docrinol (Oxf) 1992;37:426-31.

Sundeep K, Atkinson EJ, Riggs BL, et al. Relationship be-
tween body composition and bone mass in women. J Bone
Miner Res 1996;11:857-63.

. Silvey SD. Multicollinearity and imprecise estimation. J R

Stat Soc (B) 1969;31:539-52.

Pocock N, Eisman J, Gwinn T, et al. Muscle strength, physical
fitness and weight, but not age predict femoral neck bone
mass. J Bone Miner Res 1989;4:441-8.

Smith DM, Nance WE, Kang KW, et al. Genetic factors in
determining bone mass. J Clin Invest 1973;52:2800-8.
Flicker L, Hopper JL, Rogers L, et al. Bone mineral density
determinants in elderly women: a twin study. J Bone Miner
Res 1995;10:1607-13.

Young D, Hopper JL, Nowson CA, et al. Determinants of
bone mass in 10 to 26 year old females: a twin study. J Bone
Miner Res 1995;10:558-67.

Seeman E, Hopper JL, Young NR, et al. Do genetic factors
explain associations between muscle strength, lean mass, and
bone density? A twin study. Am J Physiol 1996;270:E320-7.
Lykken DT. The diagnosis of zygosity in twins. Behav Genet
1978;8:437-73.

Am J Epidemiol Vol. 147, No. 1, 1998

18.

19.

20.

21.

22.
23.

24,

26.
27.

28.

29.

30.

31.

32.

33.

3s.

36.

37.

38.

39.

Mazess RB, Barden HS, Biske JP, et al. Dual energy X-ray
absorptiometry for total body and regional bone mineral and
soft tissue composition. Am J Clin Nutr 1990;51:1106-12.
Nguyen TV, Sambrook PN, Eisman JA. Source of variability
in bone density: implication for study design and analysis.
J Bone Miner Res 1997;12:124-35.

Reid IR, Plank LD, Evans MC. Fat mass is an important
determinant of total body bone density in premenopausal
women but not in men. J Clin Endocrinol Metab 1992;75:
779-82.

Mazess RB, Pedersen P, Vetter J, et al. Bone densitometry of
exercise vertebrae: anatomical relationships. Calcif Tissue Int
1991;48:380-6.

Myers RH. Classical and modern regression with applications.
Boston: Duxbury Press, 1986:204-7.

Fabsitz R, Feinleib M, Hubert H. Regression analysis with
correlated errors: an example from the NHLBI twin study.
J Chronic Dis 1985;38:165-70.

Donner A, Eliasziw M. Methodology for inferences concern-
ing familial correlations: a review. J Clin Epidemol 1991;44:
449-55.

. Heath A, Neale M, Hewitt J, et al. Testing structural equation

models for twin data using LISREL. Behav Genet 1989;19:
9-36.

Neale M, Cardon L. Methodology for genetic studies of twins
and families. Dordrecht: Kluwer Academic, 1992.

Joreskog KG, Sorbom D. LISREL VII: a guide to the program
and applications. Mooresville, IN: Scientific Software, Inc,
1986.

Nguyen T, Sambrook P, Kelly P, et al. Prediction of osteopo-
rotic fractures by postural instability and bone density. BMJ
1993;307:1111-15.

Hui SL, Slemenda CW, Johnton CC. Age and bone mass as
predictors of fracture in prospective studies. J Clin Invest
1987;81:1804-9.

Melton LJ III, Atkinson EJ, O’Fallon WM, et al. Long term
fracture prediction by bone mineral assessed at different skel-
etal sites. J Bone Miner Res 1993,8:1227-33.

Sowers MF, Kshirsagar RA, Crutchfield MM, et al. Joint
influence of fat and lean composition compartments on fem-
oral bone mineral density in premenopausal women. Am J
Epidemiol 1992;136:257-65.

Bevier WC, Wiswell RA, Pyka G, et al. Relationship of body
composition, muscle strength, and aerobic capacity to bone
mineral density in older men and women. J Bone Miner Res
1989;4:421-32.

Salamone LM, Glynn N, Black D, et al. Body composition and
bone mineral density in premenopausal and early perimeno-
pausal women. J Bone Miner Res 1995;10:1762-8.

. Aloia JF, Vaswani A, Ma R, et al. To what extent is bone mass

determined by fat-free mass or fat mass? Am J Clin Nutr
1995;61:1110-14.

Laskey MA, Lyttle KD, Flaxman ME, et al. The influence of
tissue depth and composition on the performance of the Lunar
dual-energy X-ray absorptiometer whole body scanning mode.
Eur J Clin Nutr 1991;46:39-45.

Walliser J, Nieves J, Cosman F, et al. Fat mass does not
interfere with measurement of lumbar spine BMD by DXA in
thin or obese subjects. (Abstract). J Bone Miner Res 1993;
8(suppl 1):8351.

Svendsen OL, Haarbo J, Hassager C, et al. Accuracy of
measurements of body composition by dual-energy X-ray
absorptiometry in vivo. Am J Clin Nutr 1993;57:605-8.
Haffner SM, Bauer RL. Excess androgenicity only partially
explains the relationship between obesity and bone density in
premenopausal women. Int J Obes 1992;16:869-74.

Allison DB, Neale MC, Heshka S, et al. Race effects in the
genetics of adolescents’ body mass index. Int J Obes 1994,
18:363-8.

. Price RA, Cadoret RJ, Stunkard AJ, et al. Genetics contribu-

tions to human fatness: an adoption study. Am J Psychiatry
1987;144:1003-8.

20z 1udy 01 uo }senb Aq 88Z0G/E/ /.1 /a1o1e/ale/wo dno-oiwapese//:sdly Wolj papeojumoq



16

Nguyen et al.

41.

42,
43.

44,
45.

Bouchard C. Current understanding of the etiology of obesity:
genetic and non-genetic factors. Am J Clin Nutr 1991;53:
1561S8-58S.

Bouchard C. Genetics of obesity: an update on molecular
markers. Int J Obes 1995;19:5S10-13.

Morrison NA, Qi JC, Tokita A, et al. Prediction of bone
density by vitamin D receptor alleles. Nature 1994;367:
284-7.

Eisman JA. Vitamin D receptor gene alleles and osteoporosis:
an affirmative view. J Bone Miner Res 1995;9:1289-93.
Peacock M. Vitamin D receptor gene alleles and osteoporosis:
a contrasting view. J] Bone Miner Res 1995;9:1294-7.

47.

49.

. Nuti R, Martini G, Gennari C. Age-related changes of whole

skeleton and body composition in healthy men. Calcif Tissue
Int 1995;57:336-9.

Kendler KS. Overview: a current perspective on twin studies
of schizophrenia. Am J Psychiatry 1983;140:1413-25.

. Christian JC, Norton JA, Sorbel J, et al. Comparison of anal-

ysis of variance and maximum likelihood based path analysis
of twin data: partitioning genetic and environmental sources of
covariance. Genet Epidemiol 1995;12:27-35.

Allison DB, Paultre F, Goran MI, et al. Statistical consider-
ations regarding the use of ratios to adjust data. Int J Obes
1995;19:644 -52.

Am J Epidemiol Vol. 147, No. 1, 1998

20z Iudy 01 uo 1senb Aq 8820G/€/L/ L1 /31o1E/olE/Ww0"dno olWaped.)/:Sd)Y o) papeojumoq



