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Osteoporosis is an important health problem, particularly in the
elderly women. Bone mineral density (BMD) is a major deter-
minant of osteoporosis. For a sample of 53 pedigrees that contain
1249 sibling pairs, 1098 grandparent-grandchildren pairs, and
2589 first cousin pairs, we performed a whole-genome linkage
scan using 380 microsatellite markers to identify genomic re-
gions that may contain quantitative trait loci (QTL) of BMD.
Each pedigree was ascertained through a proband with BMD
values belonging to the bottom 10% of the population. We con-
ducted two-point and multipoint linkage analyses. Several po-
tentially important genomic regions were suggested. For exam-
ple, the genomic region near the marker D10S1651 may contain

a QTL for hip BMD variation (with two-point analysis LOD score
of 1.97 and multipoint analysis LOD score of 2.29). The genomic
regions near the markers D4S413 and D12S1723 may contain
QTLs for spine BMD variation (with two-point analysis LOD
score of 2.12 and 2.17 and multipoint analysis LOD score of 3.08
and 2.96, respectively). The genomic regions identified in this
and some earlier reports are compared for exploration in ex-
tension studies with larger samples and/or denser markers for
confirmation and fine mapping to eventually identify major
functional genes involved in osteoporosis. (J Clin Endocrinol
Metab 87: 5151-5159, 2002)

OW BONE MINERAL density (BMD) is an important risk
factor for osteoporotic fractures (OF), and osteoporosis is
mainly characterized by low BMD (1-3). In the United States
alone in 1995, osteoporosis results in more than 1.3 million OF
a year, with an estimated direct cost of about 14 billion dollars
(4). Extensive data have established that BMD variation is under
strong genetic control with heritability estimates ranging from
0.5-0.9 (5-17). Recently, extensive molecular genetic studies
(18-29) have been launched to search for genes underlying
BMD variation. The extensive results from population associ-
ation studies of candidate genes so far have been largely in-
consistent (30-32). It is known that population admixture may
induce false positive (33) or false negative (34) results in asso-
ciation studies of candidate genes.

Compared with the extensive association studies, only a lim-
ited few studies of alternative approaches such as linkage stud-
ies (20, 23, 24, 35, 36) and transmission disequilibrium test (37,
38) in humans and quantitative trait locus (QTL) mapping (27—
29, 39-41) in mice have been conducted to identify genomic
regions underlying population BMD variation. The 7 pedigrees
studied (35) (identified through probands with low BMD) in an
autosomal genome scan contain 74 sibling pairs genotyped for
330 markers. A total of 153 sibling pairs (randomly ascertained
with respect to BMD) were studied in the genome-wide scan
(36) using 367 markers (with an average heterozygosity of

Abbreviations: BMC, Bone mineral content; BMD, bone mineral den-
sity; <M, centimorgans; MLS, maximum LOD scores; OF, osteoporotic
fractures; pter, p terminal; QTL, quantitative trait locus.

~0.77). A total of 595 sibling pairs (randomly ascertained) were
used (20), with 270 markers (average heterozygosity being
~0.70) genotyped throughout the genome. Sibling pair ap-
proach for linkage studies is usually of limited power when
sibling pairs are ascertained randomly (42-44). For example,
more than 8000 randomly ascertained sibling pairs are neces-
sary in a whole genome scan to detect a major locus with a
heritability as large as 30% (44). The limited power for the small
samples of the previous sibling pair linkage studies and the few
but the largely inconsistent empirical linkage findings warrant
that independent studies with alternative linkage approaches
and larger samples be conducted. Generally speaking, the link-
age detecting power increases rapidly with the marker het-
erozygosity, reduced genotyping error rate, and marker density
that may reflect expected genetic distance between markers and
QTLs (45, 46). Sampling through extreme probands may im-
prove the linkage power (47, 48).

In this study, for a relatively large sample of human pedi-
grees that was recruited through probands with low BMD
values, we genotyped 380 highly heterozygous markers across
the whole genome for each subject. We performed a whole-
genome linkage analysis to identify genomic regions poten-
tially important for BMD variation.

Materials and Methods
Subjects
The study was approved by the Creighton University Institutional

Review Board. All the study subjects signed informed consent docu-
ments before entering the project. Only healthy people (defined by the
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exclusion criteria to be detailed below) were included in the analyses.
All the study subjects were Caucasians of European origin as ascertained
by questionnaires administered by research nurses. A total of 53 ped-
igrees with 630 subjects (248 males and 382 females) from 2-4 genera-
tions were analyzed. There are more female than male subjects, largely
due to the higher propensity to volunteer in a genetic study of this type
among females. Among the study pedigrees, 1 is 2-generation, 41 are
3-generation, and 11 are 4-generation pedigrees. The pedigrees vary in
size from 3-99 individuals, with a mean of 11.7 (*sE = 2.4). The ped-
igrees were identified through a proband having BMD Z-scores —1.28
or less at the hip or spine. Hence, the probands were selected from the
bottom 10% of the population BMD variation with the intended purpose
of achieving higher statistical power than random sampling (47, 48).
BMD values expressed as Z-scores adjust for age, gender, and ethnic
difference in general referent healthy populations. The exclusion criteria
for the study subjects were a history of (including past as well as current
disease conditions, unless otherwise specified) the medical conditions
that were detailed previously (23, 49). The exclusion criteria were as-
sessed by nurse-administered questionnaires and/or medical records
and applied most rigorously to potential subjects contacted between
ages 25 and 50. About 5.1% of the total people screened were excluded
from our recruitment due to their meeting at least one of the exclusion
criteria.

Genotyping

For each subject, blood (20 cc) was drawn into lavender cap (EDTA
containing) tubes by certified phlebotomists. DNA was extracted by
employing a kit (Puregene DNA Isolation Kit, Gentra Systems, Inc.,
Minneapolis, MN; catalog no. D-5000) following the procedures detailed
therein. DNA was genotyped using fluorescently labeled markers com-
mercially available through PE Applied Biosystems (ABI PRISM Link-
age Mapping Sets, version 2, Norwalk, CT), as we did before (49, 50). A
genetic database management system (GenoDB) (51) was employed to
manage the genotype data for linkage analyses. PedCheck (52) (available
at http:/ /watson.hgen.pitt.edu/register/soft_doc.html) was employed
for checking the conformation to Mendelian inheritance pattern at all the
marker loci and for checking the relationships of family members within
pedigrees. The genotyping error rate, determined by the procedures
described earlier (59, 51, 53), was about 0.3%. A total of 380 markers
(including 362 on autosomes) were successfully genotyped. These mark-
ers have an average population heterozygosity of approximately 0.79.

Measurement

BMDs of spine, hip, and wrist were measured by a Hologic 1000,
2000+, or 4500 dual energy x-ray absorptiometry scanner (Hologic
Corp., Waltham, MA). All machines are calibrated daily, and long-term
precision is monitored with external spine and hip phantoms. Short-
term precision in humans as determined by the method of Gliier ef al.
(54) with repeated measurements on at least 27 subjects for a single type
of machine is 0.8% for spine BMD, 0.6% for hip BMD, 1.1% for wrist BMD
on Hologic 1000; and 0.8% for spine BMD, 1.0% for hip BMD, 2.6% for
wrist BMD on Hologic 2000+; and 0.9% for spine BMD, 1.4% for hip
BMD, and 2.3% for wrist BMD on Hologic 4500. We chose to study BMD
because BMD is the measure most closely correlated with fracture risk
(55). In addition, more than 86% and about 98% of BMD variation are
attributable to bone mineral content (BMC) variation at the spine and
hip, respectively (56), and the majority of the variation of BMD and BMC
at the spine, hip, and wrist can be accounted for by one principle
component in factor analyses (11). Our analyses (57, 58) show that the
genomic regions for BMD and bone size are largely different, whereas
those for BMD and BMC are largely the same. For the spine, our quan-
titative phenotype was combined BMD of L,_,. For the hip, it was total
BMD of the femoral neck, trochanter, and intertrochanteric region pro-
vided by the instruments. For the wrist, it was ultradistal BMD. All dual
energy x-ray absorptiometry machines report BMD in g/cm® Weight
was measured at the same visit when the BMD measurements were
taken. Data obtained from different machines are transformed to a
compatible measurement by an algorithm as in our previous studies (59),
and members of the same pedigree are usually measured on the same
type of machine.

Deng et al. ® Whole Genome Linkage Scan

Statistical analyses

A variance component linkage analysis (60-62) for quantitative traits
was performed. The analysis is based on specifying the expected genetic
covariances between arbitrary relatives as a function of the identity by
descent at a given marker locus. The analysis considers the phenotypic
and genetic information from all pedigree members simultaneously.
The analysis assumed joint multivariate normality of phenotypic
values, additive genetic effects, and no interaction between genes and
the residual variation. The common familial environmental effects were
assumed to be negligible, which is reasonable and supported by
previous studies (7-9, 11, 12). The program employed was SOLAR
(Sequential Oligogenic Linkage Analysis Routines) (62), which is avail-
able at http://www.sfbr.org/stbr/public/software/solar/. The ascer-
tainment scheme of pedigrees based on the low BMD values of probands
was accounted for in the analyses by identifying to the program the
probands and their BMD values for each pedigree. The built-in modules
of the SOLAR program can account for the ascertainment scheme by
using cut-off BMD values of the probands and conditional likelihoods
in LOD score computation.

In linkage analysis, age, sex, and weight were adjusted as covariates
for raw BMD values (not the Z-scores), as these generally affect BMD
variation (10, 63) and tested to be significant in our sample in a statistical
screen for important covariates. Z-scores of BMD reported by the Ho-
logic machines adjust for age and sex (but not weight) effects in referent
populations provided by the manufacture of the scanners and our BMD
phenotype data for linkage analyses are those adjusting the raw BMD
data for age, sex, and weight according to their effects in our own
sample. Analyses were also performed without adjusting for some or
any of these covariates. Adjustment for significant covariates in genetic
analyses can generally increase the genetic signal to noise ratio in linkage
detection by decreasing the proportion of the residual phenotypic vari-
ation attributable to random environmental factors (22). Comparison of
the analyses with and without adjustment for a significant covariate may
shed light on the genomic regions identified as to their direct importance
for the trait per se or indirect importance via the influence on the co-
variates only. The BMD data were tested by graphical methods (64) and
found not to deviate from normal distributions. The variance component
analyses implemented in SOLAR are quite robust to reasonable viola-
tions of normality of the data (65). Using SOLAR, two-point, and mul-
tipoint linkage analyses were performed. When a putative QTL is sug-
gested, the proportion of phenotypic variation attributable to this QTL
can be estimated by SOLAR. The estimate is usually an upper bound of
the genetic effect due to the locus (66).

Results

The basic characteristics of the study subjects stratified by
age and sex are summarized and the data are available upon
request. Detailed information about the family structure of
the study pedigrees has been summarized earlier (49).
Mainly, there are 1249 sibling pairs, 1098 grandparent-grand-
child pairs, and 2589 first cousin pairs, etc. The average Z-
scores (*sE) of spine, hip, and wrist BMD are —0.12 = 0.05,
—0.22 = 0.04, and 0.09 = 0.05, respectively, for all the subjects
in the sample, reflecting the sampling scheme of our pedi-
grees which were ascertained through probands of extremely
low BMD values at spine and/or hip.

The results for the chromosomes that had maximum LOD
scores (MLS) close to or greater than 2.0 in multipoint linkage
analyses at any one of the three skeletal sites were summa-
rized in Fig. 1; the results for the other chromosomes were
summarized in Fig. 2. Because the current version of SOLAR
does not handle multipoint analyses for X chromosome, we
plotted two-point LOD score results for the X chromosome
and presented them in Fig. 2 to convey the linkage signal
pattern. For the results presented, BMD were adjusted with
multiple regression for significant covariates of age, sex,
weight, and height. The results (not presented but available
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Fic. 1. Multipoint linkage analysis results for the chromosomes that had an MLS close to or greater than 2.0. In Figs. 1 and 2, the solid line
is for spine BMD, the dashed line is for hip BMD, and the dot dashed line is for wrist BMD.

upon request) for the linkage analyses for BMD values that
were not adjusted for the covariates showed similar pattern
in LOD scores and qualitatively the same results, suggesting
the importance (if indeed exists) of the genomic regions
identified here is direct on BMD rather than indirect through
a covariate analyzed. In fact, our whole genome linkage scan
results (49) for body mass index (which is weight/height?)
revealed genomic regions for body mass index different from
those revealed here for BMD.

For the spine BMD, four genomic regions were identified
that may contain putative QTLs. Specifically, an MLS of 3.08
at 152 centimorgans (cM) from p terminal (pter) on chromo-
some 4 in multipoint linkage analyses and a LOD score of
2.12 at the marker D45413 in two-point linkage analyses were
achieved in the genomic region 4q31-32. An MLS of 2.96 at
169 ¢cM from pter on chromosome 12 in multipoint analyses
and an MLS of 2.17 at D1251723 in two-point analyses were
achieved in 12q24. An MLS of 2.43 at 103 cM from pter on

chromosome 13 in multipoint analyses and a LOD score of
1.77 at D135S285 in two-point analyses were achieved in
13q33-34. An MLS of 1.93 at 0.0 cM from pter on chromosome
7 in multipoint analyses and a LOD score of 2.28 at D75531
in two-point analyses were achieved in 7p22. In addition, in
two-point analyses, a LOD score of 1.6 was achieved at
D155165 in 15p11; however, the MLS is only 0.76 in the
genomic region (14cM from pter on chromosome 15). At the
spine, for the putative QTL with the strongest evidence of
linkage on 4q31, approximately 30.3% of BMD variation (af-
ter adjusting for age, sex, weight, and height) may be attrib-
utable to this locus.

For the hip BMD, three genomic regions were identified
that may contain putative QTLs. An MLS of 2.29 at 170 cM
from pter on chromosome 10 in multipoint analyses and a
LOD score of 1.97 at D10S1651 in two-point analyses were
achieved in 10q26. In addition, in two-point linkage analyses,
a LOD score of 1.69 was achieved at D125368 on 12q13 and
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Fic. 2. Multipoint linkage analysis results for the autosomes that had an MLS less than 2.0 and the two-point linkage analysis results for the

X chromosome.

a LOD score of 1.58 was achieved at D1751857 on 17p11, with
corresponding multipoint MLSs being 0.99 and 1.2, respec-
tively. At the hip, for the putative QTL with the strongest
evidence of linkage on 10926, approximately 29.2% of BMD
variation (after adjusting for age, sex, weight, and height)
may be attributable to this locus.

For the wrist BMD, four genomic regions were identified
that may contain putative QTLs. An MLS of 2.26 in multi-
point analyses at 158 cM from pter on chromosome 4 and a
LOD score of 2.53 at D45413 in two-point analyses were
achieved in 4g32. An MLS of 1.87 in multipoint analyses at
16 cM from pter on chromosome 9 and an LOD score of 1.74
in two-point analyses at D95285 were achieved in 9p22-24.
AnLOD score of 1.99 was achieved at D1751852in 17p13, and
a LOD score of 1.82 in two-point analyses was achieved at
D351297 in 3p26, with corresponding MLSs of 1.48 and 1.25
achieved in multipoint analyses in the respective genomic
regions. At the wrist, for the putative QTL with the strongest
evidence of linkage on 4q32, approximately 25.5% of BMD
variation (after adjusting for age, sex, weight, and height)
may be attributable to this locus.

Discussion

Some of the regions we identified are supported by earlier
findings or contain important candidate genes (Tables 1 and

2). For the spine BMD, four genomic regions (4q31-32, 7p22,
and 13q33-34, and 12q24) were identified. Drake et al. (2001)
(35) detected a QTL region for femur BMD with an LOD score
greater than 2.3 in mice in regions homologous to human
chromosome12q24. IGF1, TBX3, and TBX5 genes that are of
importance in BMD metabolism are located in the 12q24
region (Table 1). Several studies have suggested the impor-
tance of IGF1 in osteoporosis (67, 68). The genomic region
13q33-34 has previously (36) been linked to forearm BMD
with a LOD score of 1.67 (Table 2). Potential candidate genes
in this region include COL4A1 and COL4A2 (Table 1). Ad-
ditionally, a candidate gene IL6 was mapped to 7p22. Dun-
canetal. (24) obtained a two-point LOD score of 1.7 at D12583
for lumbar spine BMD. Our results for D12583 do not provide
supporting evidence of linkage. However, for the marker
D12S368 (in 12q13) that is 8.2 cM from D12S83, a two-point
LOD score of 1.69 is obtained for the hip BMD in our anal-
yses. The genomic region near D12583 and D12S368 contain
a number of candidate genes, including the prominent vi-
tamin D receptor gene (Table 1). For the three genomic re-
gions (10q26, 12q13, and 17p11) identified for hip BMD, in
mice in a genomic region homologous to human chromo-
some 10926, Klein et al. (26) identified a QTL region for whole
body BMD (P = 0.0093) and Beamer et al. (39) identified a
QTL region for vertebral BMD with a LOD score of 5.01.
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Fic. 2. Continued.

For the four genomic regions (3p26, 4932, 9p22-24, and
17p13) identified for wrist BMD, 4q32 coincides with the
region identified for spine BMD, and 17p13 coincides with
the region identified for hip BMD in our sample. These re-
sults suggest that some genetic factors underlying BMD vari-
ation at different skeletal sites are located closely in the
human genome or are shared. In the region homologous to
human chromosome 3p26, Beamer et al. (39) identified in
mice a QTL region for femoral BMD with a LOD score of 4.56.
Devoto et al. (35) reported a LOD score of 2.34 near D175261
for hip BMD, which is in the region 17p11-13 identified for
hip and wrist BMD in our study. In the region homologous
to human chromosome 17p11-12 in mice, Beamer et al. (39)
identified a QTL region for femoral and vertebral BMD vari-
ation with LOD scores of 6.76 and 2.98, respectively. A QTL
for femur peak bone mass in the mouse genomic region
homologous to human chromosome 17p11-13 was identified
with a LOD score of 10.8 (40).

However, comparing the few earlier whole-genome link-
age studies of BMD in humans (20, 35, 36) and our study here,
most of the results cannot be confirmed by each other. Table
2 outlines the comparison of the earlier results and ours. Our
results seem to replicate the linkage findings on 4q and 13q
(Table 2) because confirmation of a previously reported link-

age in an independent study involves P value criteria dif-
ferent from the whole-genome linkage scan (69). Replication
of whole genome linkage studies is difficult due to the po-
tential polygenic nature of inheritance and the limited power
associated with the current whole-genome linkage studies
(23). A preliminary comparison of mice and human mapping
studies for osteoporosis has been made earlier (70). Mitchell
et al. (71) studied serum osteocalcin concentrations, which is
associated with bone loss and turn over rates that are related
to BMD. A whole genome search in 429 subjects from 10
randomly ascertained large multigeneration pedigrees iden-
tified linkage of genomic regions on 16q and 20q to serum
osteocalcin concentrations (71). These two regions differ
from those regions identified for BMD variation in earlier
whole genome studies (20, 35, 36) and our results here.
The power and the robustness of the linkage results crit-
ically depend on the study sample sizes employed, among
several other things. Generally, the larger the sample, the
higher the power and thus the more robust the results. For
the same number of subjects involved, pedigree studies may
have dramatically increased power over sibling pair studies
(72). The LOD scores reported by earlier whole-genome link-
age scan studies with smaller samples are sometimes higher
than our current study (Table 2). However, this does not
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TABLE 1. Markers and genomic regions with LOD scores > 1.5 in two- or multi-point analyses and the identified candidate genes

a. Two-point analyses

Skeletal site Marker Chromosomal location LOD Candidate genes Cellular function
score

Spine D4S413 4q32 (157.9 ¢M from pter) 2.12

D7S531 7p22 (7.8 ¢cM from pter) 2.28 IL6 Regulating osteoclast and osteoblast function
(79)
TWIST Involved in craniofacial and limb development;
may function as an upstream regulator of
FGFRs
D12S1723 12q24 (167.2 cM from pter) 2.17 IGF1 Prenatal and postnatal growth regulation
TBX3 Involved in posterior elements of limb develop-
ment
TBX5 Involved in heart and anterior elements of
limb development
D13S285 13q34 (112.8 cM from pter) 1.77 COL4A1,COL4A2 Collagen of basement membrane associated

with laminin, entactin, and heparan sulfate
proteoglycans to form basement membranes
that separate epithelium from connective

tissue
D15S165  15pl11 (20.2 ¢cM from pter) 1.6
Hip D10S1651 10926 (178.3 cM from pter) 1.97 FGFR2 Involved in tyrosine kinase activation and
signal transduction
D12S368  12q13 (69.9 cM from pter) 1.69 VDR Involved in the synthesis of osteocalcin, the

most abundant noncollagenous protein in
bone, a major regulator for bone and
calcium metabolism

COL2A1 Collagen of cartilage and vitreous

ITGA7 Specific cellular receptor for the basement
membrane proteins laminin-1, -2, and -4;
provide indispensable linkage between
muscle fibers and extracellular matrix;
clustering of integrin and Hox genes implies
parallel evolution of these gene families

HOXC4,HOXC6 Determine embryonic cell fate; involved
in mouse anterior and posterior limb
patterning
HOXC5 Determine embryonic cell fate; involved in pat-

terning of mouse anterior limb; a target for
regulation by retinoic acid and HOX homeo-
proteins
HOXC8 Determine embryonic cell fate; involved in
mouse anterior and posterior patterning and
innervation of the limb; may be involved in
chondrocytic differentiation
HOXC9,HOXC10,HOXC113 Determine embryonic cell fate; involved in
mouse posterior limb patterning
HOXC12 Determine embryonic cell fate
HOXC13 Determine embryonic cell fate; may have a
function common to hair, nail, and filliform
papillae of tongue
D17S1857 17pll (44 cM from pter) 1.58
Wrist D3S1297  3p26 (2.5 cM from pter) 1.82
D4S413 4q32 (157.9 ¢cM from pter) 2.53
D9S285 9p22 (27.9 cM from pter) 1.74
D17S1852 17p13 (23.2 cM from pter) 1.99

b. Multipoint

Skeletal site Chromosome location MLS Candidate genes Cellular function
Spine 4q31 (152 c¢M from pter) 3.08
7p22 (0 cM from pter) 1.93 See above See above
12g24 (169 cM from pter) 2.96 See above See above
13q33 (103 cM from pter) 2.43 See above See above
Hip 10926 (170 c¢cM from pter) 2.29 See above See above
Wrist 4q32 (158 cM from pter) 2.26
9p24 (16 cM from pter) 1.87

Unless otherwise specified, the candidate genes (if indicated) in the genomic regions, together with their cellular functions, are identified
via the skeletal gene database (80).
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TABLE 2. Summary and comparison of linkage results reported
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Marker or genomic

Studies BMD

LOD score or Our LOD score

Closest marker (cM)

regions MLS (authors) Hip Spine Wrist
Devoto et al. (35) Hip 1p36 2.29 0.00 0.30 0.15
D1S450 3.51 0.21 0.01 0.01
D1S214 2.62 0.04 0.00 0.00
4q32-34 2.28 3.08 0.20 2.26
D4S1535 2.74 0.00 0.01 0.00
D7S558 2.99 0.00 0.14 0.05 D7S657 (1.23)
D17S261 2.34 1.58 0.76 0.08 D17S1857 (1.9)
D18S42 2.58
D18S70 2.14 0.07 0.00 0.00
CD3D >1.9
Spine 2p23-24 2.25 0.20 0.21 0.01
D2S149 2.07 0.11 0.00 0.19 D2S305 (4.83)
D2S144 1.49 0.00 0.00 0.00 D2S165 (2.13)
D2S71 1.72 0.00 0.00 0.00 D2S112 (2.9)
D4S1539 2.95 0.00 0.00 0.38
Niu et al. (36) Proximal and 2p21.1-24 2.15 0.20 0.21 0.01
distal forearm
D2S1400 0.14 0.33 0.1 D2S168 (1.33)
D2S405 0.00 0.00 0.00 D25165(0.54)
Distal forearm 13q21-34 1.67 2.43 0.32 0.89
135788 0.00 0.24 0.00 D13S153 (0)
D13S800 0.00 0.47 0.0 D13S156 (0.54)
Koller et al. (20) Spine 19q21-23 (D1S484) 3.86 0.00 0.00 0.01
6p11-12 (D6S462) 2.13 0.13 0.09 0.56 D6S257 (19.1)
11q12-13 (D11S987) 1.65 0.00 0.47 0.00
22q12-13 (D225423) 0.99 0.00 0.29 0.02
Femoral neck 5q33-35 (D5S422) 2.23 0.00 0.00 0.05
11q12-13 (D11S935) 2.16 0.44 0.11 0.00
Duncan et al. (24) Femoral neck D3S3559 1.5 0.00 0.00 0.00 D3S1277 (6.42)
D3S1289 2.7 0.42 0.00 0.04
D4S429 1.8 0.00 0.53 0.02 D4S1575 (1.05)
D17S807 1.7 0.42 0.00 0.00 D175944 (3.38)
Lumbar spine D12S83 1.7 0.34 0.01 0.00

For those markers that were reported by the other studies but not genotyped in ours, we reported the LOD scores for our markers (the identity
given) that are closest to them and give the genetic distance (found through the database “Comprehensive human genetic maps of Marshfield”
at http:/research.marshfieldclinic.org/genetics/Map_Markers/maps/indexmap.html) between the markers in other studies and the closest
markers of ours in parentheses. Markers D18S42 and CD3D were not mapped onto the Genethon and Marshfield human genetic linkage maps
(http://www.ncbi.nlm.nih.gov/PMGifs/Genomes/humansearch.html), and hence we are not able to identify our closest markers to them. MLS

denotes for maximum LOD scores in the genomic regions.

indicate that those studies are necessarily more powerful and
their results are more robust than our current study. Multiple
testing and polygenic effects, among other things, may easily
yield statistical fluctuation of LOD scores, particularly in
small samples (23). A concrete empirical example that dem-
onstrates statistical fluctuation of LOD scores in small study
samples is as follows. A sibling pair study with 374 sibships
reported a maximum LOD score of 3.50 near D115987 for
linkage to femoral neck BMD variation (73). However, a
subsequent linkage study (20) with 595 sibling pairs reported
a LOD score less than 2.2 at D11S987. Replication studies
with even larger samples for the genomic region near
D115987 yielded no evidence of linkage to this region (23, 74,
75). Hence, the higher LOD score of the study (73) does not
imply that the study (73) is more powerful and the results are
more robust than other studies (20, 23, 74, 75) with larger
samples but smaller LOD scores. None of our LOD scores
meet the criteria (69) for definite linkage. However, the larger
sample sizes of our study may render our results statistically
more robust than some of the earlier studies with smaller
samples. Simulation studies specific for our study pedigrees
show that if using a LOD score of 3.0 as a significant criterion,

we may achieve statistical powers of 42.5%, 76.5%, and 94.5%
for a QTL of a heritability of 15%, 20%, and 25%, respectively.

Age, sex, and weight are well-known major factors that are
associated with BMD changes (63). Age (as age and age” terms),
sex, and weight are adjusted as covariates, which, by the basic
principle of statistics and statistical modeling (64), effectively
controls for their effects on BMD in our study sample. Age
effects in sibling pair studies may be more rigorously controlled
experimentally by selecting siblings similar in age and of ages
between 20 and 45 (20). However, even for the age range of
20-45, BMD still changes with age (60), and the age of peak
bone mass reached may vary from individual to individual.
Hence, statistical testing and adjustment of age effects is still
necessary in sibling pair studies (36). Using multigeneration
large pedigrees for the linkage study of BMD, the age range
covers those of peak bone mass reached and those in the elderly
resulting from the subsequent bone loss after the peak bone
mass is reached. The natural process of menopause in women
and other potential age-related physiology effects such as os-
teophytes in the lumbar spine may compromise our ability to
fully adjust age effects on BMD. Future measures such as ob-
taining information about other potentially significant factors
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such as menopause, measuring lumbar spine BMD with lateral
scans, detailed recording of therapeutic effects (such as with
estrogen in postmenopausal women) may ameliorate poten-
tially confounding effects associated with large age ranges of
study subjects and other factors. BMD in the elderly is most
relevant to osteoporotic fractures that occur mainly after age 50
(3). Hence, a study that covers a large range of ages (particularly
those for the elderly) has a scope that may be able to reveal
potentials QTLs not only relevant to peak bone mass but also
relevant to bone loss. Our study and those that confine to a more
narrow age range aimed at QTL mapping for peak bone mass
(20) may be able to complement each other in terms of disen-
tangling genes for peak bone mass and those (if different) for
subsequent bone loss. QTL mapping that involves measure-
ment of BMD at different development stages (29) for the same
individual organism may provide a way to distinguish peak
bone mass QTLs from bone loss QTLs.

The genomic regions identified in this and all previous stud-
ies need to be subject to extension studies with more samples
and denser markers for confirmation. The consistency and in-
consistency of the genomic regions identified may serve as a
basis for further endeavors and exploration of some focused
genomic regions with larger samples and/or alternative meth-
ods (38). Implementation and comparison of studies with var-
ious designs and populations and various species may help
facilitate confirmation of the results obtained. While QTL map-
ping in model organisms such as mice is undoubtedly useful,
the results found in one species may not always transcend
across to other species as shown by several known examples in
studies of other phenotypes such as obesity (70). This may not
be all unexpected at least because the natural selection chal-
lenges and thus evolutionary trajectories of genetic architecture
of various species are not all the same during the long time
independent evolutionary history. Once linkage to a genomic
region is confirmed, subsequent fine mapping, a daunting task,
will be pursued. Theoretically, examining the pattern of linkage
disequilibrium using a dense panel of markers within positively
identified genomic regions can narrow the relatively large
genomic regions (~30 cM) identified in linkage analyses to
regions less than 1 cM (76, 77), a size of the genomic region that
is amenable for physical cloning of QTLs. If our ultimate goal
is to find genes important for osteoporotic fractures and BMD
is just used as a surrogate measure, the genes to be identified
important for BMD may eventually need to be tested for their
significance for and relevance to osteoporotic fractures (3, 78).
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