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ABSTRACT

Although genetic factors are thought to explain a large proportion of the variation in bone density in women, few
studies have been conducted in men. Therefore, it is unclear whether the individual differences in bone strength
between men and women are a reflection of gender differences in the relative influence of genetic and environ-
mental factors on bone density variance. The aim of this study was to determine if there were gender differences
in the genetic components of variance for bone density and ultrasound. In addition, the study aimed to explore the
hypothesis that there are unique gender-specific genetic determinants of these traits. Bone mineral density (BMD)
of the hip, distal forearm, and lumbar spine were measured by dual-energy X-ray absorptiometry (DXA) as well
as quantitative ultrasound (QUS) at the calcaneus in healthy female twin pairs (286 identical [MZ] and 265
nonidentical [DZ]), male twin pairs (72 MZ and 65 DZ), and 82 opposite-sex (OS) pairs aged between 18 and 80
years. For hip BMD, distal forearm, and QUS measurements, the differences between MZ correlations and like-sex
DZ correlations were similar for both sexes, suggesting little difference in the component of total variance explained
by genetic factors between male and female twin pairs. However, correlations between OS twin pairs were lower
than that of like-sex twin pairs, suggesting the possibility of unique gender-specific genetic effects. At the forearm,
model fitting suggested a small gender difference in the magnitude of genetic variance as well as the presence of a
unique gender-specific genetic variance component. Hip, lumbar spine, and QUS measurements were better
explained by models that assumed no gender differences in genetic variance between the sexes, but the study had
insufficient power to detect small differences in the genetic components of variance. The results of this study suggest
that the proportion of bone strength variance explained by genetic factors is similar for men and women. However,
at some regions there is evidence to suggest a gender-specific genetic component to the overall genetic variance. (J
Bone Miner Res 2002;17:725-733)
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variation in bone strength. There are notable differences in
the incidence of osteoporotic fractures between the two
sexes."? When osteoporosis is defined by gender-specific
bone mineral density (BMD) cut-offs (World Health Orga-
nization [WHO] definition, BMD > 2.5 SD below the
young normal mean), there are differences in the prevalence
of osteoporosis between men and women.®* A number of
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studies have shown that for women, there is significantly
higher bone loss in the immediate postmenopausal
period®~” compared with men of the same age. Moreover,
longitudinal studies that have directly compared bone loss
between older men and women also have shown consis-
tently higher rates of bone loss in women than men even as
old as 85 years.®~'? In addition, gender differences have
been reported in iliac crest bone samples between sexes.!' "

Usually, bone strength is assessed by measurement of
BMD, whereas quantitative ultrasound (QUS) is thought to
reflect the structural properties of bone. Twin and family
studies have shown that genetic factors have the largest
influence on the individual variation in these traits (herita-
bility, 50-80%)."'>"'* However, most of these studies were
on female twins, so it is unknown if the magnitude of the
genetic components of variance for bone strength and qual-
ity are the same for both genders and whether it is the same
the set of genes responsible for the individual variation in
bone strength in both men and women.

Twin studies have an advantage over family studies in
that they are not confounded by age and cohort effects and
can separate common environment from genetic effects.
The inclusion of opposite sex (OS) twins in the twin design
has the added benefit of allowing estimations of gender-
specific genetic components of variance. Therefore, the aim
of this study was to determine if there were any gender
differences in the magnitude of genetic variances for BMD
and ultrasound. In addition, the study aimed to explore the
hypothesis that there are unique gender-specific genetic
determinants for these traits using the OS twin model.

MATERIALS AND METHODS
Subjects

The study cohort consisted of like-sex, identical (MZ)
and nonidentical (DZ) twin pairs, as well as OS twin pairs.
The twins were recruited through the Australian National
Health and Medical Research Council (NHMRC) Twin
Registry and from local media campaigns. Twins were
invited to participate in an investigation into the genetics of
various diseases including osteoarthritis, cardiovascular dis-
ease, asthma, and osteoporosis. The hospitals’ Human Re-
search Ethics Committee approved the study.

Each twin was interviewed separately using a structured
questionnaire to obtain information on demographic details
and risk factors for osteoporosis. Twins who used medica-
tions or who had medical conditions that could interfere
with bone metabolism were excluded from the analysis.

Zygosity in like-sex twins was determined from the
twins’ self-report using questions from a validated question-
naire.?® DNA fingerprinting was used to determine zygos-
ity in twin pairs in which their zygosity was either unknown
or disputed.

Measurement of BMD and QUS

BMD at the left hip, forearm, and lumbar spine (L1-L4)
was measured on the same dual-energy X-ray absorptiom-
etry (DXA) machine (QDR 4500; Hologic, Inc., Waltham,
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MA, USA). BMD measurements were obtained from two
regions of the proximal femur: total hip and neck of femur
(NOF). QUS parameters were measured on the same day at
the left calcaneus using a McCue Cuba Mark II (McCue
Ultrasonics, London, UK) to obtain broadband ultrasound
attenuation (BUA) and velocity of sound (VOS). The oper-
ator was “blind” to the BMD results.

Statistical analysis

MZ twin pairs share identical genotypes; therefore, any
differences between them are caused by their environments.
DZ twins (like-sex and OS pairs) in contrast are no more
alike genetically than siblings, sharing on average 50% of
their genes. In classic twin analysis, it is assumed that both
types of twins share the same common environmental in-
fluences so the extent to which MZ twin pairs are more alike
for a trait than DZ sex twin pairs reflects the degree of
genetic influence on the population variance of that trait. In
the classic twin method, this can be determined by compar-
ing the intraclass correlation coefficients calculated in the
twin groups separately.®” The association between BMD
and QUS parameters and a number of possible predictors
such as age, age?, weight, height, and hormone-replacement
therapy (HRT) use were determined first by multiple regres-
sion analysis using methods described previously, which
take account of the correlation of estimated error terms of
regression parameters within twin pairs.*? Then, intraclass
correlations were calculated in MZ, DZ (male and female),
and OS pairs using the residuals produced from the regres-
sions. Differences in the correlation between MZ and like-
sex DZ twin pairs were compared to give an indication of
whether the proportion of BMD and ultrasound variance
explained by genetic factors was the same for men and
women. Then, like-sex DZ correlations were compared with
OS pair correlations to see if there were any qualitative
genetic differences between the sexes. If OS pairs share 1 <
50% of the genes influencing the variance of the trait of
interest (compared with 50% in like-sex DZ pairs), then
correlations in OS pairs would be lower than in DZ pairs,
suggesting the presence of gender-specific effects. The test
of significance of correlation differences between twin
groups was based on the modified Fisher’s z-transformation
procedure.®

Estimates of genetic and environmental effects based on
comparison of intraclass correlations have limitations;
therefore, genetic model-fitting techniques also were used to
provide quantification of the variances. The data from this
study was analyzed by twin path analysis as detailed
elsewhere 2427

Using path analysis it was possible to quantify the relative
influence of genetic and environmental effects on total
phenotypic variance. Genetic variance itself may be caused
by additive (A) or dominant (D) genetic components. The A
genetic factors are the effects of genes taken singly and
added over multiple loci, whereas D genetic factors repre-
sent genetic interaction within loci. The environmental vari-
ance may be caused by common (shared) environmental
factors (C) shared by both twins and to nonshared environ-
mental factors (E) that include any measurement error. In
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FIG. 1. General sex-limitation model. Path diagram is shown for OS
pair twins. Observed variables for twin 1 and twin 2 are shown in the
squares. Latent variables (or factors) are shown in circles. A single-
headed arrow indicates a direct influence of one variable on another, its
value represented by a path coefficient. Double-headed arrows indicate
a correlation without any assumed direct relationship. m, = male; £
female; A, additive genetic factor; C, common environmental factor; E,

{ unique environmental factor; Pm (Pf), phenotypic value of male and

female twins; a, additive genetic factor loading; ¢, common environ-
mental factor loading; e, unique environmental factor loading; ra,
additive genetic correlation; rc, common environment correlation; ra,
= 1 for MZ and 0.5 for like-sex DZ twins; rc = 1 for MZ and like-sex
DZ twins. In the analysis, the data are fitted to six different models by
varying assumptions for OS pairs:

Model I: am # of, cm # cf, em # ef — estimate ra, — fix re = 1
Model II: am # af, cm # cf, em # of — fix ra, = 0.5 — estimate rc
ModelIII:am#af,cm#cf,em#ef—ﬁxmg=0.5—ﬁxrc= 1
Model IV: am = af, cm = cf, em = ef — estimate ra, — fix re = 1
Model V: am = af, cm = cf, em = ef — fix ra, = 0.5 — estimate rc
Model VI: am = af, cm = cf, em = ef — fix ra, =05 ~ fix rc = 1

this method of analysis, a test of goodness of fit of the model
is determined, which allows comparisons of alternative
models. Figure 1 shows a more complex variation on the
classical twin model that allows for gender differences in
the genetic and E factor effects on trait variance. The model
shown is for the OS twin pairs although in the analysis, all
twin groups were analyzed simultaneously. A limitation of
classic twin analysis is that shared E factors and D genetic
factors cannot be included in the one model, because these
two factors are heavily confounded and cannot be distin-
guished from each other. An ACE model was assumed for
all the traits, so that submodels with gender differences in
genetic and shared E effects could be tested. The influences
of A, C, and E on trait variance are represented by the
parameters am, cm, and em for men and af, cf, and ef for
women, respectively. These parameters are equivalent to the
standard regression coefficients and the variance because
each source is the square of these parameters. To include the
possibility of unique gender-specific factors, the correlation
of genetic factors between the men and women in the OS
pairs (ra,) can be estimated. If ra, is found to be signifi-
cantly <0.5 in the OS pairs, it implies the presence of a
unique gender-specific genetic component. In the classic
twin model, the correlation of C effects is assumed to be 1.0
within twin pairs reared together for both MZ and like-sex
DZ pairs. This may not be the case for the OS-DZ pairs. To
account for the possibility that OS pairs share environment
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to a lesser extent, the correlation of C factors between men
and women in the OS pairs (rc) can be estimated also.

A number of different models (models I-VI) were com-
pared to see which model best explained the data (Fig. 1).
By comparing models in which A, C, and E effects are the
same (am = af, cm = cf, and em = ef) with models in which
they are different between the sexes and by either allowing
flexible parameterization of ra, or rc in the OS group or
fixing them at 0.5 and 1.0, respectively, analogous to the
like-sex DZ groups, it was possible to “test” a number of
explanations for the observed covariances for BMD and
ultrasound between twin pairs. These included the possibil-
ity of unique gender-specific genetic effects, gender differ-
ences in magnitude of genetic effects, less sharing of C
effects in OS pairs, and no difference in genetic or environ-
mental factors between the sexes. In deciding the model
with the best fit, submodels were compared with the full
models by hierarchical x* tests and the decision also was
guided by the minimum value of the Akaike Information
Criterion, which is equal to X* — 2 degrees of freedom (df).

The magnitude of A, C, and E components of variance
were expressed as a standardized ratio of a?, ¢, and ¢?,
respectively, over total phenotypic variance.

Data handling and preliminary analyses were done using
STATA (Stata Corp., College Station, TX, USA) and quan-
titative genetic modeling was performed with Mx, the soft-
ware package (Commonwealth University of Virginia,
Richmond, VA, USA).®®

RESULTS

Two hundred eighty-six female MZ, 265 female DZ, 72
male MZ, 65 male DZ, and 82 OS twin pairs were seen
(Table 1). There was no significant difference in mean age
between any of the groups. Weight, height, and body mass
index (BMI) were higher in men than in women. For both
sexes, the mean weight and BMI was highest in the OS
groups and then the DZ groups. Some differences in mean
BMD and QUS values also were seen between same-sex
groups but these differences were not significant after ad-
justment for age, age®, weight, height, and sex (data not
shown). In addition, variances for BMD and QUS parame-
ters were not different between the twin groups.

The correlations were higher in MZ pairs than in DZ pairs
for all measurements, consistent with significant genetic
influence on the variation of these traits in both sexes (Table
2). The correlations also suggest that the magnitude of
genetic variance is the same for both sexes, because the
differences in correlation between MZ pairs and DZ pairs
were similar for women and men for all traits except for the
lumbar spine. Compared with the like-sex DZ groups, the
correlations in the OS group were generally lower, raising
the possibility of gender-specific genetic determinants. The
largest differences in correlation between these two groups
were seen at forearm, lumbar spine, and BUA but did not
reach statistical significance.

The results of the model-fitting analysis for NOF BMD
and forearm BMD are summarized in Tables 3 and 4,
respectively. NOF BMD was best explained by the model
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TABLE 1. CHARACTERISTICS OF TWIN STUDY POPULATION CATEGORIZED BY SEX AND TWIN ZYGOSITY

Female MZ Female DZ Female OZ Male MZ Male DZ Male OZ
(n = 574) (n = 530) (n = 82) (n = 144) (n = 130) (n=82)

Mean age 48.7 48.3 48.7 49.8 494 48.7
(SD) (15.8) (13.5) (13.6) (14.4) (16.2) (13.6)
Mean weight (kg) 64.5 67.3 69.7 81.8 81.8 85.9
(SD) (11.4) (12.8) (14.6) (11.7) (14.0) (15.3)
Mean height (cm) 160.9 162.6 162.5 174.1 174.5 175.9
(SD) 6.4) (6.5) (7.0) (6.0) 7.2) (6.5)
Mean BMI (kg/m?) 25.0 25.5 26.4 27.0 26.8 27.7
(SD) 4.5) 4.9) 5.3) 3.5) (3.6) 4.3)
% Postmenopausal 51% 51% 50%

HRT use 20% 22% 22% )
Total hip BMD (g/cm?) 0.89 0.93 0.94 1.04 1.06 1.07
(SD) 0.12) 0.13) (0.13) 0.12) (0.13) (0.14)
NOF BMD (g/cm?) 0.77 0.79 0.81 0.86 0.87 0.89
(SD) (0.12) (0.13) (0.12) (0.12) (0.13) (0.12)
Forearm BMD (g/cm?) 0.54 0.55 0.55 0.65 0.65 0.67
(SD) (0.06) (0.06) 0.06) (0.05) 0.07) (0.06)
Lumbar BMD (g/cm?) 0.97 0.99 1.00 1.03 1.05 1.05
(SD) (0.14) (0.15) (0.13) (0.11) (0.16) (0.14)
BUA (db MHz™ ") 81.3 81.5 84.6 95.7 90.6 96.2
(SD) (18,9) (18.0) (18.9) (18.0) (18.3) (17.3)
VOS (ms™!) 1652 1654 1653 1659 1655 1655
(SD) 45) 44) 42) (37 44) 42)

TABLE 2. INTRACLASS CORRELATION COEFFICIENTS FOR BMD AND QUS PARAMETERS (ADJUSTED FOR AGE, AGE®, WEIGHT,
HEIGHT, AND SEX)

Intraclass correlation (95% CI)

Female MZ Female DZ Male MZ Male DZ Male-female OZ
Variable (286 pairs) (265 pairs) (71 pairs) (65 pairs) (82 pairs)
Total hip BMD 0.80 0.38 0.82 0.28 0.28
(0.75-0.84) (0.27-0.48) (0.73-0.89) (0.03-0.49) (0.07-0.47)
NOF BMD 0.83 0.27 0.78 0.44 0.32
(0.79-0.86) (0.15-0.38) (0.67-0.86) (0.22-0.62) (0.11-0.50)
Forearm BMD 0.78 0.40 0.87 0.40 0.19
(0.73-0.82) (0.30-0.50) (0.79-0.92) (0.18-0.59) (—0.03-0.39)
Lumbar BMD 0.70 0.38 0.78 0.56 0.17
(0.64-0.76) (0.27-0.48) (0.66-0.86) (0.37-0.71) (—0.05-0.37)
BUA 0.62 0.36 0.64 0.18 0.16
(0.54-0.68) (0.25-0.46) (0.48-0.76) (—0.07-0.40) (—0.06-0.37)
vosS 0.76 0.40 0.64 0.28 0.37
(0.71-0.81) (0.30-0.50) (0.47-0.76) (0.04-0.49) (0.16-0.59)

that assumed no gender difference in the magnitude of
genetic variance and no gender-specific genetic effects (Ta-
ble 3, model VI based on the model selection criteria
mentioned previously). However, at the forearm the data
were best explained by model I (Table 4), which assumed
differences in the effects of A, C, and E between the sexes
and gender-specific effects (ra, < 0.5; i.e., a gender-specific
genetic component of variance for BMD. However, it is
important to note that it was not always easy to discriminate
between models based on best fit. For example, in Table 3,
model 1V, which assumes gender-specific effects (ra, =

0.36) for NOF BMD, has similar fit statistics to model VI,
which was regarded as the best-fitting model.

Model fitting for lumbar spine (data not shown) used data
on twins aged <50 years because all models fitted poorly
(reflected by the fit statistics) when the older twins were
included in the analysis. This was thought to be caused by
the confounding effect of osteoarthritis of the spine on
BMD measurements in the older twins. Model VI, which
assumed no gender differences, fitted the data best, but
model IV, which assumed gender-specific effects, had sim-
ilar fit statistics. QUS parameters were best explained also
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by model VI, but two models assuming gender differences
(models III and IV) were a poorer explanation of the data,
but not by much (data not shown),

An alternate hypothesis for the lower correlation in OS
pairs compared with like-sex DZ pairs is that OS pairs share
environments to a lesser degree. Models that allowed flex-
ible parameterization of common environment correlation
(rc) generally found the same model fit statistics and A C,
and E values for the range of rc values from —1 to 1. In the
models in which one of the common environment compo-
hents was zero, it was not possible to define rc to a point
estimate using these statistical techniques.

DISCUSSION

Gender differences in BMD and bone ultrasound are well
documented. However, it is unclear whether this reflects
differences between men and women in the genetic and
environmental factors responsible for the variance of these
traits. The results of this study would suggest that the
proportion of BMD and bone quality variance explained by
genetic factors is the same in men and women: By including
OS twins, it was possible to look for unique gender-specific
genetic effects. The results of the study suggest this may be
present at the forearm but not to the same degree at the hip,
lumbar spine, or calcaneus.

Few studies have attempted to look for gender differences
in the relative influence of genetic and environmental fac-
tors on bone strength variance. A cross-sectional analysis on
unrelated elderly men and women found that the total per-
centage of BMD variance explained by environmental risk
factors was higher in women (17.3-24.5%) than in men
(4.7-17.7%).%” No previous twin study has compared di-
rectly the genetic factors responsible for bone density vari-
ance between men and women. The majority of twin studies
that measured BMD have only studied female twins. Male
twins were examined in small early studies when like-sex
male and female twins were pooled together.!73%31 The
largest male twin study®?% looked at bone mass at the
midshaft of the radius only. A statistically significant ge-
netic influence on baseline radial bone mass variance was
found (heritability 0.36 in men aged 44-54 years)®? but
diminished 16 years later.®® Comparison between these
studies and recent female twin studies is difficult because
the instruments to measure forearm BMD have changed
over time."*~'> There are no studies in male twins on the
heritability of BMD variance at other regions (e.g., spine
and hip) or on the heritability of other measures of bone
strength in men. The results of our study would suggest that
genetic variances are of a similar value for bone density and
bone quality in men and women. It follows that the propor-
tion of population variance explained by environmental
factors also is likely to be similar.

The most interesting finding of this study is the possibility
of gender-specific genetic effects on the variation in bone
density. The lower correlations in the OS twin pairs for all
traits compared with the like-sex DZ pairs suggest the
possibility of unique gender-specific genetic factors. The
model-fitting analysis found this significant at the forearm.

731

The finding that gender-specific genetic factors were only
significant at some sites may reflect different structural
properties of bone between these sites. The distal forearm,
for example, has a higher proportion of trabecular bone than
the proximal hip. Within the QUS measurements, the cor-
relation among the OS pairs was lower for BUA (r = 0.19)
than for VOS (r = 0.45), which might be explained by the
fact that they are measuring different aspects of bone struc-
ture.

In theory, it is possible that there are specific genes
involved in osteoporosis that exist only in men or only in
women, but for this to be the case, they would have to be
located on the sex chromosomes. A more likely explanation
is that the effects of genes responsible for variation in BMD
and QUS are different between the sexes. Hormonal differ-
ences between the sexes could account for such different
gene expressions. Molecular genetic studies show evidence
of a link between sex hormones and genes associated with
BMD, for example, the estrogen receptor gene.®® Gender
differences in gene expression also could result from other
modifying factors (e.g., environmental factors like calcium
intake resulting in differences in gene-environmental inter-
actions between the sexes). Furthermore, it is realistic to
expect that genotyping might one day find gender-specific
effects in osteoporosis, because recent studies investigating
the effects of gene polymorphism in other diseases have
shown gender-specific effects.®-3

The main strength of this study is that unique to genetic
epidemiological studies in this field, a large number of men,
women, and OS twin pairs were recruited from the same
population base and investigated by the same study meth-
ods. Moreover, the conclusions were based on a number of
different variables measured at multiple sites.

However, the present findings must be interpreted in the
context of a number of possible limitations. The data were
obtained from a white population in Australia, among
whom cultural backgrounds and environmental living con-
ditions generally are homogenous. Therefore, care should
be taken in extrapolating these results to nonwhite popula-
tions. Importantly, these data were obtained from twins who
are not necessarily representative of the general unrelated
population. However, the variances of bone density and
QUS in this twin sample are comparable with those ob-
served in unrelated populations. Moreover, a recent study
found little difference in BMD and lifestyle characteristics
between twin participants from a twin registry for a study of
diseases of aging and a parallel population-based study of
singleton women.“? It has been argued that MZ twins are
likely to share more similar environments than DZ pairs,
leading to an overestimation of genetic effects.*"” Although
the shared environment (C) did not seem to be significant in
most of the traits measured, the classic twin model generally
has little statistical power to detect these shared environ-
mental effects.® Partly as a result of this, the analysis by
genetic modeling is not able to explore fully the possibility
that the lesser sharing of the genetic effect in OS twin pairs
could be confounded by lesser environmental sharing in the
same group. Finally, the cross-sectional nature of this study
does not account for the fact that the genetic and environ-
mental influences may change over time. There is evidence
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that the common environmental effects on BMD variance
peak during adolescence!’® and it is plausible that the lower
correlation in male-female adult twins is the result of gender
differences in shared environmental effects occurring earlier
in life.

Despite the large number of twin pairs seen in compari-
son with previous twin studies, there are a number of
limitations related to the power of the study. A larger
number of female twins than male twins were recruited in
this study. This discrepancy is unlikely to have affected the
main results from the twin pair correlations. However, it
may have influenced the model-fitting analysis, both in
terms of the type of models found to be of best fit and in
terms of the model-fitting parameters. In addition, the cor-
relation results would suggest that with larger numbers, the
conclusion that genetic variances were the same in magni-
tude between the sexes would still hold. However, with
more OS twin pairs, the differences between this group and
the like-sex DZ pairs may have become statistically signif-
icant, implying significant gender-specific genetic effects at
these sites. Power calculations for the model-fitting analysis
suggest that with the number of twin pairs seen, this study
had ~80% power at the 0.05 level to detect a difference in
genetic contribution (heritability) of 20% between men and
women and similar power to detect a <25% sharing of
genetic factors (genetic correlation < 0.125) between men
and women. More OS twin pairs would have had to be seen
to detect more subtle differences in genetic variances be-
tween the sexes. For instance given the same number of
like-sex twin pairs, you would need >500 OS twin pairs to
show that a 75% sharing of genetic influences (genetic
correlation = 0.375) represented a significant gender dif-
ference.

To conclude, this twin study has shown that the role of
genetic factors in determining the population variance of
bone mass and structural properties of bone among men and
among women is similar. Although the magnitude of this
genetic effect may be similar between the sexes, there was
some evidence to suggest differences in the set of genes
influencing these traits (i.e., gender-specific genetic effects).

The findings from this study about gender differences and
similarities in the genetic determinants of osteoporosis are
important for a number of reasons. The fact that the absolute
magnitude of the genetic contribution to bone strength vari-
ance is the same in men and women suggests little differ-
ences in the contribution of environmental risk factors as a
whole. Therefore, preventative strategies based on environ-
mental risk factor modification theoretically are likely to be
equally effective in men and women. The possibility that
there are some differences in the genes for bone density
between men and women has implications for current and
future genetic research into osteoporosis. Currently, a num-
ber of groups worldwide are undertaking candidate gene
and genomewide linkage analyses using family data on
bone density. All of these analytical approaches are limited
in their statistical power to detect genetic effects. Their
power would be enhanced substantially if it were shown
valid to pool data from men and women. Our study, by
raising the possibility of the expression of different genes in
men and women at some sites, would question the validity
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of this. For example, there may be a need to replicate
findings on men and women separately at the forearm while
it may be valid to pool hip BMD data. Further molecular
genetic studies will need to be conducted before the nature
of any gender-specific genes for osteoporosis can be an-
swered. Until then, we should more seriously address the
issue of gender in the planning and interpretation of studies
of osteoporosis.

ACKNOWLEDGMENTS

The authors acknowledge the assistance of the Australian
NHMRC Twin Registry and the twins themselves for vol-
unteering.

REFERENCES

1. Lips P 1997 Epidemiology and predictors of fractures associ-
ated with osteoporosis. Am J Med 103:35-8S.

2. Cooper C, Melton LJ III 1992 Epidemiology of osteoporosis.
Trends Endocrinol Metab 3:224-229.

3. Melton LY III, Atkinson EJ, O’Connor MK, O’Fallon WM,
Riggs BL 1998 Bone density and fracture risk in men. J Bone
Miner Res 13:1915-1923.

4. Looker AC, Orwoll ES, Johnston CC Jr, Lindsay RL, Wahner
HW, Dunn WL, Calvo MS, Harris TB, Heyse SP 1997 Prev-
alence of low femoral bone density in older U.S. adults from
NHANES III. J Bone Miner Res 12:1761-1768.

5. Guthrie JR, Ebeling PR, Hopper JL, Barrett-Connor E, Den-
nerstein L, Dudley EC, Burger HG, Wark JD 1998 A prospec-
tive study of bone loss in menopausal Australian-born women.
Osteoporos Int 8:282-290.

6. Sowers M, Crutchfield M, Bandekar R, Randolph JF, Shapiro
B, Schork MA, Jannausch M 1998 Bone mineral density and
its change in pre-and perimenopausal white women: The
Michigan Bone Health Study. J Bone Miner Res 13:1134-
1140. '

7. Arlot ME, Sornay-Rendu E, Gamnero P, Vey-Marty B, Delmas
PD 1997 Apparent pre- and postmenopausal bone loss evalu-
ated by DXA at different skeletal sites in women: The OFELY
cohort. J Bone Miner Res 12:683-690.

8. Jones G, Nguyen T, Sambrook P, Kelly PJ, Eisman JA 1994
Progressive loss of bone in the femoral neck in elderly people:
Longitudinal findings from the Dubbo osteoporosis epidemi-
ology study. BMJ 309:691-695.

9. Burger H, De LC, van DP, Weel AE, Witteman JC, Hofman A,
Pols HA 1998 Risk factors for increased bone loss in an
elderly population: The Rotterdam Study. Am J Epidemiol
147:871-879.

10. Hannan MT, Felson DT, Dawson-Hughes B, Tucker KL,
Cupples LA, Wilson PW, Kiel DP 2000 Risk factors for
longitudinal bone loss in elderly men and women: The Fra-
mingham Osteoporosis Study. J Bone Miner Res 15:710-720.

11. Boyde A, Jones SJ, Aerssens J, Dequeker J 1995 Mineral
density quantitation of the human cortical iliac crest by back-
scattered electron image analysis: Variations with age, sex,
and degree of osteoarthritis. Bone 16:619-627.

12. Howard GM, Nguyen TV, Harris M, Kelly PJ, Eisman JA
1998 Genetic and environmental contributions to the associa-
tion between quantitative ultrasound and bone mineral density
measurements: A twin study. J Bone Miner Res 13:1318-
1327.

13. Hopper JL, Green RM, Nowson CA, Young D, Sherwin AJ,
Kaymakci B, Larkins RG, Wark JD 1998 Genetic, common
environment, and individual specific components of variance



GENDER DIFFERENCES IN HERITABILITY OF BONE DENSITY

14.

15.

16.

17.

18.

19.

20.

21.

22.

23,

24,

25.

26.

217.

28.

29.

30.

for bone mineral density in 10- to 26-year-old females: A twin
study. Am J Epidemiol 47:17-29.

Arden NK, Spector TD 1997 Genetic influences on muscle
strength, lean body mass, and bone mineral density: A twin
study. J Bone Miner Res 12:2076-2081.

Flicker L, Hopper JL, Rodgers L, Kaymakci B, Green RM,
Wark JD 1995 Bone density determinants in elderly women: A
twin study. J Bone Miner Res 10:1607-1613.

Slemenda CW, Christian JC, Williams CJ, Norton JA,
Johnston CC, Jr 1991 Genetic determinants of bone mass in
adult women: A reevaluation of the twin model and the po-
tential importance of gene interaction on heritability estimates.
J Bone Miner Res 6:561-567. '

Pocock NA, Eisman JA, Hopper JL, Yeates MG, Sambrook
PN, Eberl S 1987 Genetic determinants of bone mass in adults.
A twin study. J Clin Invest 80:706-710.

Sowers MR, Boehnke M, Jannausch ML, Crutchfield M, Cor-
ton G, Burns TL 1992 Familiality and partitioning the vari-
ability of femoral bone mineral density in women of child-
bearing age. Calcif Tissue Int 50:110-114.

Krall EA, Dawson-Hughes B 1993 Heritable and life-style
determinants of bone mineral density. J Bone Miner Res
8:1-9.

Sarna S, Kaprio J, Sistonen P, Koskenvuo M 1978 Diagnosis
of twin zygosity by mailed questionnaire. Hum Hered 28:241-
254.

Falconer DS 1989 Introduction to Quantitative Genetics, 3rd
ed. Longman, Harlow, London, UK.

Nguyen TV, Howard GM, Kelly PJ, Eisman JA 1998 Bone
mass, lean mass, and fat mass: Same genes or same environ-
ments? Am J Epidemiol 147:3-16.

Donner A, Eliasziw M 1991 Methodology for inferences con-
cerning familial correlations: A review. J Clin Epidemiol 44:
449-455.

Neale MC, Cardon LR 1992 Methodology for Genetic Studies
of Twins and Families, 1st ed. Kluwer Academic Publishers,
Boston, MA, USA.

Spector TD, Snieder H, MacGregor AJ 2000 Advances in
Twin and Sib-Pair Analysis, 1st ed. Greenwich Medical Me-
dia, London, UK.

Snieder H, Boomsma DI, Van DL, De GE 1997 Heritability of
respiratory sinus arrhythmia: Dependency on task and respi-
ration rate. Psychophysiology 34:317-328.

Lange K, Boehnke M 1983 Extensions to pedigree analysis.
IV. Covariance components models for multivariate traits.
Am J Med Genet 14:513-524.

Neale MC, Xie G, Hadady WM, Bokor SM 1998 Introduction
to the Mx Graphical User Interface. Department of Psychiatry,
Richmond, VA, USA.

Felson DT, Zhang Y, Hannan MT, Anderson JJ 1993 Effects
of weight and body mass index on bone mineral density in men
and women: The Framingham Study. J Bone Miner Res
8:567-573.

Dequeker J, Nijs J, Verstraeten A, Geusens P, Gevers G 1987
Genetic determinants of bone mineral content at the spine and
radius: A twin study. Bone 8:207-209.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

733

Moller M, Horsman A, Harvald B, Hauge M, Henningsen K,
Nordin BE 1978 Metacarpal morphometry in monozygotic
dizygotic elderly twins. Calcif Tissue Res 25:197-201.
Smith DM, Nance WE, Kang KW, Christian JC, Johnston CC
Jr 1973 Genetic factors in determining bone mass. J Clin
Invest 52:2800-2808.

Christian JC, Yu PL, Slemenda CW, Johnston CC Jr 1989
Heritability of bone mass: A longitudinal study in aging male
twins. Am J Hum Genet 44:429-433.

Slemenda CW, Christian JC, Reed T, Reister TK, Williams CJ,
Johnston CC Jr 1992 Long-term bone loss in men: Effects of
genetic and environmental factors. Ann Intern Med 117:286—
291.

Gluer CC, Wu CY, Jergas M, Goldstein SA, Genant HK 1994
Three quantitative ultrasound parameters reflect bone struc-
ture. Calcif Tissue Int 55:46-52.

Sowers M, Willing M, Burns T, Deschenes S, Hollis B,
Crutchfield M, Jannausch M 1999 Genetic markers, bone
mineral density, and serum osteocalcin levels. J Bone Miner
Res 14:1411-1419.

Schnakenberg E, Lustig M, Breuer R, Werdin R, Hubotter R,
Dreikorn K, Schloot W 2000 Gender-specific effects of NAT2
and GSTM1 in bladder cancer. Clin Genet 57:270-277.
Margaglione M, D’Andrea G, Giuliani N, Brancaccio V, De
LD, Grandone E, De SV, Tonali PA, Di MG 1999 Inherited
prothrombotic conditions and premature ischemic stroke: Sex
difference in the association with factor V Leiden. Arterioscler
ThrombVasc Biol 19:1751-1756.

Meyer JM, Han J, Singh R, Moxley G 1996 Sex influences on
the penetrance of HLA shared-epitope genotypes for rheuma-
toid arthritis. Am J Hum Genet 58:371-383.

Andrew T, Hart DJ, Snieder H, Lange MD, Spector TD,
MacGregor AJ 2001 Are twins and singletons comparable? A
study of disease-related and lifestyle characteristics in adult
women. Twin Res 4:464-477.

Pam A, Kemker SS, Ross CA, Golden R 1996 The “equal
environments assumption” in MZ-DZ twin comparisons: An
untenable premise of psychiatric genetics? Acta Genet Med
Gemellol (Roma) 45:349-360. .
Hopper JL. 2000 Why ‘common environmental effects’ are so
uncommon in the literature In: Spector TD, Snieder H,
MacGregor AJ (eds.) Advances in Twin and Sib-Pair Analysis.
Greenwich Medical Media, London, UK, pp. 152-165.

Address reprint requests to:

Vasi Naganathan, M.B.B.S., F.RA.C.P.
Institute of Bone and Joint Research
Department of Rheumatology

Royal North Shore Hospital

St. Leonards, NSW 2065, Australia

Received in original form November 12, 2001; in revised form
November 14, 2001; accepted November 28, 2001.



