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Abstract Introduction: Areal bone mineral density (BMD)
and calcaneal quantitative ultrasound (QUS) measures are
correlated, and both traits predict osteoporotic fracture risk
independently. However, few studies have examined
whether common genetic effects (i.e., pleiotropy) exist
between these traits in extended families. In this study, we
estimated the additive genetic correlation and random
environmental correlation between BMD measured at
various skeletal sites and calcaneal QUS measures.
Methods: Our sample included 537 adults (251 men and
286 women) from 110 families participating in the Fels
Longitudinal Study. Total hip, femoral neck, lumbar
spine, and total body BMD were measured using dual
energy X-ray absorptiometry. Three measures of calca-
neal structure – broadband ultrasound attenuation (BUA),
speed of sound (SOS), and quantitative ultrasound index
(QUI) – were collected from the non-dominant heel using
the Sahara sonometer. Applying a variance components-
based maximum likelihood method, we estimated the
heritability of each trait and estimated the genetic and
environmental correlations between the different BMD
and QUS measures. Results: Heritability estimates were
significant for all measures of BMD and QUS ranging
from 0.55 to 0.78. Significant non-zero genetic correla-
tions were found between the different BMD and QUS
measures. All genetic correlations were also significantly
different from 1. Genetic correlations between total hip
BMD and each of the QUS measures were 0.63 with
BUA, 0.50 with SOS, and 0.56 with QUI. For femoral
neck BMD, genetic correlations were similar to those

between total hip BMD and QUS measures. Genetic
correlations between BMD of the lumbar spine and QUS
measures ranged from 0.34 to 0.38, and those between
total body BMD and QUS measures, from 0.51 to 0.54. In
contrast, all random environmental correlations were not
significantly different from zero. Conclusion: This study
demonstrates that BMD and calcaneal QUS measures
among healthy men and women are significantly heritable
and are, in part, jointly influenced by a common set of
underlying genes. Additionally, this study also provides
evidence for a unique set of genes that independently
influences each individual trait.
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Introduction

Over 34 million people have low bone mass in the United
States, and it is estimated that over ten million people
age 50 and older will develop osteoporosis in the hip [1, 2].
Fractures are the clinical manifestation of osteoporosis, and
one of the most common causes of functional disability and
subsequent mortality in aging populations [3]. In recent
years, there has been particular interest in understanding
the complex genetic nature of bone metabolism to evaluate
and reduce the risk of osteoporosis [4].

There are significant genetic influences on areal bone
mineral density (BMD) measured using various bone den-
sitometers [4–9], and areal BMD is highly heritable with
estimates as high as 0.80 in human twin pair and family
studies [6–8]. Other measures of bone strength, including
quantitative ultrasound (QUS) measures, are significantly
heritable as well [10–12]. QUS measures are correlated
with areal BMD and predict osteoporotic fracture risk
independent of bone mass [13–16]. We recently reported
that QUS measures were significantly heritable in the range
of 0.52 to 0.75 for broadband ultrasound attenuation
(BUA) and speed of sound (SOS) [10]. Studies of animals
and humans have suggested that QUS measures not only
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assess bone mass but additional properties (e.g., porosity or
elasticity) of bone as well [17, 18]. Since these character-
istics might be captured by QUS measures, it is reasonable
to examine both areal BMD and QUS measures in the
assessment of risk and management of osteoporosis [19,
20]. Examining the co-variation between areal BMD and
QUS measures may provide more information on the
genetic control of different bone characteristics. A few
studies have investigated the genetic relationship between
these two measures of bone, but these studies used
primarily a twin pair study design with known limitations.
These studies found genetic correlations of varied
magnitude between BMD at various skeletal sites and
QUS measured in the heel or forearm [12, 21], and each
reported a significant degree of pleiotropy between BMD
and QUS measures as well as some unique genetic effects
for each trait. For example, Knapp et al. showed that less
than 40% of the genetic variance in SOS at the radius was
explained by common genes shared with BMD at the same
skeletal site [21]. Taking advantage of the extended and
nuclear family structure of the Fels Longitudinal Study
cohort, the objective of the study reported here was to
estimate the heritability of areal BMD measures in the total
hip, femoral neck, lumbar spine and total body among
white men and women over a wide age range. In addition,
we estimated the genetic and environmental correlations
between the different measures of bone to assess the extent
of common and unique genetic effects between areal BMD
and calcaneal QUS measures.

Materials and methods

Study population

The Fels Longitudinal Study began in 1929 and is the
largest and longest running study of human growth, devel-
opment, and body composition changes over the lifespan
[22]. Approximately 1200 serial participants are currently
enrolled. Individuals in the Fels Longitudinal Study rep-
resent over 200 families, ranging in size from small nuclear
families to large, four generation, extended families. There
were 608 adults (over 18 years old) with at least one set of
concurrent BMD and heel QUS measurements at the same
visit between October 1999 and October 2003. We ex-
cluded study participants with artificial bone structures
(e.g., hip replacement) or with spurious dual energy X-ray
absorptiometry (DXA) scans (n=34). A total of 37
individuals who had missing information for smoking,
alcohol consumption status, physical activity, or meno-
pausal status were also excluded. This resulted in a total of
537 Caucasian adults aged 18 to 91 years. The 537 in-
dividuals in this study sample were from 110 families.
Table 1 shows the number and types of relative pairings
that exist among the 537 individuals. Informed consent was
approved by the Wright State University Institutional
Review Board for Human Subjects Research and was ob-
tained from participants.

Bone measurements

Total body areal BMD (in grams per square centimeter)
was measured by DXA using a Hologic QDR 4500 Elite
densitometer (Hologic, Waltham, MA, USA) following the
manufacturer’s protocol. Additionally, lumbar spine (L1–
L4) and total hip (femoral neck) BMD were measured. The
coefficients of variation (CV) for total body, femoral neck,
and lumbar spine were 0.47, 2.37, and 3.13%, respectively.

Three measures of calcaneal structure, BUA (in decibels
per hertz), SOS (in meters per second), and quantitative
ultrasound index (QUI), were collected in the non-domi-
nant heel using the gel-based Sahara bone sonometer
(Hologic). Calibration of the bone sonometer was auto-
matic by the direct apposition of the transducers before
positioning of the participants’ heel into the device. The
CVs for duplicated measures of BUA, SOS, and QUI were
3.7, 0.22, and 2.6%, respectively [10].

Covariate measurements

Body weight and stature were measured according to
standard anthropometric methods [23]. Weight (in kilo-
grams) was recorded to the nearest 0.1 kg at the clinic visit
without shoes or heavy clothing, and stature (in centi-
meters) was measured to the nearest 0.1 cm without shoes.
Body mass index (BMI) was calculated from body weight
and stature (in kilograms per square meter). Smoking,
alcohol consumption status, physical activity, and meno-
pausal status were collected by questionnaire. Current
smokers and past smokers of cigarettes, cigars, or pipes
were coded as ever-smokers. Alcohol users consumed a 12-
oz bottle of beer, 4 oz of wine, or 1 oz of hard liquor once or
more weekly. Physical activity was assessed using the sport
activity sub-score of the Baecke questionnaire of habitual
physical activity [24]. Women who did not menstruate in
the 12 months preceding their study visit, or had surgical
menopause (i.e., bilateral oophorectomy), were categorized
as postmenopausal.

Table 1 Relative pairings represented in the study sample

Relationships Pairs (n)

1st degree Parent-offspring 255
Siblings 221

2nd degree Grandparent-grandchild 28
Avuncular 192
Half-siblings 23

3rd degree Grand avuncular 14
Half avuncular 23
First cousins 174

≥4th degree Others 432
Total 1362
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Quantitative genetic analysis

We used a maximum likelihood variance decomposition
method for pedigree data to obtain heritability estimates
(h2) of the different measures of bone and to estimate the
additive genetic correlation (ρG) and random environmen-
tal correlation (ρE) between the different BMD and QUS
measures. Procedures were implemented using Sequential
Oligogenic Linkage Analysis Routines (SOLAR v2.12)
[25]. In this approach, the covariance matrix for a pedigree
is given by:

Ω ¼ 2Φσ2
g þ Iσ2

e

where Φ is the n×n matrix of kinship coefficients that
structures σ2

g , the variance due to additive effects of genes;
and I is an identity matrix of order n that serves as the
structuring matrix for σ2e; the variance due to unmeasured,
non-genetic factors. Heritability (expressed as σ2

G

�
σ2
P

�
is

the proportion of the total phenotypic trait variance σ2
P

� �

attributable to the additive effects σ2
G

� �
of genes. The null

hypothesis is that the additive genetic variance σ2
G

� �
equals

zero. Significance was tested formally by comparing the
likelihood of a restricted model in which σ2

G was set to
equal zero with that of a model in which σ2G was estimated.
The mean effects of potential covariates were screened for
significance (p<0.05) in a similar manner.

Following the initial quantitative genetic analysis,
bivariate quantitative genetic analyses between the BMD
and QUS measures were performed, also using SOLAR, to
determine the extent to which shared genetic and envi-
ronmental factors influence the covariation of the two sets
of phenotypes. Significant covariates from the initial
univariate analyses were retained for all bivariate quanti-
tative genetic analyses. For the bivariate analysis, the

phenotypic covariance between two individuals for two
different traits is given by a 2×2 covariance matrix whose
elements were defined as:

Ωab ¼ 2ΦρGσg1σg2 þ IρEσe1σe2

where 1 and 2 indicate the two traits of interest (i.e., BMD
and QUS), ρG is the additive genetic correlation between
the two traits, and ρE is the random unmeasured envi-
ronmental correlation between the traits [26]. The sig-
nificance of the genetic correlations between BMD and
QUS measures was assessed by the likelihood ratio test and
by comparing the general model against the nested model
where ρG was constrained to equal zero. A likelihood ratio
test of the restricted model that is significantly worse than
that of the general models is considered evidence for a
significant genetic correlation between the two traits.
Similarly, estimates of ρG not significantly different from
1 represent completely shared genetic effects (i.e.,
complete pleiotropy). The significance of environmental
correlations was also tested in the same manner using the
likelihood ratio test by comparing the general model to a
nested model with ρE fixed to zero.

Results

Table 2 presents means and standard deviations for de-
mographic and lifestyle characteristics of the 537 partici-
pants. The age of participants ranged from 18 to 91 years,
with a mean of 46.2 years and a standard deviation of 16
years. Age was not different between sexes, but men were
significantly heavier and taller than women. There was no
significant difference in the level of BMI between men and
women. Men were more commonly ever-smokers and
consumed alcohol more regularly than women (p<0.05).
For bone mass measures, all BMD means were higher

Table 2 Descriptive character-
istics of study participants

aValues are mean (standard
deviation) or numbers (%)
bSignificant sex differences
(p<0.05) indicated by T-tests
or chi-squared tests
cn=532 (male = 248; female = 284)
dn=518 (male = 237, female = 281)

Totala (n=537) Mena (n=251) Womena (n=286)

Age (years) 45.8 (16.2) 46.0 (16.3) 45.3 (15.3)
Weight (kg)b 78.9 (17.6) 86.2 (16.2) 71.8 (16.1)
Height (cm)b 171.7 (9.7) 179.2 (7.3) 165.1 (6.4)
BMI (kg/m2) 26.7 (5.4) 26.8 (4.7) 26.3 (5.8)
Ever smoker, (n, %)b 261 (48.6) 142 (56.6) 119 (41.6)
Drinker (n, %)b 252 (46.3) 146 (58.2) 106 (37.1)
Physical activityb 2.3 (0.7) 2.5 (0.7) 2.2 (0.6)
Menopause (n, %) – – 109 (38.1)
BMD (g/cm2)
Total hipb 0.96 (0.14) 1.02 (0.13) 0.92 (0.12)
Femoral neckb 0.83 (0.13) 0.86 (0.14) 0.80 (0.12)
Lumbar spine (L1–L4) b,c 1.04 (0.14) 1.06 (0.14) 1.02 (0.14)
Total body b,d 1.18 (0.11) 1.24 (0.10) 1.14 (0.10)
QUS
BUA (dB/MHz)b 79.3 (19.1) 82.3 (19.1) 77.4 (17.3)
SOS (m/s) 1564.4 (33.9) 1565.9 (32.9) 1563.4 (32.2)
QUI 102.9 (20.9) 104.8 (20.4) 101.7 (19.6)
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among men than among women. For the QUS measures,
only the BUA mean was significantly higher in men than
women.

Table 3 shows the heritability estimates for all traits
examined. All heritability (h2) estimates were significant
(p<0.000001): h2=0.68 for the total hip, h2=0.67 for the
femoral neck, h2=0.64 for the lumbar spine, and h2=0.67
for the total body. The total effect of all significant
covariates on phenotypic variation in the BMD measures
was 14–38%. Age, sex, BMI, and physical activity were
significant covariates for all BMD measures, while meno-
pausal status was a significant covariate for BMD in the
lumbar spine as well. For the heel QUS measures,
heritability estimates ranged from 0.55 to 0.78, and less
than 10% of the phenotypic variance of each trait was
explained by covariates [10].

Phenotypic correlations between total hip BMD and
QUS measures were: 0.44 with BUA, 0.43 with SOS, and
0.45 with QUI. The correlations between femoral neck
BMD and QUS measures were: 0.40 with BUA, 0.36 with
SOS, and 0.39 with QUI. Similarly, the correlations be-
tween lumbar spine BMD and QUS measures were 0.32,
0.30, and 0.32, respectively. The phenotypic correlation
between total body BMD and SOS (r=0.42) was slightly
higher than that between total body BMD and BUA
(r=0.37). Table 4 shows the genetic correlations between
BMD in the total hip, femoral neck, lumbar spine and total
body with the QUS measures. All additive genetic cor-
relations (ρG) were significantly greater than zero at
p<0.01, indicating significant shared genetic effects. For

total hip BMD, ρG ± standard error (SE) was 0.63±0.11
with BUA, 0.50±0.10 with SOS, and 0.56±0.10 with QUI.
For femoral neck BMD, ρG ± SE was 0.62±0.11 with
BUA, 0.40±0.10 with SOS, and 0.48±0.10 with QUI
(p<0.00001). In general, the genetic correlations between
BMD of the lumbar spine and QUS measures were lower:
ρG ± SE was 0.38±0.12 with BUA, 0.34±0.10 with SOS,
and 0.35±0.11 with QUI. For total body BMD, ρG ± SE
was 0.51±0.12 with BUA, 0.52±0.09 with SOS, and 0.54±
0.10 with QUI. In addition, all genetic correlations were
significantly different from 1 (p<0.0001), indicating in-
complete pleiotropy.

Environmental correlations between BMD and QUS
measures were minimal, ranging from 0.17 to 0.25 for total
hip BMD, 0.05 to 0.24 for femoral neck BMD, 0.22 to 0.24
for lumbar spine BMD, and 0.13 to 0.17 for total body
BMD (Table 5). All environmental correlations were not
significantly different from zero, indicating the lack of
correlated response to non-genetic factors among the traits
examined.

Discussion

We estimated the heritability of areal BMD in several body
regions, and estimated the additive genetic and random
environmental correlations between areal BMD and QUS
measures of the non-dominant heel among Caucasian men
and women. Our results show that areal BMDmeasures are
heritable and that the genetic correlations between BMD

Table 3 Heritability estimates and percentage (%) of variance explained by covariates

Traits Heritability ±
standard error

Significant covariatesa Percentage of variance
explained by covariates

BMD Total hip 0.68±0.09 Age, sex, BMI, physical activity 37.3
Femoral neck 0.67±0.10 Age, age2, age2 × sex, BMI, physical activity 38.0
Lumbar spine 0.64±0.09 Age2, age2 × sex, BMI, physical activity, menopause 14.0
Total body 0.67±0.10 Age, sex, age2 × sex, BMI, physical activity 31.2

QUS BUA 0.55±0.10 BMI, physical activity 7.6
SOS 0.78±0.09 Age, BMI, physical activity 9.8
QUI 0.72±0.10 Age, BMI, physical activity 9.7

aSignificance levels, p<0.05

Table 4 Genetic correlations between BMD and QUS measures a

QUS

BUA SOS QUI

BMD
Total hip 0.63±0.11 0.50± 0.10 0.56±0.10
Femoral neck 0.62±0.11 0.40±0.10 0.48±0.10
Lumbar spine (L1-4) 0.38±0.12 0.34±0.10 0.35±0.11
Total body 0.51±0.12 0.52±0.09 0.54±0.10
aAll parameters are significantly different from zero and
significantly different from 1 (p<0.01). Data are presented as
genetic correlations ± SE

Table 5 Environmental correlations between BMD and QUS
measures a

QUS

BUA SOS QUI

BMD
Total hip 0.17±0.15 0.25±0.20 0.20±0.18
Femoral neck 0.05±0.18 0.24±0.22 0.16±0.21
Lumbar spine (L1-4) 0.24±0.15 0.22±0.21 0.24±0.18
Total body 0.17±0.16 0.13±0.24 0.13±0.21
aAll parameters are not significantly different from zero (p>0.05).
Data are presented as environmental correlations±SE
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and QUS measures are moderate, indicating significant
shared genetic effects between these different measures of
bone strength. For BMD measurements taken at the total
hip and femoral neck, approximately 16–40% of the ge-
netic variance is shared with QUS measures. We also found
evidence of unique, unshared genetic effects influencing
BMD and the QUS measures independently.

Our heritability estimates of areal BMD are comparable
with findings from several family studies that reported a
similar range of heritability [6, 7, 27, 28]. At the total hip
and femoral neck, additive genetic effects account for
approximately 68% of the total variation of BMD after the
simultaneous adjustment for covariates. Similarly, we
found that 64% of the variance of lumbar spine, and 67%
of the variance of total body BMD is explained by additive
genetic effects. Using comparable data from the Framingham
Osteoporosis Study, Karasik et al. reported heritabilities in
the range of 0.54 to 0.61 for femoral neck BMD and a
principal component derived from different measures of hip
BMD [29]. Similarly, Deng et al. estimated the heritability of
hip BMD to be 0.65 in white families [30]. The heritability
estimates of QUS measures obtained here are also consistent
with results from other studies [11, 12, 21].

To date, most genetic studies have focused on estimating
genetic effects on variation in areal BMD measures ob-
tained from DXA, but these measures of bone mass do not
provide direct information pertaining to bone structure, an
important predictor of bone strength. Consequently, other
measures of bone strength, including QUS measures, have
been examined in many studies because of their ability to
predict fracture independent of BMD [11, 31, 32]. BUA or
SOS is significantly correlated with BMD at the same site
[33] and other skeletal sites [14, 34]. The current study
shows phenotypic correlations between BUA and hip
BMD measurements (r=0.39 – 0.42, p<0.001) similar to
those obtained in previous studies [14, 35]. Still other
studies have shown skeletal site-matched phenotypic cor-
relations between calcaneal QUS and calcaneal BMD that
were higher and in the range of 0.56 to 0.82 [33, 36, 37].
Despite these moderate to high phenotypic correlations, it
is still evident that BMD measures do not perfectly predict
measures of QUS. Between 35 and 50% of the phenotypic
variability in each trait can be explained by other factors.

In our study, we found that only 14% of the genetic
variance of lumbar spine BMD was explained by genes
influencing calcaneal BUA. Therefore, approximately 86%
of the genetic variance of lumbar spine BMD is explained
by genes independent from those shared with BUA. Our
results also demonstrate that 26% of the genetic variance of
total body BMD and approximately 40% of the genetic
variance of hip BMD are shared with genes influencing
BUA measures. Shared genetic effects between the
different BMD measures and SOS are somewhat lower.
Genes shared with SOS accounted for between 12% of the
genetic variance of lumbar spine BMD and 27% of the
genetic variance of total body BMD. Thus, it is evident that
a substantial proportion of the genetic variance in BMD
measures is not shared with QUS measures.

This result is not surprising since many epidemiologic
studies have demonstrated that lower calcaneal BUA is a
significant risk factor for hip and vertebral fractures in-
dependent of BMD [14, 19, 38]. Because of certain
methodological shortcomings related to QUS in the clinical
setting, such as uni-directional measurement instead of three
orthogonal directional measurements, some studies suggest
that QUS measures only weakly reflect bone mass [39, 40].
On the other hand, other studies suggest that QUS measures
at the calcaneus or other peripheral skeletal sites exhibit
structural properties, including elasticity or porosity of
trabeculae, that are not ascertained using standard DXA
technology that measures bone mass [18, 41, 42]. Our results
show a similar correlational pattern, but with a stronger
magnitude of genetic correlation, as one study of twin pairs
[12]. In that study of 93 female twin pairs, Howard et al.
reported the genetic correlation to range from 0.43 to 0.51
between BUA and BMD measured at the lumbar spine,
femoral neck, and total body, and from 0.32 to 0.45 between
velocity of sound and BMDmeasurements [12]. In addition,
as much as 90% of the variance in SOS was not accounted
for by genes also influencing femoral neck BMD. In another
study of 215 female twin pairs in which skeletal sites were
matched, less than half of the genetic variance of SOS at the
radius was explained by BMD at the radius [21]. Taken
collectively with the results of other studies, our results are
consistent with the premise that there are some unique
genetic factors controlling BMD that do not influence QUS,
and vice versa. These results have important implications for
osteoporosis gene discovery efforts. Depending upon the
phenotype assessed, we would be likely to find genes
controlling variation in both sets of traits simultaneously, but
also to discover different genes influencing each trait
independently. Further, the absence of significant environ-
mental correlations between these measures also suggests
that the traits pairs do not respond to environmental, non-
genetic factors in the same manner [43].

Our study has several strengths, including its family-
based study design and the fact that a variety of osteopo-
rosis risk factors were controlled for in the statistical
genetic analysis. First, extended pedigree study designs
have specific advantages compared with studies of twins
because in the former relatives live in many different
households, thereby minimizing the impact of a common
household environment. There is some evidence that the
twin study design may overestimate heritability since it
assumes that monozygotic twin and dizygotic twin pairs
share common environmental factors to the same degree
[43]. Second, we included several important risk factors for
osteoporosis, such as age, sex, smoking, physical activity,
adiposity and menopausal status, in our models to mini-
mize the possible confounding effects of certain environ-
mental factors on phenotypic variation in BMD and QUS
measures.

This study has some potential limitations. Study par-
ticipants are Caucasians residing mostly in southwestern
Ohio. Consequently, we may not be able to generalize our
findings to other socio-economic groups or ethnic popula-

869



tions as the estimation of heritabilities and genetic
correlations is population-specific. We adjusted for a
number of environmental risk factors in our analyses, but
heritability may also be influenced by the differential
effects of different environmental factors operating in
various populations. Finally, the calcaneal QUS measures
examined in our study are not skeletal site-matched with
the areal BMD measures. Thus, we were not able to
directly estimate the shared genetic association between
BMD and QUS measures in the same region of the body.
Nevertheless, our results are still comparable to results
from other studies for the phenotypic and genetic
correlations between skeletal site-matched BMD and
QUS [21, 33, 36, 37].

In summary, this study shows that areal BMD measures
are moderately heritable and are, in part, jointly influenced
by a common set of genes that also influences variation in
calcaneal QUS measures. Additionally, this study demon-
strates evidence for a different set of genes unique to each
trait that independently influences areal BMD and cal-
caneal QUS measures. The identification of joint and
individual genetic influences on areal BMD and QUS
measures provides important insights into the genetic
architecture of these related traits. These insights may help
to guide future genetic studies of osteoporosis risk through
a better characterization of the phenotypes to be examined.
Future studies can be planned that exploit the pleiotropic
relationships among these traits to increase statistical
power and increase the likelihood of identifying osteopo-
rosis susceptibility genes. Further characterization and
localization of the putative genes influencing variation in
multiple bone strength measures will lead to important
advances in the assessment and treatment of osteoporosis
risk.
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