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Abstract
Summary The genetic contribution to age-related bone loss
is not well understood. We estimated that genes accounted
for 25–45% of variation in 5-year change in bone mineral
density in men and women. An autosome-wide linkage
scan yielded no significant evidence for chromosomal
regions implicated in bone loss.
Introduction The contribution of genetics to acquisition of
peak bone mass is well documented, but little is known
about the influence of genes on subsequent bone loss with
age. We therefore measured 5-year change in bone mineral
density (BMD) in 300 Mexican Americans (>45 years of
age) from the San Antonio Family Osteoporosis Study to
identify genetic factors influencing bone loss.
Methods Annualized change in BMD was calculated from
measurements taken 5.5 years apart. Heritability (h2) of
BMD change was estimated using variance components
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methods and autosome-wide linkage analysis was carried
out using 460 microsatellite markers at a mean 7.6 cM
interval density.
Results Rate of BMD change was heritable at the forearm
(h2 =0.31, p=0.021), hip (h2 =0.44, p=0.017), spine (h2 =
0.42, p=0.005), but not whole body (h2 =0.18, p=0.123).
Covariates associated with rapid bone loss (advanced age,
baseline BMD, female sex, low baseline weight, postmenopausal status, and interim weight loss) accounted for 10%
to 28% of trait variation. No significant evidence of linkage
was observed at any skeletal site.
Conclusions This is one of the first studies to report
significant heritability of BMD change for weight-bearing
and non-weight-bearing bones in an unselected population
and the first linkage scan for change in BMD.
Keywords Bone loss . Bone mineral density . Heritability .
Osteoporosis . Quantitative trait locus (QTL)

Introduction
Osteoporosis is a skeletal condition of major public health
significance, contributing toward the risk of fragility
fracture in women and men of all populations. The
degenerative disorder and associated fragility fractures have
devastating effects on health, resulting in substantial
morbidity, and increased mortality for hip and vertebral
fractures [1]. Bone mineral density (BMD), as the foremost
determinant of bone strength and major predictor of future
fractures, has been extensively studied to help identify the
environmental [2–4] and genetic factors [5–8] influencing
risk for osteoporosis.
While the contribution of genetics to variation in BMD
is widely acknowledged, the mechanisms by which genetic
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factors affect BMD are not well understood. Bone is
dynamically maintained through the cycle of bone formation and resorption, with changes in bone mass resulting
from an imbalance of bone turnover processes. In general,
bone turnover yields a net increase in BMD during
adolescence and young adulthood leading to peak bone
mass attainment, followed by a net decrease in BMD
resulting in the subsequent loss of bone with advanced age.
Cross-sectional study designs cannot sufficiently distinguish between processes leading to peak BMD acquisition
versus loss with age, and this has been a persistent
limitation of cross-sectional epidemiological and genetic
studies of BMD, particularly those carried out in older
individuals since such studies cannot allow for variation in
rates of change in BMD during aging. Longitudinal studies
have shown that weight, interim change in weight, alcohol
consumption, smoking, sex, estrogen replacement therapy,
menopausal status, exercise, calcium intake, and serum
vitamin D level may affect change in BMD over time, and
that rates of BMD change may differ among skeletal sites
[9–13]. Rate of bone loss as a risk factor for fracture
independent of bone mass has recently been reported in a
cohort of postmenopausal women (mean age of 62 years)
[14], reinforcing the clinical importance of change in BMD
for bone health.
The degree to which genes affect the rate of BMD
change over time remains largely unresolved [15]. To date,
very few studies have explicitly addressed the role of
genetics for change in bone traits over time. One investigation of 25 monozygotic (MZ) and 21 dizygotic (DZ)
pairs of twins reported no evidence of heritability for
decline in radial bone mass over 16 years [16], while a
second study reported greater similarity between 21 MZ
than 19 DZ twin pairs for annualized percent change in
lumbar spine and Ward’s triangle over 1 to 5 years [17]. A
larger study of 177 monozygotic and 185 dizygotic female
twin pairs (ages 45 to 82), revealed evidence for genetic
effects on 5-year change in BMD at the lumbar spine,
whole body, and forearm, but not hip [18]. Finally, a study
of premenopausal sisters from 178 sibships demonstrated
significant heritability (h2 =0.29 to 0.35) of 6-year change
in femoral neck bone mineral content (BMC) and BMD
[19]. Although there is some consistency among the results
of these studies, there are also differences; for example, two
studies report significant genetic effects on change in hip
BMD [17, 19], and one does not [18]. These differences
may be due to the small sample sizes of some studies,
length of time elapsed, age range of subjects, and study
design (twins versus siblings). Thus, additional research is
needed because of the inconsistency of results regarding the
heritability of BMD change at all high-risk fracture sites
(i.e., spine, hip, and forearm) in postmenopausal women.
Furthermore no studies have clearly demonstrated herita-

bility of BMD change in men of any age, or performed
linkage analysis to find QTLs influencing BMD change in
any population.
The San Antonio Family Osteoporosis Study (SAFOS)
was designed to investigate the influence of genes and
environmental factors on BMD and change in BMD over
time in Mexican Americans. In the current report, we
assessed the cumulative effects of genes (i.e., additive
heritability) and performed autosome-wide linkage analyses
on approximately 5-year longitudinal change in BMD
(ΔBMD) at several skeletal sites among 300 men and
women (>45 years of age) in 32 extended pedigrees.

Methods
Subjects and data collection
Recruitment and data collection for the baseline phase of
the SAFOS has been previously described in detail [8]. The
families included for study were selected without regard for
health outcomes and represent a relatively random sample
of low income families from urban San Antonio. In brief,
34 probands of Mexican American descent aged 40 to 60
were identified, and all first, second, and third degree
relatives of probands and their respective spouses were
invited to participate in the study. The only criterion for
inclusion of probands was that they have large families (>6
members) in the San Antonio area. Anthropometric,
medical, and body composition data were collected during
medical examinations at baseline between 1997 and 2000.
Body composition data and select covariates were reassessed during a follow-up examination (2002–2006) occurring 3 to 8 years later (mean=5.5 years). Lifestyle, medical
history, and reproductive history data were collected via
questionnaire. Of the original sample of 895 individuals
from 34 families considered in this study (ages 18 to 98),
724 (80.9%) have currently been re-enrolled for follow-up.
The present analyses were confined to the subsample of
individuals aged >45 years at baseline (n=370 at baseline,
n=300 at follow-up). This cohort comprises age-eligible
members of 32 families, among whom are 173 sibling
pairs, 126 first-cousin pairs, and 189 other relative pairs.
Two of the initial 34 families did not include any relative
pairs in this age range and were thus excluded from these
analyses. The heritability and linkage analyses carried out
in this study exclude individuals younger than 45 years at
baseline because differences in the biological processes that
influence bone turnover between younger and older individuals may be due, in part, to different genes contributing to bone turnover in younger and older individuals. This
speculation is supported by (unpublished) genetic modeling
in our sample, showing unequal genetic variances between
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individuals younger and older than 45 years for change in
forearm (p=0.04) and hip BMD (p=0.02).
Measurements of BMD of the total hip, total lumbar
spine (L1-L4), ultradistal radius, 33% ulna (measured at
one-third its total length from the distal end), and whole
body were obtained by dual-energy x-ray absorptiometry
(DXA) at both baseline and follow-up. Ultradistal radius
and 33% ulna sites were analyzed separately because these
sites are composed of differing proportions of cortical and
trabecular bone: 33% ulna, like total hip, is largely
comprised of cortical bone, whereas ultradistal radius, like
total spine, is primarily trabecular bone. During the interim
between baseline and follow-up clinic visits, DXA equipment was upgraded from a pencil beam Hologic 1500 W to
a fan beam Hologic 4500 W absoptiometer (Hologic, Inc.,
Bedford, MA). A software upgrade was also included for
compatibility of scoring algorithms between the two
machines. Cross-calibration of absorptiometry equipment
used at baseline and follow-up indicated excellent agreement between measurements taken from Hologic 1500 W
and 4500 W scanners (e.g., r2 >0.99 for measurements
taken at the hip and spine from the two scanners on the
same 10 subjects); thus the effect of this equipment change
on statistical analyses and results should be minimal (see
Appendix).
For quality control, the same technician operated all
equipment, and phantom measurements were taken daily to
guard against measurement drift. Patient positioning was
performed according to the Hologic positioning protocol;
baseline and follow-up scans were all compared by the
same reviewer, and when necessary, scans were re-analyzed
to prevent non-overlapping regions of interest.
Covariates considered in this study include sex, age,
age2, age × sex, age2 × sex, site-specific baseline BMD,
baseline weight, annualized change in weight, annualized
change in height, and baseline and follow-up measures of
menopausal status (defined by surgical menopause or 1 or
more elapsed years without menstrual period). Measurements of all baseline covariates were previously described
in Mitchell et al. [8]; follow-up measurements of covariates
were assessed identically to the baseline measures. Annualized change in BMD (ΔBMD), height, and weight was
calculated as the difference between follow-up and baseline
measurements divided by the exact elapsed time between
clinic visits.
Genotyping
Genotyping for SAFOS was carried out as previously
described in detail [7] for the San Antonio Family Heart
Study (SAFHS, the parent project to SAFOS) January 2007
genetic map build: 460 highly polymorphic microsatellite
markers across all chromosomes were genotyped, and

genetic maps were assembled via the program CRI-MAP
[20] and confirmed by deCODE (deCODE genetics,
Reykjavik, Iceland). Mean inter-marker distance was
7.6 cM, ranging from <0.1 cM to 15.7 cM (Haldane).
Statistical analyses
The two goals for analyses presented herein were (1) to
determine the extent to which genetic and measured
environmental factors contribute to the phenotypic variation
in ΔBMD at different skeletal sites over time, and (2) to
perform an autosome-wide linkage scan for regions
affecting ΔBMD. Prior to analyses, the distributions of
ΔBMD phenotypes and covariates were assessed, and data
points greater than four standard deviations from trait and
covariate means were excluded (0 to 3 observations
removed per trait or covariate).
As previously described in detail [8, 21], heritability of
ΔBMD was estimated using variance decomposition
methods, which model phenotypic variation in ΔBMD at
each bone site as a function of effects attributable to the
measured covariates, additive genetic (based on expected
allele sharing between pairs of relatives), and unmeasured
error components. This model takes the general form
yi ¼ m þ Σ ni¼1 bj Xij þ gi þ ei , where yi is the annualized
ΔBMD for the ith individual, μ is the sample mean
ΔBMD, Xij is the jth covariate for the ith individual, βj is
the corresponding regression coefficient, gi is the additive
genetic effect, and ei is the residual error effect (which
includes unmeasured environmental and non-additive genetic components). Pedigree-based maximum likelihood
methods were used to estimate these parameters, from
which residual narrow-sense heritability (h2r , the proportion
of total trait variance due to the additive genetic component
after adjusting for environmental covariates) was determined. The likelihood ratio test was used to assess the
significance of model parameters by comparing the full
model (all covariates and additive genetic effects) with a
nested model lacking a specific component. The test
statistic asymptotically follows the chi-squared distribution
with one degree of freedom for testing covariates, and
follows a 50:50 mixture of chi-squared distribution with
one degree of freedom and a point mass at zero for testing
heritability. Power was 94%, 84%, and 66% to detect true
heritability of 0.45, 0.35, and 0.25, respectively at α=0.05.
The analysis of each ΔBMD phenotype was limited to
individuals with observed data for all retained covariates.
The proportion of total variance attributable to covariates
was estimated by comparing the estimated variance in the
model excluding all significant covariates to that of the
model including significant covariates.
Multipoint linkage scans were performed using the
variance components method, which extends the above
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model by also including the effect of a presumed QTL,
s 2QTL , as a component of ΔBMD genetic variance. Maximum likelihood methods were used to estimate s 2QTL based
on the expected covariance of relatives due to their identityby-descent (IBD) at a given marker (two-point analyses) or
at an arbitrary chromosomal location (multipoint analyses)
in tight linkage with the presumed QTL. A Markov Chain
Monte Carlo algorithm, as implemented in Loki, was used
to calculate multipoint IBD probabilities using data from all
genotyped individuals [22]. The likelihood ratio test was
used to compare the linkage model to the polygenic (i.e., no
linkage, σ2QTL¼0) model, and findings were reported in
LOD scores (i.e., log10 of the likelihood ratio). To remedy
the potential consequence of phenotype distribution on
calculated LOD scores, 10,000 simulations of an unlinked
marker were performed and linkage analyses carried out on
each to determine the empirical LOD score distribution for
each phenotype. Linear LOD score adjustments according
to the empirical distribution were then applied to our
findings [23]. Power to detect linkage was low: 20% and
33%, respectively, to detect a QTL describing 35% of
phenotype variance at a LOD threshold of 2.0 and 1.5.
Genetic analyses were performed using the sequential
oligogenetic linkage analysis routines (SOLAR) software
[24]. For illustrative purposes, histograms and LOD score
plots were created in R (R Foundation for Statistical
Computing, Vienna, Austria).

Results
Population characteristics of the 300 individuals in our
study are summarized in Table 1. Mean length of follow-up
was 5.5 years and ranged from 3.2 to 8.0 years. The
prevalence of obesity in the sample was high, as indicated
by mean body mass index (BMI) for men and women of
31.1 and 32.9 kg/m2, respectively. Distributions of annualized ΔBMD for different skeletal sites, calculated from
measurements taken at baseline and follow-up, are depicted
in Fig. 1. Negative values indicate average yearly decline in
BMD per year, whereas positive values indicate average
yearly gain. BMD declined, on average, for lumbar spine,
ultradistal radius, and whole body, but not 33% ulna or total
hip. The differences in magnitude and direction of ΔBMD
across skeletal sites reflects the site-specific consequence of
aging on bone; indeed, correlations for ΔBMD among
skeletal sites are low (r=0.15 to 0.41). Also, mean ΔBMD
of the spine differed markedly between men and women (pvalue < 0.001), possibly due to the high prevalence of
osteoarthritis and aortic calcification in men, leading to
inflated densitometry values with increasing age [25–27].
Table 2 shows for each bone site the residual heritability
of ΔBMD after adjusting for sex, age, age2, age × sex,

age2 × sex, baseline BMD, baseline weight, menopausal
status, interim change in weight, and (for spine and whole
body ΔBMD only) interim change in height. In light of
the well-documented bone loss following menopause, we
adjusted ΔBMD for baseline post-menopausal status to
correct for women having already undergone transient
menopause-related bone loss, as well as interim incidence
of menopause to correct for women undergoing rapid
menopause-related bone loss during the years of followup. After incorporating covariates, we observed significant
residual heritability for ΔBMD of the total hip, total spine,
and 33% ulna (h2r ¼0:31 to 0.44; p<0.03 for all). Additionally, we observed modest residual heritability for ultradistal
radius ΔBMD (h2r ¼0:25, p=0.07), but not whole body
ΔBMD (h2r ¼0:18, p=0.123). Approximately 10% to 30%
of total variation in ΔBMD was attributable to covariates.
Heritability of unadjusted ΔBMD (not shown in table) was
similar to heritability after covariate adjustment for all bone
sites.
Whole genome multipoint linkage scans were performed
for ΔBMD at total hip, total spine, radius, and ulna (Fig. 2),
but not whole body, because whole body ΔBMD was not
heritable. No evidence of linkage was detected at genomewide significance; the greatest linkage signal was observed
for 33% ulna ΔBMD with a LOD score of 1.90 at 81 cM
on chromosome 3p (unadjusted p=0.0018). This region has
previously been implicated in lumbar spine BMD in
unselected twins and extremely discordant or concordant
sib pairs [28]. A novel signal for hip ΔBMD with a LOD
score of 1.75 at 103 cM on chromosome 6q was also
observed (unadjusted p=0.0008).

Discussion
Numerous family and sibling studies of peak BMD have
been performed in a variety of populations, and these
studies have universally shown the high heritability of peak
BMD [3, 8, 21, 29, 30]. Many whole genome linkage scans
have also been performed, with QTLs reported at a number
of chromosomal regions, though specific QTLs have rarely
been replicated across studies [5–7, 28, 31–36], probably
due, in part, to genetic heterogeneity among the populations
studied. Analyses of BMD data from these previous studies,
however, cannot adequately distinguish between loci
affecting loss of BMD with age and those affecting the
acquisition of peak bone mass occurring in young adulthood. Moreover, the models of BMD variation in these
cross-sectional family studies generally assume universal
rates of change with age (i.e., by adjusting BMD for age
and/or age2) thereby further reducing their ability to find
genes that influence individual rates of change. In the
current study, we have directly calculated ΔBMD from
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Table 1 Mean population characteristics (SD) [95% CI]

Trait
Length of follow-up (years)
Demographic
Age (years)
Lifestyle
Alcohol consumption (%)
Smoking history (%)
Medical
Diabetes (%)
Reproductive
Post-menopausal (%)
Anthropometric
Height (cm)
Weight (kg)
BMI (kg/m2)
Change in height (cm/year)
Change in weight (kg/year)
Change in BMI (kg/m2/year)
BMD (g/cm2)
Total hip
Total spine
Ultradistal radius
33% ulna
Whole body
Annual BMD change (mg/cm2/year)
Total hip
Total spine
Ultradistal radius
33% ulna
Whole body

Total sample
n=300

Women
n=197

Men
n=103

5.5

(0.6)

5.5

(0.6)

5.4

(0.6)

56.7

(8.8)

56.3

(8.7)

57.6

(9.0)

27.0
17.3

–
–

15.7
9.6

–
–

48.5
32.0

–
–

28.3

–

28.4

–

28.2

–

41.2

–

62.8

–

160.0
82.7
32.3
−0.12
0.00
0.05

(8.9)
(18.8)
(6.6)
(0.30)
(1.37)
(0.53)

155.2
79.3
32.9
−0.14
0.09
0.10

(5.4)
(17.4)
(6.9)
(0.28)
(1.19)
(0.50)

169.1
89.3
31.1
−0.07
–0.19
–0.04

(6.9)
(19.7)
(6.0)
(0.32)
(1.66)
(0.58)

0.96
1.01
0.47
0.67
1.10

(0.16)
(0.17)
(0.08)
(0.11)
(0.13)

0.93
0.97
0.44
0.62
1.05

(0.15)
(0.16)
(0.07)
(0.07)
(0.12)

1.02
1.07
0.52
0.77
1.19

(0.15)
(0.17)
(0.07)
(0.08)
(0.10)

0.3
–4.6
–5.8
7.0
–5.6

[−.09, 1.5]
[−6.0, −3.2]
[−6.5, −5.2]
[6.2, 7.8]
[−6.5, −4.6]

–0.2
–6.9
–5.2
6.3
–4.3

[−1.8, 1.3]
[−8.6, −5.2]
[−6.0, −4.8]
[5.5, 7.2]
[−5.6, −3.1]

1.2
–0.2
–7.0
8.3
–7.9

[−0.6, 3.1]
[−2.3, 1.9]
[−8.1, −5.9]
[7.0, 9.6]
[−9.3, −6.6]

longitudinal measurements, to better investigate the role of
genes on ΔBMD.
Our study provides support that the rate of bone loss in
middle-to-older-aged Mexican Americans is heritable.
Specifically, we estimated that genes account for 25% to
44% of residual variation in ΔBMD for three bone sites
(hip, spine, and forearm) at high risk of fracture. The
confidence intervals surrounding these estimates, however,
are wide—a feature that is partly a consequence of our
sample size (n=300) of adults >45 years of age from large

multigenerational families, and partly due to the measurement uncertainty for ΔBMD. We have reported heritability
estimates for the combined cohort of men and women aged
>45 years; heritability estimates for ΔBMD of similar
magnitude were obtained when we restricted analysis to
women only (n=197), with the exception that heritability
of ΔBMD at the ulna was reduced and did not differ
significantly from zero (results not shown). Sample size
limitations precluded performing genetic modeling of
ΔBMD in men alone. In general, heritability estimates

Fig. 1 Distributions of annual change in BMD (mg/cm2/yr) for (i) total hip, (ii) total spine, (iii) ultradistal radius, (iv) 33% ulna, and (v) whole
body. Grey bars represent the total sample and black bars represent women
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Table 2 Residual heritability of BMD change
BMD site

n

h2r

SE

p-value

R2

Total hip
Total spine
Ultradistal radius
33% ulna
Whole body

272
272
277
277
253

0.44
0.42
0.25
0.31
0.18

0.24
0.18
0.18
0.17
0.17

0.017
0.005
0.064
0.021
0.123

0.19
0.28
0.10
0.11
0.16

h2r = residual heritability
R2 = proportion of variation attributable to covariates: sex, age, age2 , age × sex, age2 × sex, baseline BMD, baseline weight, baseline postmenopausal status, interim menopause, interim change in weight, interim change in height (included only for spine and whole body ΔBMD)

of ΔBMD in our sample (both overall, and in the womenonly subset) are similar in magnitude to recently published
estimates obtained in both premenopausal [19] and periand post-menopausal women [18], with the exception that,
unlike in our study, significant genetic effects on bone loss
of the hip were not observed for the latter [18].
Though significantly heritable, our genome-wide linkage
scan for ΔBMD revealed no strong evidence for QTLs
(including in the women-only subset; results not shown).
However, power in our sample was very low to detect
QTLs having relatively modest effects (e.g., at a LOD
threshold of 2.0 we have 20% power to detect a locus
accounting for 35% of residual phenotypic variance), and it
is likely that QTLs of modest effect sizes were missed.
While the cumulative influence of genes on ΔBMD is
large, the contribution of environmental factors is also
important; measured covariates accounted for 10% to 28%
of phenotypic variation. Associations with BMD of several
of the environmental correlates identified in this study,
including age, female sex, postmenopausal status, low body
weight, and weight loss, have been detected in previous
studies [11–13, 37]. Interestingly, we observed differences
in magnitude and direction for ΔBMD across skeletal sites,
as has been observed by others, although not always for the
same sites [9–11]. Unfortunately, there are insufficient

reports of ΔBMD across multiple age ranges and ethnic
groups to develop hypotheses regarding potential mechanisms for these differences at this time. However, this
result, combined with the observed differences in heritability and variation attributable to environmental correlates
among bone sites, suggests that factors regulating 5-year
ΔBMD may vary across the skeleton.
A major strength of this study is the use of extended
families and longitudinal measurements of BMD to
investigate the genetics of bone loss. Previous linkage
scans for BMD, of which there have been many, have been
ill-suited to find genes affecting change, and all previous
attempts to estimate the heritability of ΔBMD have been
carried out exclusively in twins or siblings [16–19]. By
using information from many types of relative pairs
(cousins, avuncular pairs, etc.) in addition to siblings, our
estimates of heritability more accurately reflect the truly
genetic factors affecting ΔBMD by reducing the contribution of familial non-genetic factors such as household
effects to our heritability estimation. Other strengths of this
study are the inclusion of both axial (weight-bearing) and
peripheral (non-weight-bearing) skeletal sites, and the
incorporation into our models of important covariates
previously shown to have potential effects on ΔBMD.
Furthermore, this is one of the first studies to consider

Fig. 2 Multipoint LOD scores for change in BMD (mg/cm2/yr) across chromosomes 1–22
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ΔBMD in a population of Mexican descent and, to our
knowledge is the only study, to date, reporting a linkage
scan for a change in bone phenotype.
Despite these strengths, several limitations of this study
must be acknowledged. Foremost is the fact that different
absorptiometers were used to collect baseline and follow-up
BMD measurements. However, the BMD scoring algorithms were standardized to the degree possible and our
cross-calibration experiment (albeit in a limited number of
subjects) confirmed outstanding agreement in measurements between the two scanners (see Methods and
Appendix). Other limitations and sources of error for this
study include the reduced sample size available for followup (86.5%) and the possibility of non-random loss to
follow-up with respect to bone health. Also, power to detect
significant linkage was limited, and our sample size and
methods preclude direct detection of gene-by-environment
interactions (in particular, gene-by-sex and gene-bymenopausal status interactions). Analyses could not be
performed separately in pre- and postmenopausal women
(again, due to sample size); however, the similarity of our
results with those in both pre- and postmenopausal women
in other studies [18, 19] suggests that the impact of this
limitation may be not be critical. Finally, there are inherent
drawbacks to using DXA to assess BMD, notably the
estimation of bone mineral content from a two-dimensional
projection, which fails to precisely account for the size
(depth) of bone [38]. These limitations, however, would
reduce our chances of detecting heritable effects or QTLs,
but would not inflate them.
In conclusion, this study provides evidence that ΔBMD
is heritable for several skeletal sites in middle-aged men
and women. Our results corroborate recent findings for
significant heritability of change in femoral neck BMD in
premenopausal women [19], as well as other previous twin
studies [16, 17] and racial comparisons [39, 40]. Moreover,
we report on the genetics of bone loss in Mexican
Americans, a population that is under-represented in the
osteoporosis literature. While evidence for the heritability
of age-related ΔBMD is mounting, the localization of
QTLs, and identification of specific genetic factors contributing to variation in bone loss has yet to be realized. Such
genes represent a novel area for investigation into the risk
factors for osteoporosis.
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Appendix
DXA measurement and cross-validation
Due to an upgrade in equipment, densitometry was carried
out on a pencil-beam Hologic Model 1500 at baseline
examination (1997–2000) and a fan-beam Model 4500 W at
follow-up examination (2002–2006). For both densitometers, areal BMD was calculated by manufacturer’s software
as per current recommendations by dividing bone mineral
content (g) by the projected area of the region scanned
(cm2). Precision of pencil-beam DXA was 0.009 g/cm2 for
spine, 0.007 g/cm2 for total hip, and 0.002 g/cm2 for the
manufacturer’s spine phantom. Precision of fan-beam DXA
was 0.006 g/cm2 for spine, 0.007 g/cm2 for hip, and
0.002 g/cm2 for radius. Based on the precision of our
equipment, least significant change (at 95% confidence)
was 3.2 mg/cm2/year for hip, 3.1 mg/cm2/year for spine,
and 1.1 mg/cm2/year for forearm DXA measurements.
To address the comparability in our study of measurements taken from Hologic 1500 and 4500 W scanners, we
performed cross-calibration of absorptiometry equipment
used at baseline and follow-up on 10 participants. Measurements obtained from the two scanners showed near-perfect
agreement (R2 values = 99.95%, 99.81%, and 99.87% for
spine, total hip, and femoral neck sites, respectively; pvalue <10–13 for all). Moreover, regression slopes (0.99,
0.99, and 1.01, respectively, for spine, total hip, and
femoral neck; p-value < 10–13 for all) and paired T-tests
(p>0.1, for all) revealed no evidence of systematic or mean
differences between absorptiometers. This evaluation of
equipment indicates that measurements from Hologic 1500
and 4500 W scanners used in this study are comparable,
and that 5-year change in BMD can be adequately
calculated. Cross-calibration was not performed for forearm
BMD, although we expect that measurements at this site are
equally comparable.
Robustness of methods to measurement error
Though we found no evidence to suggest that systematic
differences exist in the measurements between scanners,
we have nonetheless employed statistical methods that are
robust to potential differences. If present, such bias (e.g.,
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systematic measurement error) would decrease our power
to detect covariate effects and attenuate our estimate of
heritability and linkage, but should not otherwise affect
our results. That is, machine differences leading to biased
estimates of BMD change could prevent us from
assessing environmental and genetic factors affecting
BMD change, but would not produce false positive
results or lead to overestimation of effects sizes. Our
findings, therefore, are conservative. Furthermore, we
recognize that deviations from absolute agreement between machines would not adversely affect the genetic
analyses as long as the relative BMD between individuals
as measured by each scanner is accurate (i.e., variances
are comparable). In other words, as long as BMD
measured for an individual at baseline is accurate relative
to the baseline measurements of the rest of the study
sample, and the same holds for measurements at follow-up,
the estimation of heritability will be unaffected by intermachine differences. This is because the genetic modeling
used to assess heritability decomposes the trait variance into
genetic and environmental components irrespective of the
trait mean.
To demonstrate this point, we removed the possibility of
any inter-machine effects by first standardizing (mean=0,
SD=1) the BMD measurements in our sample separately at
baseline and follow-up, and then analyzing yearly change
in standardized values. This process retains the information
of individuals’ measurements relative to the sample, but not
of the absolute magnitude of measurements. In doing so,
potential unknown machine differences that could invalidate direct inter-machine comparisons are avoided. Results
(not shown) of change in standardized BMD are very
similar to the absolute change reported herein. Likewise,
results (not shown) of percent change in BMD were also
similar.
Attenuation of heritability due to measurement error
The precision of DXA, which is excellent when looking at
cross-sectional BMD measurements, is poor when looking
at change over time, leading to considerable uncertainty of
actual rates of change. Therefore, rates of change assessed
in this study are notably crude, with a large percentage of
observations being less than our measurement uncertainty
(i.e., no measurable change). Since noise constitutes a
substantial portion of the variation in observed rates of
change, our results represent a considerable underestimation of the heritability of observed BMD change compared
to that of true change (free of such measurement error) [19].
Noise due to our crude assessment of BMD change effectively drowns the heritability signal, and diminishes our
ability to detect linkage.
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