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ABSTRACT

A genome-wide scan was performed in a randomly ascertained set of 330 extended families from the
population-based Framingham Study to identify chromosomal regions possibly linked to bone mineral density
(BMD). A set of 401 microsatellite markers was typed at a 10-centimorgan (cM) average density throughout
the genome. BMD was measured at the femoral neck, trochanter, Ward’s area, and lumbar spine in 1557
participants of both Framingham cohorts. BMDs were adjusted for age, body mass index (BMI), height,
alcohol, caffeine, calcium and vitamin D intakes, smoking, physical activity, and estrogen use in women within
each sex and cohort. Strong heritabilities (values between 0.543 and 0.633) were found for the adjusted BMD
at all sites. Two-point and multipoint quantitative linkage analyses were performed for each BMD site using
the maximum likelihood variance components method. By two-point screening, loci of suggestive linkage were
identified on chromosomes 6 and 21, with the maximum log10 of the odds ratio (LOD) scores of 2.34 for the
trochanter at D21S1446 and 2.93 for the femoral neck at D6S2427. Lumbar spine BMD had maxima at
D6S2427 (LOD � 1.88) and at D12S395 (LOD � 2.08). Multipoint linkage analysis revealed suggestive linkage
of trochanteric BMD at a broad (�20 cM) interval on chromosome 21q, with the peak linkage close to
D21S1446 (LOD � 3.14). LOD scores were 2.13 at 8q24 with Ward’s BMD and 1.92 at 14q21.3 with lumbar
spine BMD. This largest genome screen to date for genes underlying normal variation in BMD, adjusted for
a large number of covariates, will help to identify new positional candidate genes, otherwise unrecognized. (J
Bone Miner Res 2002;17:1718–1727)
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INTRODUCTION

OSTEOPOROTIC FRACTURES of the hip and spine are a major
public health problem, occurring at a rate of �1.2

million per year in the United States and accounting for over

$13 billion in healthcare expenses in 1995.(1) Low bone
mineral density (BMD) in later life is a major contributing
factor to osteoporotic fractures. Low BMD in elderly indi-
viduals results from low peak BMD, attained during growth,
a high rate of bone loss in later life, or a combination of
both.(2,3)

BMD is a complex phenotype, which is influenced by
both genetics and environment. Genetic factors are impor-
tant determinants of BMD but have not been elucidated
fully. Family studies have shown that some 60–80% of the
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total variation in BMD could be attributable to genetic
factors.(2–4) However, the interplay between genetic and
environmental factors in bone homeostasis is not well es-
tablished because of apparently redundant factors and
mechanisms.(5) Two complex and opposing processes,
namely, formation and resorption, regulate the amount of
bone present at any stage of life. Both processes are poten-
tially influenced by different genes, as well as nongenetic
factors such as diet, physical activity, smoking, or their
interactions. Identification of such genes, which may be
specific for compact and trabecular bone, will be important
for understanding the underlying mechanisms of bone for-
mation and resorption and for providing molecular targets
for future osteoporosis therapies.

Because BMD is measured on a continuous (quantitative)
scale, it may be a good candidate for quantitative genetic
analysis. Given the likely polygenic influence on BMD, a
strong case can be made to identify potential chromosomal
regions governing BMD, using a genome search approach
with subsequent testing of candidate genes in suggested
regions. Genome-wide linkage screens for genes under-
lying BMD variability have been conducted recently in
humans(6–9) and mice.(10–13) However, regions and loci
revealed by these studies vary greatly. Furthermore, linkage
analyses with microsatellites flanking some of the candidate
loci governing bone-related biochemical traits such as the
vitamin D receptor(14–16) osteocalcin(17) and type 1 collagen
A1 (COL1A1)(14) failed to provide support for linkage of
these genes to the BMD phenotypes in several samples.

Loci harboring genes that contribute to the BMD varia-
tion may be considered as quantitative trait loci (QTLs). To
identify putative QTLs for such complex traits as BMD with
the greater power, it is important to investigate a large
number of general, rather than nuclear, pedigrees using
nonparametric linkage tests.(18,19) Moreover, accounting for
the effects of multiple covariates on total variance of the
studied trait may increase both the heritability estimate and
the likelihood that QTLs providing relatively small effects
on the BMD will be revealed.(20) The purpose of this study
was to identify potential genetic determinants of BMD at
the hip and spine. We report here a genome-wide linkage
screen with BMD at four sites, adjusted for multiple known
risk factors, in members of 330 healthy white pedigrees,
participants of the Framingham Study cohorts, who were
ascertained without prior knowledge of their bone density.

MATERIALS AND METHODS

Sample

Subjects eligible for this investigation are drawn from the
Framingham Heart Study, which began in 1948 with the
primary goal of evaluating risk factors for cardiovascular
disease. Participants from the Framingham original cohort,
initially aged 28–62 years, have been examined every 2
years since that time. The Framingham Osteoporosis Study,
started at biennial examination cycle 20 (1988–1989), in-
volved 1164 surviving original cohort members (448 men
and 716 women), aged 68–98 years, nearly all (98%) of
whom were white.(21) The Framingham cohort participants

follow the same age- and sex-specific population propor-
tions found in the general population of Framingham,
MA.(21) Details and descriptions about the Framingham
Osteoporosis Study have been reported by Hannan et
al.(21,22)

In 1971, the Framingham Offspring Study was initiated
with the intent to evaluate the role of genetic factors in the
etiology of coronary artery disease and it included a total
sample size of 5124 subjects.(23) The offspring cohort is
comprised of 71% of all eligible adult offspring of couples
from the original Framingham cohort. There were no dif-
ferences in age, blood pressure, cholesterol, weight, and
smoking history between parents whose children volun-
teered for the offspring cohort versus parents whose off-
spring did not volunteer. These offspring cohort members
also participated in the Framingham Osteoporosis Study at
either their examination cycle 6 or 7. Informed consent was
obtained from participants of each cohort before entry into
the study, which was approved by the Boston University
Institutional Review Board for Human Subjects Research.

Bone density measurements

Details of the BMD measurements taken in 1988–1989
and in 1992–1993 have been published previously.(21,22)

The original cohort participants underwent bone densitom-
etry of lumbar (L2–L4) spine, femoral neck, trochanter, and
Ward’s area by dual photon absorptiometry using a GE
Lunar DP-3 (GE Lunar, Madison, WI, USA) at examination
20 (1988–1989) or by DXA by GE Lunar DPX-L at exam-
ination 22 (1992–1993). For the offspring cohort, the GE
Lunar DPX-L was used to measure BMD (g/cm2) in 1996–
2000. As noted in the original study reporting the Framing-
ham Osteoporosis Study, the CV over 2 years in normals for
the DP-3 was 2.6% for the femoral neck, 2.8% for the
trochanter, 4.1% for the Ward’s area, and 2.2% for the
lumbar spine (21); these values are consistent with the CV
reported for DP-3 by other researchers. For the DPX-L, CVs
were 1.7% (femoral neck), 2.5% (trochanter), 4.1% (Ward’s
area), and 0.9% (lumbar spine).(22)

To maximize the sample size of the original cohort, we
used BMD measurements from examination 22 for 34 orig-
inal cohort members missing BMDs at examination 20. We
previously showed high correlations between dual photon
absorptiometry and DXA.(24) However, because of a small
but consistent shift in BMD values between the two tech-
nologies, femoral BMDs were adjusted for the change in
equipment from DP3 to DPX-L technology, using published
corrections, based on cross-calibrations of the two instru-
ments using our Framingham Study subjects.(22)

Out of a total of 1702 genotyped individuals from 330
pedigrees with family sizes ranging from 2 to 29 genotyped
individuals, 1557 had BMD measurements. The sample
with genotyping and BMD measurements (77% offspring
members and 23% cohort members) included the following
relative pairs: 834 parent-offspring, 279 grandparent-
grandchild, 691 sibling and 7 half-sibling, 452 cousin, and
390 avuncular.
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Detection of microsatellite markers

A 5- to 15-ml blood sample was collected from each
participating individual for either genomic DNA extraction
or lymphocyte culture or both. For all Framingham subjects,
DNA was obtained from whole blood specimens collected
between 1988 and 1989. In the original cohort, DNA was
extracted by phenol-chloroform extraction and stored at
�80°C. In the offspring cohort, DNA was extracted from
peripheral lymphocytes using the Qiagen Blood and Cell
Culture DNA Maxi kit (Qiagen GmbH, Hilden, Germany).

The National Heart Lung and Blood Institute (NHLBI)
Mammalian Genotyping Service in Marshfield, WI, geno-
typed a set of 401 microsatellite markers covering the
genome at an average density of 10 centimorgans (cM) and
having an average heterozygosity of 0.77 (Screening Set,
version 8a; Marshfield Medical Research Foundation,
Marshfield, WI, USA).(25,26) Marker order and map posi-
tions were obtained from the Marshfield electronic database
(http://research.marshfieldclinic.org/genetics/). The geno-
typing error rate in the Marshfield lab is �1%.

Other measurements

Potentially confounding variables measured at the time of
bone density measurement were obtained for each partici-
pant, along with overall medical history. Details of these
measurements have been published previously.(21,22) These
variables included age, sex, height, weight, body mass index
(BMI), alcohol intake, caffeine consumption, calcium and
vitamin D intake, smoking status, physical activity, and for
women, estrogen use.

In brief, adjustment for age is necessary because BMD
reaches a peak in the third or fourth decade of life and
declines with age in both sexes. Age squared was consid-
ered in the models to account for nonlinear age effects.(15,27)

Weight was measured using a standardized balance beam
scale. Height (without shoes) was measured to the nearest 1⁄4
in using a stadiometer. BMI was calculated in kilograms per
squared meter. Michels et al.(28) have suggested that use of
BMI and height is sufficient for body size and body com-
position adjustments in epidemiological studies of bone
mass.

Total alcohol consumption (oz/week) was calculated
based on a published equation using a self-report of the
intake of beer, wine, and mixed drinks per week, providing
alcohol equivalent in grams per week.(29) Smoking was
assessed as current cigarette smoker (smoked regularly in
the past year) at the time of BMD measurement, former
smoker, or never smoked tobacco. Caffeine intake, incor-
porating coffee and tea intake, was computed in units equal
to the number of cups of coffee per day plus 1⁄2 times the
number of cups of tea per day as suggested by Kiel et al.(30)

Dietary intakes of calcium and vitamin D (including sup-
plements) were assessed using the 126-item Willett food
frequency questionnaire.(31,32) These data then were con-
verted to food and nutrient intake. Reports with overall food
energy intakes of �600 kcal or �4000 kcal or with data
missing for more than 12 food items were excluded.

Physical activity was examined using two questionnaires:
one for the Framingham original cohort and the other for the

Framingham offspring group. The original cohort was asked
to complete the Framingham Physical Activity Index (PAI),
a weighted 24-h score of typical daily activity based on
hours spent doing heavy, moderate, light, or sedentary ac-
tivity as well as sleeping.(33,34) The Framingham offspring
group was asked to complete the Physical Activity Scale for
Elderly (PASE) questionnaire.(35) Both questionnaires pro-
duce indices of physical activity using validated items that
are appropriate for older respondents.

For women, estrogen-replacement therapy (ERT) use was
evaluated as current use, former use, and never used oral
conjugated estrogen, patch, or cream.

Statistical analysis

Multiple linear regression analysis was used in each sex
and cohort separately using PROC GLM in SAS version
6.12 (SAS Institute Inc., Cary, NC, USA) to generate stan-
dardized residuals for each subject that account for effect of
confounding variables. Variables used as covariates for
BMD included age, age squared, BMI, height, intakes of
alcohol, caffeine, calcium and vitamin D, smoking, and
physical activity, as well as ERT (for women only).

The regression analyses were performed in the full sam-
ple of subjects with BMD measures so that the standardized
residual would be more stable and would reflect the devia-
tion of an individual’s value from the mean of those with
comparable covariates. Subsequent genetic analyses using
these standardized residuals were performed in the sub-
sample of subjects from the 330 pedigrees who were in-
cluded in the genome scan.

Modeling of BMD for genetic analyses was performed
also in each sex and cohort with a reduced number of
covariates, namely, age, age squared, BMI, height, and ERT
in women, which are commonly used in BMD studies.

Quantitative trait linkage analysis

The marker genotype data were used to verify the familial
relationships among the subjects using the SIB_KIN pro-
gram of the ASPEX package (ftp://lahmed.stanford.edu/
pub/aspex/index.htm) and random genotyping errors were
identified and eliminated with the GENTEST program
(Southwest Foundation for Biomedical Research, San An-
tonio, USA), a precursor of INFER, in PEDSYS (http://
www.sfbr.org/sfbr/public/software/pedsys/pedsys.html). When
random errors were detected, the marker information was
eliminated from the nuclear family. Once the data were
clean, identical-by-descent (IBD) status was inferred for all
individuals based on data from available relatives.

All genetic analyses were conducted in SOLAR(36) using
the standardized residuals resulting from the multiple linear
regression analyses. Because the standardized residual
BMD phenotypes showed some skewness, we applied a
correction for a nonnormal distribution, as implemented in
SOLAR, by addition of a t-distribution parameter. First, we
estimated heritability (h2) of BMD at four bone regions—
femoral neck, Ward’s area, trochanter, and lumbar spine—
for each phenotype using residuals from both models of
adjustment for covariates. SOLAR uses maximum likeli-
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hood methods to estimate variance components for the
polygenic genetic effect and random individual environ-
mental effects.(37) Accounting for the effects of as many
covariates as possible before genetic analysis may decrease
variation because of known effects and may increase the
likelihood that QTLs providing relatively small effects on
the total variance will be found in the analysis.(20) Herita-
bility of BMD levels is defined here, in the “narrow sense,”
as the proportion of the total trait variance attributable to the
additive effects of genes.

Second, we carried out a quantitative trait linkage anal-
ysis using the standardized residuals of BMD phenotypes
with a set of 401 microsatellite markers. Linkage analysis
implemented in SOLAR assesses whether relatives who are
genetically more similar at a particular locus also have more
similar bone density.

In SOLAR, the variance-components model, initially pro-
posed by Amos(38) for nuclear pedigrees, is extended to
general pedigrees of arbitrary size and complexity.(36) The
hypothesis of linkage was evaluated by testing whether the
variance attributable to the QTL is significantly greater than
zero. Model parameters were obtained using maximum like-
lihood estimates, and the likelihood estimates of nested
models were compared using a likelihood ratio test. The
log10 of the ratio of the likelihood of the polygenic and
marker-specific models produces the LOD score, the tradi-
tional measure of genetic linkage.

The two-point variance component approach has been
expanded to multipoint linkage analysis using IBD sharing
by relative pairs at genotyped loci, with a constrained linear

function to impute sharing at arbitrary points along the
chromosome.(36) Thus, LOD scores were computed at 1-cM
intervals along each autosome; observed allele frequencies
in genotyped individuals were used in the genome screen. In
multipoint analysis, a locus with the highest LOD score was
included in the model, and then the analysis for a second
locus was repeated, conditional on the locus found in the
previous scan included in the model. Multipoint linkage
analysis implemented in SOLAR has been shown to be
more powerful than the two-point analyses, because the
former contains information from adjacent markers. Multi-
point linkage analysis also provided an unbiased estimate of
QTL location.(36)

No ascertainment correction of likelihood was made be-
cause our pedigrees represent a community-based sample
that was selected without regard to an individual’s bone
density.

RESULTS

Table 1 displays descriptive statistics of pedigree mem-
bers from both cohorts by examination and sex. As ex-
pected, the younger offspring group had greater BMD at all
skeletal sites compared with original cohort members (Ta-
ble 1). In each cohort, male participants had greater average
BMD at all skeletal sites compared with females. Table 2
shows results of regression models performed in all avail-
able members of each cohort and sex, including 10 (11 for
women) covariates. As is evident, regression models vary

TABLE 1. CHARACTERISTICS OF THE FRAMINGHAM OSTEOPOROSIS STUDY POPULATION

Characteristic

Original (examination 20) Offspring

Men
(n � 444)

Women
(n � 707)

Men
(n � 1295)

Women
(n � 1657)

Age (years � S.D.) 75.78 � 5.06 76.26 � 5.10 59.36 � 9.61 58.71 � 9.53
Height (in � SD) 67.08 � 2.73 61.52 � 2.51 68.86 � 2.63 63.44 � 2.49
BMI (kg/m2 � SD) 27.11 � 3.99 26.48 � 4.89 28.67 � 4.37 27.24 � 5.56
Alcohol intake (oz/week � SD) 3.2 � 4.6 1.7 � 2.8 3.3 � 4.3 1.5 � 2.5
Caffeine consumption (U/day � SD) 1.58 � 1.56 1.53 � 1.37 2.35 � 2.26 1.89 � 1.83
Calcium intake (mg/day) 766.6 � 497.8 824.3 � 477.9 811.3 � 422.0 1012.7 � 544.1
Vitamin D intake (IU mg/day) 557.9 � 407.5 546.6 � 358.7 235.6 � 142.3 233.2 � 134.9
Smoking history (%)

Never smoked 42.2 60.9 66.9 53.5
Former smoker 49.2 28.6 20.1 32.2
Current smoker 8.6 10.5 13.0 14.2

Estrogen supplement—women only (%)
Never used — 63.5 — 72.0
Formerly used — 35.5 — 0.5
Currently using — 1.0 — 27.5
Physical activitya 33.7 � 6.3 33.13 � 5.25 155.40 � 86.49 134.08 � 71.51

BMD
Femoral neck 0.873 � 0.143 0.717 � 0.114 0.979 � 0.138 0.875 � 0.143
Trochanter 0.845 � 0.149 0.623 � 0.128 0.891 � 0.141 0.719 � 0.136
Ward’s area 0.681 � 0.165 0.556 � 0.124 0.786 � 0.159 0.729 � 0.171
Lumbar spine 1.335 � 0.224 1.071 � 0.191 1.329 � 0.207 1.159 � 0.201

a PAI in original cohort, examination 20; PASE in all other.
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between the offspring and original cohort of both sexes in
respect to the pattern and magnitude of potential covariate
contribution to each BMD phenotype. In the women of both
cohorts, percent of variation explained by covariates (R2 �
0.190–0.407, Table 2) was much higher than in men for all
phenotypes (R2 � 0.084–0.196). The amount of variation
explained by covariates was highest for trochanter BMD
(except in original cohort men at exam 20), followed by
femoral neck BMD. Most of the variation in BMD pheno-
types was explained by age, anthropometrics, and ERT in
women (p � 0.001). Height, in particular, explained 0.27–
0.29 of the BMD variance in men and 0.44–0.47 in women.
In original cohort men, smoking was also an important
covariate with BMD (p � 0.05), and in their female coun-
terparts, physical activity, alcohol, and vitamin D signifi-
cantly contributed to the total explained variance (p �
0.05). In the offspring, besides age and anthropometry,
other important covariates were physical activity in men and
ERT, alcohol, and caffeine intake in women (p � 0.05).

Table 3 presents the SOLAR estimates of the heritability
of BMD and size of pedigree sample for four skeletal sites.
A strong familial resemblance with h2 ranged 0.543–0.633
was demonstrated for all studied phenotypes. In comparison
with adjustment for a restricted number of covariates (age,
age squared, BMI, height, and ERT in women), the inclu-
sion of seven additional covariates in the model yielded
some increase in h2 values, ranging 3.4% for lumbar spine
to as much as 10.4% for Ward’s area. However, a drop in
the sample size caused by missing data on potential covari-
ates was observed with adjustment for a larger number of
covariates (110 individuals lost at femoral sites and 68 at
lumbar spine).

Two-point linkage analysis of BMD at the four skeletal
sites using SOLAR identified several regions with LOD
scores above 2.2 (lower threshold for suggestive linkage by
Lander and Kruglyak(39)). The maximum LOD scores at-
tained in the analysis of BMD adjusted for covariates were
2.93 on D6S2427 for femoral neck BMD and 2.34 on
D21S1146 for trochanteric BMD (Table 4). Markers
D12S395 and D6S2427 failed to show suggestive linkage
with lumbar spine (LOD scores 2.08 and 1.88, respectively).
Linkage for Ward’s area BMD with D8S373 had LOD �
1.77, which falls below the suggestive threshold by Lander-
Kruglyak.(39) Table 5 shows the number of two-point LOD
scores with some indication of linkage (LOD � 1.0) and
suggestive linkage by Lander-Kruglyak’s criteria, observed
per autosome for all four phenotypes.

In the multipoint analysis, the maximum LOD score of
3.14 occurred for trochanteric BMD close to D21S1446 in
cytogenetic band 21q22.13–21qter. This LOD score sur-
passes the common criteria for genome-wide linkage sig-
nificance (LOD � 3.0). Overall, from marker D21S2055 to
21qter, at an interval spanning �20 cM, LOD scores were
all higher than 2.20 (Table 6 and Fig. 1). Another marginal
suggestive linkage was at chromosomal region 8q24, near
D8S373, which provided an LOD � 2.13 with Ward’s area.
No substantial multipoint linkage was shown for femoral
neck BMD (Table 4). For lumbar spine, marginal suggestive
linkage was obtained at 14q21.3, at an interval from 50 to
54 cM, with LOD scores up to 1.92. There also was some
indication of linkage at 12q23 in multipoint analysis of
spinal BMD (LOD � 1.72), and linkage of a similar mag-
nitude was found for Ward’s area BMD in region 16p13.2
(LOD � 1.75). It should be noted here that the region at
6pter, which was marked by high LOD scores for femoral
neck and spinal BMD in two-point analysis, did not provide
any evidence of linkage in multipoint analysis.

Multipoint linkage analysis has been suggested to be
more powerful than the two-point one and is used here to
corroborate the two-point findings. In Table 6 we provide
results of both two-point and multipoint linkage for trochan-
ter BMD with chromosome 21. As shown in Table 6, when
adjacent markers show evidence of linkage, the multipoint
LOD score is increased.

The other approach to BMD modeling, namely, adjust-
ment for a reduced number of covariates, showed the same

TABLE 2. RESULTS OF STEPWISE MULTIPLE REGRESSION ANALYSES OF BMD PHENOTYPES WITH COVARIATES (AGE, AGE

SQUARED, BMI, HEIGHT, ALCOHOL, CAFFEINE, SMOKING, PHYSICAL ACTIVITY, CALCIUM, VITAMIN D, AND ERT IN WOMEN)

Cohort

Original (examination 20) Offspring

FN TROCH WRD LS FN TROCH WRD LS

Men
R2 0.179 0.095 0.160 0.164 0.196 0.163 0.180 0.084
n 430 420 429 325 1285 1285 1284 1286

Women
R2 0.241 0.239 0.190 0.243 0.372 0.407 0.343 0.273
n 688 684 688 527 1642 1642 1642 1654

FN, femoral neck; TROCH, trochanter; WRD, Ward’s area; LS, lumbar spine.

TABLE 3. HERITABILITY ESTIMATES OF BMD PHENOTYPES

AFTER ADJUSTMENT FOR COVARIATES

FN TROCH WRD LS

h2 � SE h2 � SE h2 � SE h2 � SE
0.543 � 0.059 0.581 � 0.058 0.582 � 0.054 0.633 � 0.064

n � 1447 n � 1447 n � 1447 n � 1434

FN, femoral neck; TROCH, trochanter; WRD, Ward’s area; LS,
lumbar spine.
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maxima as those mentioned previously; thus, only the re-
sults of the model with the maximal number of covariates
are shown in the Tables 4–6 and reported here. However,
notable LOD scores for linkage of all BMD phenotypes,
especially of lumbar spine BMD, were lower when BMD
was adjusted for a restricted number of covariates in the
same pedigree sample.

DISCUSSION

To identify potential genetic determinants of BMD at four
skeletal sites, we have performed an autosomal genomic
scan in members of 330 pedigrees from the Framingham
Study. This is one of the largest autosomal genome screens
performed for BMD to date, which included 401 polymor-
phic marker loci with an average spacing of 10 cM, with
�5% of the intervals being �15 cM.

This investigation indicated that BMD as measured by
absorptiometry was highly heritable; h2 values between 0.54
and 0.63 were found for four sites. Variance component
analyses of the pedigree data have revealed several regions
with evidence of linkage to BMD. We report suggestive
two-point linkage of BMD at the femoral neck to 6pter,
trochanteric BMD to 21qter, and possible linkage of lumbar
(L2–L4) spine BMD to chromosomal regions 12q23 and
6pter. For Ward’s area, no suggestive linkage was shown
here. In the multipoint analysis, strong evidence of linkage
was provided in region 21qter with trochanteric BMD
(LOD � 3.17), and a suggestive linkage (with LODs � 2.2)
with the latter phenotype at an interval spanning �20 cM
from 21q22.2 to 21qter. Other regions of possible linkage
were at chromosome 8q24 with Ward’s area (LOD � 2.13)
and at chromosome 14q with lumbar spine BMD (LOD �
1.90 at interval 50–52 cM). No indication of multipoint
linkage was found for femoral neck BMD.

Previous simulation analyses of power in the Framing-
ham sample indicated that we had �80% power to detect a
locus with LOD � 2.0 when it accounts for 25% heritability
or more.(40) Our heritability estimates for BMD at all sites
were almost twice as high. Moreover, empiric p values were
determined for this study by genome-wide simulations.
Four hundred simulated markers were generated by SOLAR
using our pedigrees under the hypothesis of no linkage and
analyzed by two-point analysis. In the analyses, only sub-
jects who have BMD data measured were included; all
others were given missing values. Of the 400 markers, the
mean number of observed two-point LOD scores � 1.0 was
5 and LOD scores � 2.0 was 2; none had an LOD score �
2.9 (which corresponds to p � 0.0025).

In our sample we did not detect loci (apart from the
D6S2427 locus) with substantial pleiotropic effect on BMD
at multiple sites across the skeleton. However, because of
the absence of multipoint evidence for linkage in this chro-
mosomal region to either femoral neck or spinal BMD, it
remains unclear whether there is, in fact, a susceptibility
locus in this region. Each of the maxima detected on chro-
mosomes 8, 12, 16, and 21 appeared to affect BMD at
primarily one skeletal site, not all of the skeletal sites
studied. Both Devoto et al.(6) and Koller et al.(9) also found
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only site-specific peaks, which suggests that minimal pleiot-
ropy, if any, exists between femoral and spinal BMD.

This is one of the largest genome screens and it will help
to identify new positional candidate genes, which may be
unrecognized from bone biology knowledge. For example,
recent identification mutation in low-density lipoprotein
receptor-related protein 5 (LRP5) gene, which is responsible
for the high bone mass,(41) was triggered by linkage of this
phenotype with chromosome 11q12–13.(42) However, no
work done to date in population samples, including this
study, justifies much discussion of candidate genes. Ge-
nome scans reveal quite large candidate chromosomal re-
gions instead of pinpointing identification of candidate
genes.

Chromosomal regions that were linked with BMD in our
study contain several genes with possible involvement in
the genetic regulation of bone mass. The region underlying
our broad (�20 cM) interval for linkage on chromosome
21q22.2–21qter includes the structural gene for collagen
type VI (COL6A1 and COL6A2). Collagen type VI is
present in areas of bone development such as fetal bone and

the growth plate; its content diminishes in osteoporotic
bone.(43) According to the Online Mendelian Inheritance in
Man (OMIM) map, this gene was placed exactly in the same
location as marker D21S1446 on our map (at 58 cM), which
coincides with our highest peak signal for linkage with
trochanteric BMD.

Two bone morphogenetic proteins (BMPs), namely,
BMP-4 and BMP-6, are located near the region of multi-
point linkage of spinal BMD on chromosome 14q22(44) and
femoral neck and spinal BMD are located at 6pter-6p21,(45)

respectively. At 8q24, a locus for osteoprotegerin, a member
of the tumor necrosis factor receptor superfamily, was
mapped at 164 cM,(46) which coincides with maximum of
multipoint linkage for Ward’s area BMD (and weak linkage
with trochanter BMD). There also is one potential candidate
gene for bone formation, which is located very close to our
region of peak linkage for lumbar spine BMD on 12q23
(and weakly linked with trochanter BMD). This is the gene
for insulin-like growth factor 1, located at 134.5 cM. In
region 16p13.2, which indicated some linkage with Ward’s
area, there are no known candidate genes.

TABLE 6. TWO-POINT AND MULTIPOINT LOD SCORES OF TROCHANTER BMD LINKAGE WITH MICROSATELLITE MARKERS

ON CHROMOSOME 21

Marker
Location

(sex averaged cM)

LOD scores

Marshfield name D number Two-point Multipoint

GATA11C12 D21S1432 7.7 0.000 0.000
GGAA3C07 D21S1437 16.3 0.146 0.015
GATA129D11 D21S2052 27.0 0.000 0.026
ATA27F01 D21S1440 41.5 0.943 2.389
GATA188F04 D21S2055 44.4 1.534 2.554
GATA70B08 D21S1446 62.0 2.336 3.142

TABLE 5. NUMBER OF LOCI WITH POSSIBLE LINKAGE (TWO-POINT LOD SCORES � 1.0) PER CHROMOSOME,
FOR ALL BMD PHENOTYPES

Chromosomesa

Femoral neck BMD Trochanter BMD Ward’s area BMD Lumbar spine BMD

Lod � 1.0 Lod � 2.2 Lod � 1.0 Lod � 2.2 Lod � 1.0 Lod � 2.2 Lod � 1.0 Lod � 2.2

1 1
2 1
5 2
6 1 1 1
7 1
8 2 1 1
9 1 1 2

12 1 1 2
14 5
15 1 1
16 2 1
17 1 1
18 1
20 1
21 2 1

Total 5 1 12 1 5 0 12 0

a Only chromosomes with possible linkage shown.

1724 KARASIK ET AL.



Previously, chromosome 11q12–13 was suggested to be
of interest because of the mapping of several Mendelian
bone density phenotypes to this candidate region.(41,47)

However, we could not support linkage within the
11q12–13 region with any of the BMD phenotypes in this
study (analogous findings by Deng et al.(47)). Similarly, no
linkage was found with candidate genes such as vitamin D
and estrogen receptors, osteocalcin, and COL1A1. This may
be ascribed to the difference of relative effects of various
genes on phenotypic variation in BMD among populations,
which limits the generalizability of results from one popu-
lation to others.

Our findings also do not overlap with other genome scans
of the same phenotypes such as Devoto et al.’s(6) and Koller
et al.’s.(8,9) Possible explanations for the disagreement in
results between different studies include (1) dissimilarity in
subject recruitment (patients from a population-based study

in Framingham vs. families identified via probands with low
BMD and (2) adjustment for a greater number of potential
confounders in our study.

It should be noted in this connection that this study is
unique because of the number of characteristics taken into
account for covariation with BMD. It is known that account-
ing for the effects of maximal number of covariates fre-
quently increases the heritability estimate of a studied trait,
which in turn can increase the likelihood that QTLs provid-
ing relatively small effects on the total BMD variance will
be revealed.(20) In this study, we adjusted BMD not only for
age, age squared, BMI, height, and estrogen use in women,
as was done in many other quantitative genetic studies of
BMD, but also to such important individual factors as
alcohol, caffeine, calcium and vitamin D consumption,
smoking, and physical activity. All these variables are
known to co-vary with BMD in many studies.(22,48) Includ-
ing a large number of covariates in models for BMD ad-
justment (as suggested by Zee et al.(15)), creates a decrease
in sample size because of missing measurements (68–110
cases lost in our case). This loss of sample size may be
justified in part by an accompanying increase in both heri-
tability estimates and LOD scores, as is evident in this
study. More importantly, genes related to some of the co-
variates also may be involved in BMD regulation. For
example, body size (height and weight) and serum vitamin
D likely have a substantial genetic component and are
significantly correlated with BMD values.(49–51) As a result,
controlling for the effect of, for example, BMI on BMD
may eliminate the contribution, if any, of genes governing
BMI/BMD covariation. By eliminating the contribution of
as many covariates as possible, our analysis focuses on the
pure contribution of loci governing BMD only.

In our linkage analysis, BMD was considered as a quan-
titative trait and thus no designation of affected status or
penetrance of the trait was required. The variance decom-
position approach incorporated in SOLAR accommodates
information from the entire pedigree and therefore is more
powerful than sib-pair or nuclear pedigree methods that
include only similarities between restricted types of relative
pairs. Model-free linkage analysis, performed in this study,
examined the genetic factors influencing a phenotype with-
out any phenotype-genotype model specification. The latter
model is particularly appropriate to osteoporosis, because
there are no known major genes determining the BMD
phenotypes studied here.(4) However, because Mendelian
transmission was suggested previously for BMD measured
on the hand phalanges(52) and for spinal BMD,(53) it may be
suggested that further linkage analysis should consider also
model-based methods.

There are several potential limitations of this study. First,
the variance-component approach assumes multivariate nor-
mality. Although it may be somewhat insensitive to skew-
ness in the data, it is susceptible to substantially different
outliers, which may derive from extreme discordant pairs of
relatives. We addressed this issue by applying a correction
for a nonnormal distribution, as implemented in SOLAR, by
addition of a t-distribution parameter. Results of these anal-
yses were almost identical to those obtained without any
correction.

FIG. 1. Multipoint linkage results with BMD for the chromosomal
regions genotyped in the Framingham pedigrees. Results are shown for
(A) chromosome 8 with Ward’s area BMD, (B) chromosome 14 with
lumbar spine BMD, and (C) chromosome 21 with femoral trochanter
BMD.
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A second limitation is that the Framingham Osteoporosis
Study was performed in a general population; thus, despite
the fact that almost all the subjects are white, unavoidable
effects of ethnic admixture and subsequent genetic nonho-
mogeneity may diminish our power to reveal exact chro-
mosomal location of genetic sources of BMD.

Third, there are certain recognized artifacts in older per-
sons that we were unable to account for, such as aortic
calcification, ossification of ligaments, and lumbar osteo-
phytes, which may impact the foregoing results for the
lumbar spine BMD phenotype.

Finally, the last potential limitation is that individual
genes may influence only male or female BMD, while such
effects may be masked in a mixed-gender study such as we
report here. Also, in our analysis, we did not differentiate
between effects caused by genes controlling peak bone mass
or rate of bone loss, and no terms of genotype/age interac-
tion(54) were examined in this study.

The chromosomal regions of our suggestive linkages for
some phenotypes are broad, indicating that more than one
candidate locus underlying studied BMD phenotypes may
map to these regions. Fine mapping of putative QTLs
should be performed to refine their genetic positions in these
regions. Elucidation of the genes contributing to normal
variation in BMD together with gene-gene and gene-
environmental interactions will likely strengthen risk as-
sessment algorithms for osteoporosis that would include
combined information on the individuals’ genetic and envi-
ronmental profiles and provide molecular targets for future
therapeutic interventions for osteoporosis and associated
fractures.

ACKNOWLEDGMENTS

We acknowledge the Framingham Study members who
participated in this study, as well as the study coordinators,
who contributed to the success of this work. We would like
to express our thanks to Kerry E. Broe for her help in data
preparation and programming assistance. This work was
from the Framingham Heart Study (supported by National
Institutes of Health [NIH]/NHLBI contract N01-HC-38038)
and by grant RO1 AR/AG 41398 and contract 263-MD-
724145 from the National Institute on Aging.

REFERENCES

1. Ray NF, Chan JK, Thamer M, Melton LJ 1997 Medical
expenditures for the treatment of osteoporotic fractures in the
United States in 1995: Report from the National Osteoporosis
Foundation. J Bone Miner Res 12:24–35.

2. Zmuda J, Cauley JA, Ferrell RE 1999 Recent progress in
understanding the genetic susceptibility to osteoporosis. Genet
Epidemiol 16:356–367.

3. Karasik D, Kobyliansky E, Livshits G 2000 Ethnic and genetic
factors of bone aging. J Hum Ecol 8:162–186 (special issue).

4. Nguyen TV, Blangero J, Eisman JA 2000 Genetic epidemio-
logical approaches to the search for osteoporosis genes. J Bone
Miner Res 15:392–401.

5. Manolagas SC, Jilka RL 1995 Bone marrow, cytokines, and
bone remodeling. Emerging insights into the pathophysiology
of osteoporosis. N Engl J Med 332:305–311.

6. Devoto M, Shimoya K, Caminis J, Ott J, Tenenhouse A,
Whyte MP, Sereda L, Hall S, Considine E, Williams CJ,
Tromp G, Kuivaniemi H, Ala-Kokko L, Prockop DJ, Spotila
LD 1998 First-stage autosomal genome screen in extended
pedigrees suggests genes predisposing to low bone mineral
density on chromosomes 1p, 2p and 4q. Eur J Hum Genet
6:151–157.

7. Niu T, Chen C, Cordell H, Yang J, Wang B, Wang Z, Fang Z,
Schork NJ, Rosen CJ, Xu X 1999 A genome-wide scan for loci
linked to forearm bone mineral density. Hum Genet 104:226–
233.

8. Koller DL, Rodriguez LA, Christian JC, Slemenda CW, Econs
MJ, Hui SL, Morin PA, Conneally PM, Joslyn G, Curran ME,
Peacock M, Johnston CC, Foroud T 1998 Linkage of a QTL
contributing to normal variation in bone mineral density to
chromosome 11q12–13. J Bone Miner Res 13:1903–1908.

9. Koller DL, Econs MJ, Morin PA, Christian JC, Hui SL, Parry
P, Curran ME, Rodriguez LA, Conneally PM, Joslyn G, Pea-
cock M, Johnston CC, Foroud T 2000 Genome screen for
QTLs contributing to normal variation in bone mineral density
and osteoporosis. J Clin Endocrinol Metab 85:3116–3120.

10. Klein R, Mitchell S, Phillips T, Belknap J, Orwoll E 1998
Quantitative trait loci affecting peak bone mineral density in
mice. J Bone Miner Res 13:1648–1656.

11. Beamer W, Shultz K, Churchill G, Frankel W, Baylink D,
Rosen CJ, Donahue L 1999 Quantitative trait loci for bone
density in C57BL/6J and CAST/EiJ inbred mice. Mamm Ge-
nome 10:1043–1049.

12. Beamer W, Shultz K, Donahue L, Churchill G, Sen S,
Wergedal J, Baylink D, Rosen CJ 2001 Quantitative trait loci
for femoral and lumbar vertebral bone mineral density in
C57BL/6J and C3H/HeJ inbred strains of mice. J Bone Miner
Res 17:1195–1206.

13. Benes H, Weinstein R, Zheng W, Thaden J, Jilka R, Manol-
agas S, Reis R 2000 Chromosomal mapping of osteopenia-
associated quantitative trait loci using closely related mouse
strains. J Bone Miner Res 15:626–633.

14. Duncan EL, Brown MA, Sinsheimer J, Bell J, Carr AJ,
Wordsworth BP, Wass JA 1999 Suggestive linkage of the
parathyroid receptor type 1 to osteoporosis [see comments].
J Bone Miner Res 14:1993–1999.

15. Zee RYL, Myers RH, Hannan MT, Wilson PWF, Ordovas
JME, Schaefer J, Lindpaintner K, Kiel DP 2000 Absence of
linkage for bone mineral density to chromosome 12q12–14 in
the region of the vitamin D receptor gene. Calcif Tissue Int
67:434–439.

16. Brown M, Haughton M, Grant S, Gunnell A, Henderson N,
Eisman J 2001 Genetic control of bone density and turnover:
Role of the collagen 1 alpha 1, estrogen receptor, and vitamin
D receptor genes. J Bone Miner Res 16:758–764.

17. Mitchell BD, Cole SA, Bauer RL, Iturria SJ, Rodriguez EA,
Blangero J, MacCluer JW, Hixson JE 2000 Genes influencing
variation in serum osteocalcin concentrations are linked to
markers on chromosomes 16q and 20q. J Clin Endocrinol
Metab 85:1362–1366.

18. Prockop D 1999 Genetic trail of osteoporosis: Candidate genes
versus genome screens? Small families versus large families?
J Bone Miner Res 14:2000–2001.

19. Wijsman E, Amos C 1997 Genetic analysis of simulated
oligogenic traits in nuclear and extended pedigrees: Summary
of GAW10 contributions. Genet Epidemiol 14:719–735.

20. Rogers J, Mahaney MC, Almasy L, Comuzzie AG, Blangero J
1999 Quantitative trait linkage mapping in anthropology.
Yearb Phys Anthropol 42:127–151.

21. Hannan MT, Felson DT, Anderson JJ 1992 Bone mineral
density in elderly men and women: Results from the Framing-
ham osteoporosis study. J Bone Miner Res 7:547–553.

22. Hannan MT, Felson DT, Dawson-Hughes B, Tucker KL,
Cupples LA, Wilson PW, Kiel DP 2000 Risk factors for

1726 KARASIK ET AL.



longitudinal bone loss in elderly men and women: The Fra-
mingham Osteoporosis Study. J Bone Miner Res 15:710–720.

23. Kannel WB, Feinleib M, McNamara PM, Garrison RJ, Castelli
WP 1979 An investigation of coronary heart disease in fami-
lies. The Framingham offspring study. Am J Epidemiol 110:
281–290.

24. Kiel DP, Mercier CA, Dawson-Hughes B, Cali C, Hannan MT,
Anderson JJ 1995 The effects of analytic software and scan
analysis technique on the comparison of dual X-ray absorpti-
ometry with dual photon absorptiometry of the hip in the
elderly. J Bone Miner Res 10:1130–1136.

25. Weber JL, May PE 1989 Abundant class of human DNA
polymorphisms which can be typed using the polymerase
chain reaction. Am J Hum Genet 44:388–396.

26. Yuan B, Vaske D, Weber JL, Beck J, Sheffield VC 1997
Improved set of short-tandem-repeat polymorphisms for
screening the human genome. Am J Hum Genet 60:459–460
(letter).

27. Malkin I, Karasik D, Livshits G, Kobyliansky E 2002 Age-
related bone loss: Modeling of age-related bone loss using the
cross-sectional data. Am J Hum Biol 29:256–270.

28. Michels K, Greenland S, Rosner B 1998 Does body mass
index adequately capture the relation of body composition and
body size to health outcomes? Am J Epidem 147:167–172.

29. Felson DT, Kiel DP, Anderson JJ, Kannel WB 1988 Alcohol
consumption and hip fractures: The Framingham Study. Am J
Epidemiol 128:1102–1110.

30. Kiel DP, Felson DT, Hannan MT, Anderson JJ, Wilson PW
1990 Caffeine and the risk of hip fracture: The Framingham
Study [see comments]. Am J Epidemiol 132:675–684.

31. Willett WC, Sampson L, Stampfer MJ, Rosner B, Bain C,
Witschi J, Hennekens CH, Speizer FE 1985 Reproducibility
and validity of a semiquantitative food frequency question-
naire. Am J Epidemiol 122:51–65.

32. Rimm E, Giovannucci EL, Stampfer MJ, Colditz GA, Litin
LB, Willett WC 1992 Reproducibility and validity of an ex-
panded self-administered semi-quantitative food frequency
questionnaire among male health professionals. Am J Epide-
miol 135:1114–1126.

33. Kannel WB, Sorlie P 1979 Some health benefits of physical
activity. The Framingham Study. Arch Intern Med 139:857–861.

34. Hannan MT, Felson DT, Anderson JJ, Naimark A 1993 Ha-
bitual physical activity is not associated with knee osteoarthri-
tis: The Framingham Study. J Rheumatol 20:704–709.

35. Washburn R, Smith K, Jette A, Janney C 1993 The physical-
activity scale for the elderly (PASE)—development and eval-
uation. J Clin Epidemiol 46:153–162.

36. Almasy L, Blangero J 1998 Multipoint quantitative-trait linkage
analysis in general pedigrees. Am J Hum Genet 62:1198–1211.

37. Falconer D, Mackay T 1996 Introduction to Quantitative Ge-
netics. Longman, Essex, UK.

38. Amos CI 1994 Robust variance-components approach for as-
sessing genetic linkage in pedigrees. Am J Hum Genet 54:
535–543.

39. Lander E, Kruglyak L 1995 Genetic dissection of complex
traits: Guidelines for interpreting and reporting linkage results
[see comments]. Nat Genet 11:241–247.

40. Shearman A, Ordovas J, Cupples L, Schaefer E, Harmon M,
Shao Y, Keen D, DeStefano L, Joost O, Wilson P, Housman
D, Myers R 2000 Evidence for a gene influencing TG/HDL-C
ratio on chromosome 7q32.3-qter: A genome-wide scan in the
Framingham Study. Hum Mol Genet 9:1315–1320.

41. Little RD, Carulli JP, Del Mastro RG, Dupuis J, Osborne M,
Folz C, Manning SP, Swain PM, Zhao S-C, Eustace B, Lappe
MM, Spitzer L, Zweier S, Braunschweiger K, Benchekroun Y,
Hu X, Adair R, Chee L, FitzGerald MG, Tulig C, Caruso A,
Tzellas N, Bawa A, Franklin B, McGuire S, Nogues X, Gong

G, Allen KM, Anisowicz A, Morales AJ, Lomedico PT,
Recker SM, Eerdewegh PV, Recker RR, Johnson ML 2002 A
mutation in the LDL receptor related protein 5 gene results in
the autosomal dominant high bone-mass trait. Am J Hum
Genet 70:11–19.

42. Johnson ML, Gong G, Kimberling W, Recker SM, Kimmel
DB, Recker RB 1997Linkage of a gene causing high bone
mass to human chromosome 11 (11q12–13) Am J Hum Genet
60:1326–1332.

43. Bailey AJ, Wotton SF, Sims TJ, Thompson PW 1993 Bio-
chemical changes in the collagen of human osteoporotic bone
matrix. Connect Tissue Res 29:119–132.

44. Mayer H, Scutt A, Ankenbauer T 1996 Subtle differences in
the mitogenic effects of recombinant human bone morphoge-
netic proteins-2 to -7 on DNA synthesis on primary bone-
forming cells and identification of BMP-2/4 receptor. Calcif
Tiss Int 58:249–255.

45. Feldman G, Robin N, Brueton L, Robertson E, Thompson E,
Siegelbartelt J, Gasser D, Bailey L, Zackai E, Muenke M 1995
A gene for cleidocranial dysplasia maps to the short arm of
chromosome-6. Am J Hum Genet 56:938–943.

46. Hilton M, Gutierrez L, Zhang L, Moreno P, Reddy M, Brown
N, Tan Y, Hill A, Wells D 2001 An integrated physical map of
8q22–q24: Use in positional cloning and deletion analysis of
Langer-Giedion syndrome. Genomics 71:192–199.

47. Deng HW, Xu F-H, Convay T, Deng X-T, Li JL, Davies KM,
Deng H, Johnson M, Recker RR 2001 Is population bone
mineral density variation linked to the marker D11S987 on
chromosome 11q12–13? J Clin Endocrinol Metab 86:3735–
3741.

48. Kiel DP, Zhang Y, Hannan MT, Anderson JJ, Baron JA,
Felson DT 1996 The effect of smoking at different life stages
on bone mineral density in elderly men and women. Osteopo-
ros Int 6:240–248.

49. Willing M, Sowers M, Aron D, Clark MK, Burns T, Bunten C,
Crutchfield M, D’Agostino D, Jannausch M 1998 Bone min-
eral density and its change in white women: Estrogen and
vitamin D receptor genotypes and their interaction. J Bone
Miner Res 13:695–705.

50. Heaney RP 1996 Bone mass, nutrition, and other lifestyle
factors. Nutr Rev 54:S3–S10.

51. Livshits G, Karasik D, Seibel M 1999 Statistical genetic anal-
ysis of plasma levels of vitamin D: Familial study. Ann Hum
Genet 63:429–439.

52. Livshits G, Karasik D, Kobyliansky E 2002 Complex segregation
analysis of the radiographic phalanges bone mineral density and
their age-related changes. J Bone Miner Res 17:152–161.

53. Cardon L, Garner C, Bennett S, Mackay I, Edwards R, Cornish
J, Hegde M, Murray M, Reid I, Cundy T 2000 Evidence for a
major gene for bone mineral density in idiopathic osteoporotic
families. J Bone Miner Res 15:1132–1137.

54. Karasik D, Ginsburg E, Livshits G, Pavlovsky O, Kobyliansky
E 2000 Evidence on major gene control of cortical bone loss in
human population. Genet Epidemiol 19:410–421.

Address reprint requests to:
Douglas P. Kiel, M.D., M.P.H.

Harvard Medical School Division on Aging
Hebrew Rehabilitation Center

for Aged Research and Training Institute
1200 Center Street

Boston, MA 02131, USA

Received in original form November 19, 2001; in revised form
February 27, 2002; accepted April 16, 2002.

1727GENOME SCREEN FOR BONE MINERAL DENSITY


