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Osteoporosis is a common condition characterized by reduced skeletal strength and increased
susceptibility to fracture. The single major risk factor for osteoporosis is low bone mineral density (BMD)
and strong evidence exists that genetic factors are in part responsible for an individual’s BMD. A cohort of
40 multiplex Caucasian families selected through a proband with osteoporosis was genotyped for
microsatellite markers spaced at an average of 10 cM, and linkage to femoral neck (FN), lumbar spine (LS)
and trochanter (TR) BMD was analyzed using univariate and bivariate variance component linkage
analysis. Maximum univariate multipoint lod-scores were 2.87 on chromosome 1p36 for FN BMD, 1.89 on
6q27 for TR BMD, and 2.15 on 7p15 for LS BMD. Results of bivariate linkage analysis were highly correlated
with those of the univariate analysis, although generally less significant, suggesting the possibility that
some of these susceptibility loci may exert pleiotropic effects on multiple skeletal sites.
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Introduction
Osteoporosis is a systemic skeletal disease characterized by

low bone mass and deterioration of bone microarchitecture

that result in bone fragility and susceptibility to fracture.1

Positive family history is one of the major risk factors for

osteoporosis, and epidemiological studies indicate that

genetic factors contribute substantially to susceptibility to

osteoporosis.2

In 1998 we first reported a whole-genome scan of

osteoporosis-related traits, based on the analysis of a small

sample of extended Caucasian pedigrees of Canadian

origin that had been selected through a proband with

low bone mineral density (BMD).3 Our study focused on

quantitative trait linkage analysis of lumbar spine (LS) and

femoral neck (FN) BMD and identified three regions with

lod-scores X2.2 on chromosomes 1p, 2p, and 4q. Linkage

of FN BMD to chromosome 1p36 was confirmed by high-

density mapping in an extended sample that included 36

additional families selected from the same population.4
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Since our initial study, several other groups have

reported genome scans for bone-related traits (reviewed

in Liu et al;5 also more recently Kammerer et al,6 Styrkars-

dottir et al,7 Wilson et al,8 Huang et al,9 Karasik et al,10 and

Shen et al11). In spite of heterogeneity in sampling

strategies, statistical approaches, traits, and populations,

these studies have identified several common chromoso-

mal regions that are candidates for loci responsible for

susceptibility to osteoporosis.12 Among these regions,

chromosome 1p36, initially identified in our pedigrees3,4

has been confirmed to contain a quantitative trait locus

(QTL) for bone-related traits in several other studies.8,13,14

As in the analysis of all complex traits, replication in

independent studies is a key parameter in defining the

significance of a linkage finding.

We have now extended the analysis of the whole

autosomal genome to our entire collection of osteoporosis

families and added the evaluation of trochanter (TR) BMD

in addition to LS and FN BMD. Here, we report the results

of univariate and bivariate variance component (VC)

linkage analysis to identify QTLs for bone density that

may affect risk of osteoporosis in this and possibly other

groups of families.

Materials and methods
Families and phenotypes

The 40 families used in this analysis were part of

a larger group described previously.3,4 They included

six multigenerational families, 28 nuclear families

with two to four children and six three-generation

families with two sibships of two to four offspring.

Two families of two sisters each without parents that

were included in a previous study4 have been excluded

from the present study because X-chromosome microsa-

tellite marker genotypes were inconsistent with a sibling

relationship.

All families were identified and recruited at

Montreal General Hospital through the presence of a

proband who had a LS BMD Z-score of p�2.00 as

measured by dual energy X-ray absorptiometry (DEXA)

using the Lunar DPX densitometer (Lunar, Madison WI,

USA), and who reported having relatives who might also be

affected with osteoporosis. All available relatives 18 years

old or older were examined at Montreal General Hospital,

and bone density determinations at the LS (L2–L4), the FN,

and the TR were made on the same instrument. All those

with known causes (other than estrogen depletion due to

menopause) of metabolic bone disease were eliminated

from further study. A 5–15ml blood sample was collected

from each participating individual for either genomic

DNA extraction or lymphocyte culture. All subjects gave

written informed consent, and the study was approved

by the Institutional Review Board of the participating

institutions.

Genotyping

DNA was extracted from blood directly or from lympho-

blast cultures established from patients’ lymphocytes by

EBV transformation. Microsatellite marker genotyping was

begun in the laboratory of Dr Darwin Prockop (chromo-

somes 1–6, 11, 19–22) using ABI Prism Linkage Mapping

Set Version 2.0 and 2.5 and completed in the laboratory of

Dr Katia Sol-Church (chromosomes 7–10, 12–18) using

ABI Prism Linkage Mapping Set Version 2.5. Using multi-

color fluorescent dye technology, chromosome-specific

microsatellite markers were amplified under single or

multiplex PCR conditions. The reactions were pooled

either manually or using a Biomek 2000, combined with

a size standard and loaded on a ABI Prism 377 and

separated by gel electrophoresis. GeneScan 3.1 software

was used to size the specific PCR products. Genotyper 2.1

was used for allele calling prior to statistical analysis.

Statistical genetic analysis

All statistical genetic analyses except the multipoint

identity by descent (IBD) calculation were performed using

the computer software SOLAR 2.1.2 (http://www.sfbr.org/

solar/index.html).15

We first estimated heritability of LS, FN, and TR BMD in

our sample of families as the proportion of the trait

variance attributable to additive genetic factors, while

simultaneously estimating the significance of the effect of

the covariates sex, age, age squared, sex-specific age (or

sex� age interaction), body mass index (BMI), and ethni-

city. All covariates with associated P-values of 0.1 or less

from the quantitative analysis were retained in the

subsequent analyses. Genetic and environmental correla-

tions between pairs of traits and their significance were also

estimated using a maximum likelihood procedure.

Univariate multipoint linkage analysis of BMD to

microsatellite markers was carried out using the VC

approach separately for all three traits. In addition, to

evaluate the hypothesis that common genes may deter-

mine bone density variation at the three sites, we

performed bivariate VC linkage analysis on microsatellite

markers for all chromosomes. Bivariate linkage analysis has

been shown to increase power to detect linkage of related

traits to a common QTL as it exploits the additional

information contained in the correlation pattern between

the two quantitative traits.16 However, the lod-scores thus

obtained cannot be directly compared to the univariate

lod-scores as bivariate lod-scores involve two degrees of

freedom. Instead, asymptotic P-values for the bivariate lod-

scores can be calculated based on a 1/4X2
2:1/2X

2
1:1/4X

2
0

distribution for the 2 ln(10) lod transformation.16

In the VC approach, the total trait phenotypic variance is

partitioned into components attributable to the effects of

the covariates, the effect of the specific locus under

scrutiny (QTL), and residual additive genetic effects. Prior

to the linkage analysis, the proportion of alleles shared IBD
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by pairs of relatives was estimated using the Markov chain

MonteCarlo algorithm implemented in the computer

program Simwalk2 version 2.86 (http://watson.hgen.pitt.e-

du/docs/simwalk2.html)17 at each marker location and

every 1 cM between adjacent markers along any given

chromosome. In contrast to the multipoint procedure

implemented in SOLAR, which is based on interpolation

between single point values, this is a true multipoint IBD

calculation, and thus more fully extracts all genetic

information contained in the microsatellite marker data.

These IBD probabilities were then imported into SOLAR

and used to estimate the genetic variance attributable to a

hypothetical QTL linked to any given location. A test for

linkage was carried out by testing whether the QTL

variance was significantly different from 0 by comparing

the likelihood of this model with that of a restricted model

in which the genetic variance at the same location was

fixed at 0.

To account for possible deviations of the trait distribu-

tions from the assumption of multivariate normality,

which may inflate the probability of type I error, we

estimated the significance of the maximum lod-scores that

we observed by means of an empirical null distribution

obtained by MonteCarlo simulation of 10000 replicates of

an unlinked marker.

As families were ascertained through the presence of an

individual with low LS BMD, all LS univariate linkage

analyses were repeated including an ascertainment correc-

tion by conditioning on the likelihood of observing the

BMD value of the proband. Differences observed between

the results of the two kinds of analyses were trivial, with

lod-scores differing by at most 0.1, and only results without

the ascertainment correction are reported here for con-

sistency with the other traits.

Marker allele frequencies used in all linkage analyses

were estimated in our families by maximum likelihood.

Marker order and genetic distances used in the multipoint

linkage analysis were as reported in the sex-average genetic

maps of the Marshfield Center for Medical Genetics (http://

research.marshfieldclinic.org/genetics/). Physical locations

for markers and genes are from Ensembl v.26 (http://

www.ensembl.org/) and are based on Human NCBI build 35.

Results
Heritabilities were estimated at 0.84 for LS BMD (standard

error (SE): 0.09, Po0.0001), 0.52 for FN BMD (SE: 0.13,

Po0.0001), and 0.55 for TR BMD (SE: 0.14, Po0.0001). Sex

(P-values o0.000001 for FN and TR, and 0.05 for LS) and

BMI (all P-values o0.001) significantly contributed to

variation in all three traits; a first-order age effect was

detected for LS and FN (P-values o0.01) and a significant

age� sex interaction was observed for LS and TR BMD

(P-values o0.01).

Bivariate genetic analysis indicated that significant

genetic and environmental correlation exists between all

pairs of the three traits (Table 1), supporting the hypothesis

that shared genetic as well as environmental factors

account for a significant portion of the total trait variance.

However, tests for pleiotropy rejected the hypothesis that

the genetic correlations were equal to 1, thus indicating

that unique nonshared genes also significantly contribute

to each trait variation.

A summary of the maximum lod-scores observed for the

three traits on each chromosome in the univariate VC

linkage analysis is reported in Table 2, and Figure 1 shows

the univariate multipoint graphs for all chromosomes

where we observed lod-scores greater than 1. The highest

multipoint lod-score was 2.87 for FN BMD at 16 cM, close

to marker D1S2694 which is located at 7.2Mb on 1p36.3.

The empirical P-value associated with this lod-score was

estimated at 0.0003 based on 10000 replicates of an

unlinked marker. For the other two traits, the maximum

lod-scores observed in 1p36 were 0.68 (LS BMD), and 1.11

(TR BMD) both at 15 cM.

The genome-wide maximum multipoint lod-score for LS

BMD was 2.15 on chromosome 7p15 at 34 cM, close to

D7S493 (empirical P-value¼0.003). For TR BMD, the

genome-wide maximum multipoint lod-score was 1.89 on

chromosome 6q27 at 189 cM, close to D6S446 (empirical P-

value¼0.002).

Additional lod-scores 41 were observed for FN BMD at

2p23, 5q33, 12q24, and 22q12; for LS BMD at 1q21, 4q35,

5q33, and 22q12; and for TR BMD at 1q32, 7p22, and

12q24 (Table 2).

Results of bivariate VC linkage analysis are reported in

Figure 2 for those chromosomes where we observed lod-

scores 41.4 (roughly equivalent to univariate lod-scores of

41) and summarized in Table 3 for all the chromosomes.

The maximum lod-score we observed was 2.55 (asymptotic

P-value¼0.001) for FN and LS BMD near the location of

the maximum univariate lod-score in 1p36. Bivariate

Table 1 Estimates of genetic and environmental correla-
tions between traits

FN BMD LS BMD TR BMD

FN BMD F 0.58 0.78
(0.17) (0.06)

LS BMD 0.56 F 0.78
(0.12) (0.11)

TR BMD 0.89 0.50 F
(0.05) (0.13)

FN: femoral neck; LS: lumbar spine; TR: trochanter.
Estimates of environmental correlations (re) are indicated above the
diagonal, and of genetic correlations (rg) below the diagonal.
Standard errors are in parenthesis. All rg’s were significantly different
from 0 and 1 (all P-values o0.01) indicating significant shared as well
as nonshared genetic effects.
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analysis of FN and TR BMD also produced a maximum lod-

score greater than 2 at the same location (Zmax¼2.01,

asymptotic P-value¼0.004).

A maximum lod-score of 2.00 (asymptotic

P-value¼0.004) was also obtained for bivariate analysis

of FN and LS BMD near marker D4S1535 on 4q35.

All other lod-scores from the bivariate analysis were less

than 2.

Discussion
Chromosome 1p36 continues to have the strongest sup-

port for a locus that contributes to bone density in this

whole-genome scan of the entire cohort of 40 families

collected through a proband with low spinal BMD. The

support is from both univariate and bivariate VC linkage

analysis, with the maximum lod-score of 2.87 near marker

D1S2694 for the FN BMD trait. In addition, the lod-scores

from bivariate analysis are 2.55 and 2.01 for FN/LS BMD

and FN/TR BMD, respectively. We previously reported a

maximum lod-score of 3.5 for FN BMD at marker D1S214,

approximately 1 cM away from D1S2694, in our fine

mapping of the chromosome 1p36 region.4 The difference

between the two univariate linkage analysis results can be

explained by the lower marker density used in the present

study (only markers included in the ABI Prism Linkage

Mapping Set Version 2.5 were used for consistency with the

other chromosomes), the different multipoint procedure

employed, and the fact that two small families were

dropped in the present study. The finding of bivariate

lod-scores 42 for the same region for the FN/LS BMD and

FN/TR BMD trait pairs suggests that the same QTL may

exert an effect on bone density at all three skeletal sites

tested in our families. Although the bivariate lod-scores

were less significant than the maximum lod-score we

observed for FN BMD alone, they were higher than those

obtained for LS BMD and TR BMD separately. This suggests

that identification of linkage of these traits to this region

benefits from the increase in power resulting from the use

of bivariate linkage analysis.

A number of independent studies have reported linkage

or association of bone-related traits to markers of chromo-

some 1p36.8,13,14 In addition, different groups have

reported linkage of mouse chromosome 4q, the homo-

logous region to human 1p, to bone density.18–20 Taken

together, all these findings provide convincing evidence

for the existence of a bone-related QTL in the distal part

of chromosome 1p. The observation of linkage to 1p36

from our univariate analysis of FN BMD, and bivariate

analysis of FN/LS BMD and FN/TR BMD, and from other

studies of different measurements of bone density (such as

total body BMD8 and quantitative ultrasound of the

Table 2 Summary of univariate multipoint linkage analysis for all chromosomes and three traits

FN BMD LS BMD TR BMD

Chr. Zmax
a cMb Markerc Zmax

a cMb Markerc Zmax
a cMb Markerc

1 2.87 16.2 D1S2694 1.43 152.2 D1S252 1.29 219.2 D1S249
2 1.53 46.6 D2S165 0.63 55.6 D2S367 0.40 85.6 D2S364
3 0.80 69.3 D3S1289 0.59 82.3 D3S1300 0.53 37.3 D3S1263
4 0.81 194.7 D4S1535 1.31 194.7 D4S1535 0.14 206.7 D4S426
5 1.39 158.7 D5S410 1.14 162.7 D5S410 0.14 182.7 D5S400
6 0.68 189.2 D6S446 0.18 35.2 D6S422 1.89 189.2 D6S446
7 0.73 8.3 D7S517 2.15 34.3 D7S493 1.09 7.3 D7S517
8 0.11 147.7 D8S284 0.04 50.7 D8S1771 0.34 119.7 D8S1784
9 0.77 131.8 D9S1682 0.62 19.8 D9S286 0.34 17.9 D9S286

10 0.64 34.3 D10S547 0.0 d 0.37 68.1 D10S196
11 0.69 66.8 D11S987 0.70 50.8 D11S905 0.88 126.8 D11S4151
12 1.63 129.0 D12S79 0.62 135.0 D12S86 1.15 130.0 D12S79
13 0.69 19.0 D13S171 0.17 102.0 D13S1265 0.33 103.0 D13S1265
14 0.15 17.5 D14S283 0.04 27.5 D14S275 0.11 129.5 D14S985
15 0.69 45.1 D15S978 0.55 79.1 D15S205 0.02 112.1 D15S120
16 0.41 91.4 D16S515 0.82 101.4 D16S516 0.39 25.4 D16S307
17 0.53 36.6 D17S921 0.93 92.6 D17S949 0.32 50.6 D17S798
18 0.79 9 D18S63 0.51 8 D18S63 0.56 113 D18S1161
19 0.08 42.0 D19S226 0.0 d 0.0 d

20 0.32 31.8 D20S186 0.36 11.8 D20S115 0.13 33.8 D20S186
21 0.08 9.7 D21S1256 0.13 20.7 D21S1253 0.11 45.7 D21S266
22 1.28 21.5 D22S315 1.19 31.5 D22S280 0.19 21.5 D22S315

Highest lod-scores for each trait in bold.
aMaximum lod-score for given trait and chromosome.
bZmax location in the Marshfield sex-average genetic map.
cNearest marker to Zmax location.
dAll lod-scores were equal to 0.
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calcaneus bone13) suggests that this QTL may influence

variation of BMD in general rather than at a specific

skeletal site.

The highest lod-score we observed for LS BMD was 2.15

and occurred on chromosome 7p15 at marker D7S493

(located at 21.5Mb) close to IL-6 (located at 22.5Mb).

Maximum bivariate lod-scores in the same region were

1.59 for FN/LS BMD and 1.96 for LS/TR BMD. Several

studies have reported association of polymorphisms of IL-

6, and in particular of the promoter G-174C polymorph-

ism, with BMD or other bone-related traits, mostly in

postmenopausal women.12 Another interesting gene in

this region is the human osteoactivin gene located at

23Mb. Osteoactivin (OA) is highly expressed in the bones

of osteopetrotic mutant rats.21 Human and mouse OA are

expressed in primary osteoblast cultures at all stages of

differentiation.22

The highest univariate lod-score for TR BMD was 1.89 on

chromosome 6q27 near marker D6S446 at 170Mb. In this

case, the bivariate analysis of trait pairs LS/TR BMD gave a

maximum lod-score of 1.75 in the same area. To the best of

our knowledge, there are no previously reported BMD

candidate genes in this region of the genome. Inspection of

the human genome sequence around D6S446 did not

reveal any obvious candidate gene. The estrogen receptor 1

(ESR1) that has been extensively investigated in association

to BMD and other osteoporosis related traits12 is located on

chromosome 6q25 at 152.2Mb and as such is unlikely to be

a candidate for this putative QTL.

The two other regions where we previously reported lod-

scores greater than 2 were 2p23–p24 and 4q32–q34.3 The

lod-scores in both these regions are now lower than those

we previously reported in a subset of these families.3 In the

present study, chromosome 4q35 yielded a lod-score of 1.3

Figure 1 Results of univariate multipoint variance component linkage analysis. Only results for chromosomes with lod-scores greater than 1 are
reported.
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for LS BMD near D4S1535, and bivariate lod-scores of 2.00

and 1.16 for the FN/LS BMD and LS/TR BMD trait pairs.

In our first genome scan, chromosome 2p23 gave a

multipoint lod score of 2.29 for LS BMD, but in this study

gave a lod-score of 1.53 (near marker D2S165) for FN BMD

and bivariate lod-scores 41 for FN/LS BMD and FN/TR

BMD. Marker D2S405 in the same region on 2p23 was

reported to be linked to forearm BMD by Niu et al.23

Other regions where we observed interesting lod-scores

coincide with regions reported in other studies and/or

known to contain candidate genes for bone-related

traits.5,12 A formal meta-analysis will help elucidate

whether these findings may in fact indicate the existence

of genomic regions containing susceptibility genes for

osteoporosis shared across different populations. In parti-

cular, chromosome 5q33 yielded lod-scores of more than 1

in both univariate analysis for FN BMD and LS BMD and

bivariate analysis for FN/LS BMD and FN/TR BMD in our

pedigrees, and coincides with the region reported by Koller

et al24 for FN BMD. This region contains the osteonectin

(ON) and the platelet-derived growth factor receptor beta

(PDGFRB) genes, both of which have been previously

suggested as candidate gene for BMD.24

Kammerer et al6 reported linkage of forearm BMD at

marker D12S2070, which is located at 114.5Mb on

chromosome 12q24 approximately 22 kb away from mar-

ker D12S79, where we found lod-scores of 41 for both FN

and TR BMD. Karasik et al25 also found linkage of LS BMD

near marker D12S395, located at 118.6Mb on chromosome

12q24, whereas Deng et al26 found linkage of LS near

D12S1723, located at 130Mb. All together, these results

suggest the presence of a locus with pleiotropic effects on

BMD at different skeletal sites in 12q24. However, our own

bivariate linkage analysis failed to detect a strong signal to

this region.

In addition to the 1p36 peak for FN BMD, two smaller

peaks were observed on chromosome 1q for LS BMD at

153 cM (Zmax¼1.43), and for TR BMD at 219 cM

(Zmax¼1.29). The bivariate Zmax in 1q for the same two

traits was 1.69 at 150 cM. Econs et al27 have recently

Figure 2 Results of bivariate multipoint variance component linkage analysis. Only results for chromosomes with lod-scores greater than 1.4 are
reported.
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confirmed linkage of LS BMD to 1q in a large sister-pair study,

with a peak at 181cM in the Marshfield genetic map. Given

the difficulty in precisely locating genes responsible for

complex traits by linkage methods, we cannot exclude the

possibility that these different peaks represent the same QTL.

In this study, we used bivariate in addition to univariate

linkage analysis to test whether the BMD traits we analyzed

may share QTLs at any of the tested positions in the

genome. Bivariate linkage analysis has been shown to have

increased power over univariate analysis in detecting genes

of pleiotropic effect.16 A significant pleiotropic effect on LS

and FN BMD was estimated in a large sample from an

intercontinental study,28 and our own quantitative analy-

sis showed that the genetic correlations at all three pairs of

skeletal sites are significantly different from 0 (Table 1).

Others10,29 have used principal component analysis to test

for common QTLs underlying bone mass at different

skeletal sites. Results of our bivariate linkage analysis are

generally correlated with those of the univariate analysis,

with the same genomic regions producing lod-scores 41 in

both univariate and bivariate analyses, suggesting that if

indeed there are BMD QTLs located in these regions they

may exert an effect on BMD at multiple sites in the

skeleton (Tables 2 and 3). A notable exception is chromo-

some 22q12 for FN and LS which gave lod-scores 41 in the

univariate analysis but not in the bivariate analysis.

However, bivariate lod-scores were usually less significant

than the maximum univariate lod-score at the same

location. For example, the maximum bivariate lod-scores

at 1p36 for FN/LS BMD (2.55) and FN/TR BMD (2.01) are

lower than the maximum lod-score for FN BMD (2.87), but

higher than those for LS BMD (0.68) and TR BMD (1.11) in

the same region. This possibly reflects a difference in effect

exerted by the putative QTL at the different skeletal sites.

While the effect on FN BMD was strong enough to be

detected by the univariate analysis, the bivariate analysis

with FN BMD allowed detection of a weaker effect for LS

BMD and TR BMD that was not evident from the univariate

analysis. In addition, it has been shown that in order to gain

from the increase in power of multivariate linkage analysis,

the genetic correlation at the QTL and the residual

correlation must be of different sign.30,31 In particular, a

larger increase is observed when the genetic correlation due

to the QTL is negative and the residual correlation is

positive.31 However, all the correlations estimated at the

1p36 QTL among our traits were in fact positive.

In conclusion, a whole autosomal genome scan supports

1p36 as the location of the major QTL for BMD in our

families. Given the results of our univariate and bivariate

linkage analyses, and those reported from other indepen-

dent studies,8,13,14 it is likely that this represents a gene

responsible for controlling BMD at several skeletal sites.

However, as one can expect for a complex phenotype such

as BMD, several other loci of a less significant effect may

Table 3 Summary of bivariate multipoint linkage analysis for all chromosomes and three trait pairs

FN/LS BMD LS/TR BMD FN/TR BMD

Chr. Zmax
a cMb Markerc Zmax

a cMb Markerc Zmax
a cMb Markerc

1 2.55 15.2 D1S2694 1.69 150.2 D1S252 2.01 16.2 D1S2694
2 1.00 46.6 D2S165 0. 40 7.6 D2S319 1.49 45.6 D2S165
3 1.78 169.3 D3S1279 0.41 35.3 D3S1263 0.42 171.3 D3S1279
4 2.00 194.7 D4S1535 1.16 194.7 D4S1535 0.91 34.7 D4S419
5 1.16 159.7 D5S410 0.89 120.7 D5S2027 1.09 157.7 D5S410
6 0.87 189.2 D6S446 1.75 189.2 D6S446 1.01 112.2 D6S434
7 1.59 34.3 D7S493 1.96 39.3 D7S516 0.60 7.3 D7S517
8 0.77 153.7 D8S272 0.55 153.7 D8S272 0.14 148.7 D8S284
9 0.82 103.8 D9S287 0.43 18.8 D9S286 0.37 131.8 D9S1682

10 0.69 13.1 D10S189 1.11 70.1 D10S196 0.57 70.1 D10S196
11 0.40 51.8 D11S905 0.53 73.8 D11S1314 0.35 67.8 D11S987
12 1.10 131.0 D12S79 0.65 139.0 D12S86 0.98 129.0 D12S79
13 1.32 142.0 D13S285 0.13 102.0 D13S1265 0.40 24.0 D13S171
14 0.09 116.5 D14S65 0.01 127.5 D14S985 0.03 133.5 D14S292
15 1.34 15.1 D15S1002 0.14 64.1 D15S153 0.37 45.1 D15S978
16 0.57 23.4 D16S3075 0.31 115.14 D16S3091 0.10 25.4 D15S3075
17 0.99 43.6 D17S1857 0.64 92.6 D17S949 0.40 22.6 D17S1852
18 0.59 8.0 D18S63 0.25 113.0 D18S1161 0.71 9.0 D18S63
19 0.04 42.0 D19S226 0.33 11.0 D19S209 0.01 42.0 D19S226
20 0.19 31.8 D20S186 0.16 11.8 D20S117 0.19 38.8 D20S118
21 0.02 9.7 D21S1256 0.0 d 0.05 9.7 D21S1256
22 0.92 21.5 D22S315 0.74 31.5 D22S280 0.81 21.5 D22S315

Highest lod-scores for each trait pair in bold.
aMaximum lod-score for given trait and chromosome.
bZmax location in the Marshfield sex-average genetic map.
cNearest marker to Zmax location.
dAll lod-scores were equal to 0.
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also be present in other regions of the genome. Impor-

tantly, these other loci may be located in regions of the

genome that coincide with those reported in other linkage

studies or known to contain promising candidate genes for

controlling BMD. These findings support further analysis

of these candidate genomic regions and genes in these and

other families.
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