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Abstract Osteoporotic fracture is considered to result
from reduced bone strength and to be related to de-
creased bone mass and impaired bone architecture.
Quantitative ultrasound measurements (QUS) of bone,
that may reflect certain architectural aspects of bone,
have been shown to be associated with fracture, but it is
not clear whether the association is independent of bone
mineral density (BMD). This study was designed to
examine the contributions of cortical QUS and BMD
measurements to the prediction of fracture risk in
postmenopausal Caucasian women. Speed of sound
(SOS) at the distal radius, tibia, and phalanx (Sunlight
Omnisense) and BMD at the lumbar spine and femoral
neck (GE Lunar) were measured in 549 women, aged
63.2 ± 12.3 years (mean ± SD; range, 49–88 years),
including 77 fracture cases. Lower SOS at the distal
radius, tibia, and phalanx, which were correlated with
each other, were associated with increased risk of frac-
ture. Independent predictors of fracture risk (in multi-
variate analysis) were distal radius SOS (OR per
SD = 1.8; 95% CI, 1.3–2.4), femoral neck BMD (OR
per SD = 1.9; 95% CI, 1.4–2.4), and age (OR per
5 years = 1.2; 95% CI, 1.0–1.5). Approximately 30% of
the women had distal radius SOS T-scores <)2.5;
however, only 6.6% of women had both BMD and SOS
T-scores <)2.5. Among the 77 fracture cases, only 14
(18.2%) had both BMD and QUS T-scores below )2.5.
These data in postmenopausal women suggest that
speed of sound at the distal radius was associated with
fracture risk, independent of BMD and age. The com-

bination of QUS and BMD measurements may improve
the accuracy of identification of women who will sustain
a fracture.
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Introduction

Bone mineral density (BMD) is lower in fracture pa-
tients such that each standard deviation deficit of BMD
is associated with a twofold increase in fracture risk
[1, 2, 3]. Despite the strength of association, BMD alone
does not reliably discriminate women with fracture from
women without fracture [3]; presumably because it does
not capture bone properties such as microarchitecture or
tissue elasticity, which may contribute to the risk of
fracture, or physical characteristics such as muscle
strength and postural instability that relate to falls and
fracture risk [2]. Quantitative ultrasonic measurements
of bone (QUS), including broadband ultrasound atten-
uation (BUA) and speed of sound (SOS), have been
suggested as measures of bone structure [4].

Cross-sectional studies have shown that patients with
fractures either at the hip or lumbar spine had about
15% to 30% (or 0.5 standard deviation [SD]) lower
BUA than nonfracture subjects [5, 6, 7]. Furthermore,
longitudinal epidemiological studies have also shown
that subjects with lower BUA at baseline have a higher
risk of subsequent hip and vertebral fractures with each
SD lower BUA associated with a doubling of hip frac-
ture risk [8, 9].

While the strength of association between QUS and
fracture risk is equivalent to that of BMD and fracture
risk, it is not entirely clear whether QUS measurements
can assess fracture risk independent of BMD. In the case
of hip fracture, the combination of both QUS and BMD
measurements appeared to improve the discrimination
of fracture from nonfracture cases over the use of either
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measurement alone [8, 9]. However, in other fractures,
the combination of BMD and calcaneal QUS measure-
ments did not improve the predictive value compared
with either measurement alone [10].

The present study was aimed at examining the asso-
ciation between QUS measurements and fracture risk,
and assessing whether the association is independent of
BMD in elderly women.

Study design and methods

Study design

Data used in this analysis were derived from the Dubbo
Osteoporosis Epidemiology Study (DOES), ongoing
since June 1989. The sampling frame for DOES is the
city of Dubbo, New South Wales (Australia), a locality
of approximately 32,000 people, 98.6% Caucasian, of
whom 1,581 men and 2,095 women were aged 60 years
or above in 1989. Dubbo’s relative isolation in terms of
medical care allows virtually complete ascertainment of
all fractures.

After obtaining written informed consent, partici-
pants were interviewed by a nurse coordinator who
administered a structured questionnaire to collect data
including age, anthropometric variables, and lifestyle
and clinical data [11]. Bone mineral density (g/cm2) was
measured in the lumbar spine and femoral neck by dual-
energy X-ray absorptiometry using a Lunar DPX-L
densitometer (GE Lunar, Madison, WI, USA). The
coefficient of variation of BMD in our institution in
normal subjects is 1–2% at the proximal femur and
lumbar spine [12]. Speed of sound was measured in long
bones at the outer layer surface such as distal radius,
proximal phalanx, and tibia using a Omnisense ultra-
sound instrument (Sunlight Medical). Technical details
of this technology have been described elsewhere [13].
The intrasubject coefficient of variation in SOS mea-
surement in a random sample of 30 subjects was between
0.4% and 1%. The T- and Z-scores for both BMD and
SOS were derived from the respective manufacturer’s
reference ranges.

Symptomatic fractures during the study period were
identified for residents of the Dubbo local government
area through radiologists’ reports from the only two
centers providing X-ray services, as previously described
[2]. Fractures were only included if the report of fracture
was definite and, on interview, had occurred with min-
imum or no trauma, including a fall from standing
height or less. Fractures clearly due to major trauma,
such as motor vehicle accidents or local pathology (e.g.,
cancer), were excluded from the analysis.

Statistical methods

Descriptive statistical techniques were used to test for
the null hypothesis of equivalence between fracture and

nonfracture groups. The linear logistic regression model
was used to estimate the relative risk conferred by a risk
factor (or the strength of association between a quanti-
tative ultrasound measurement and fracture risk). Since
there were several potential predictors of fracture risk,
independent predictors were sought among the follow-
ing: age, years postmenopause, and hormonal replace-
ment therapy status (in women), height, weight, bone
mineral density, and quantitative ultrasound measure-
ments. Approximate Bayes factors, calculated through
the Bayesian information criterion (BIC), were used to
select final models [14]. The BIC has been shown to have
better out-of-sample predictive properties compared
with the usual ‘‘backward’’ and ‘‘forward’’ stepwise
procedures. Interaction effects (i.e., testing the assump-
tion of additivity of predictors) and nonlinear terms for
the important continuous variables were also analyzed.
To assess the discriminatory power of a logistic regres-
sion model, the concordance statistic c was calculated as
the fraction of individuals with the fracture event among
pairs of individuals where one has the fracture and one
not, the individual with the highest prediction being
classified as the one with the fracture. The c statistic,
with values varying from 0.5 to 1, is identical to the area
under under the receiver operating characteristic (ROC)
curve. All statistical analyses were performed with SAS
systems [15].

Results

Among the 549 women aged 65.2 ± 12.3 years
(mean ± SD; range, 49–88 years), weight
(66.6 ± 11.9 kg; mean ± SD), and height
(161.4 ± 6.1 cm) were significantly correlated with
SOS, with age and weight accounting for 14%, 20%,
and 28% of the variances of SOS measurements at the
tibia, distal radius, and phalanx, respectively (Table 1).
All SOS measurements were normally distributed with
the overall mean at the distal radius, tibia, and proximal
phalanx being 4,002 ± 153 m/s, 3,869 ± 147 m/s, and
3,788 ± 210 m/s, respectively. SOS measurements at
the tibia, distal radius, and phalanx were significantly
correlated with each other, with the linear correlation
coefficients being between 0.36 and 0.39 (p<0.001;
Fig. 1). The correlation between femoral neck BMD and
SOS measurements was lower (0.23 for distal radius,
0.30 for phalanx and tibia).

Table 1 Association between age, weight, and SOS measurements

SOS measurement site Regression
coefficient ± SE

R2

Age Weight

Distal radius )5.5±0.5 0.6±0.5 0.20
Tibia )4.3±0.6 )0.8±0.6 0.14
Phalanx )8.7±0.7 0.6±0.7 0.28
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Among the 77 fracture cases, there were 12 hip, 10
vertebrae, 23 humerus, 10 distal radius, 5 wrist, 6 pelvis,
4 ankle, and 7 fractures at other sites such as ribs (4) or
patella (3). SOS measurements in fracture cases were
significantly lower than in nonfracture subjects
(Table 2). Among the SOS measurements, lower distal
radius SOS appeared to confer a greater risk of fracture
compared with the reduction in tibia or phalanx SOS
(Table 3).

In models without age factors and femoral neck
BMD, the combination of SOS measurements at dif-
ferent sites significantly improved the fracture diagnostic
value. For example, when SOS measurements at both
distal radius and phalanx were considered in the logistic
regression model, the c statistic was increased to 0.76;
similarly, SOS measurements at both tibia and phalanx
increased the c statistic to 0.73. However, the combi-
nation of distal radius and tibia SOS did not signifi-
cantly improve the discrimination.

When SOS measurements were considered simulta-
neously with known fracture predictors such as age,
weight, height, and bone mineral density, distal radius
SOS was found to be a significant determinant of frac-
ture risk (odds ratio = 1.8; 95% CI, 1.3–2.4), indepen-
dent of femoral neck BMD and age (Table 4). When
tibia or phalanx SOS was included in the model, the
effects of age and femoral neck BMD were still signifi-
cant, but the odds ratio associated with SOS was slightly
lower: 1.5 (95% CI, 1.1–2.0) per 140 m/s tibia SOS, and
1.2 (95% CI, 1.0–1.5) per 210 m/s phalanx SOS.

Approximately 16% of women were classified as
having ‘‘osteoporosis’’ by femoral neck BMD (T-scores
<)2.5), and the relative risk of fracture associated with
this criterion was 4.2 (95% CI, 2.5–7.2). The proportion

of women with distal radius QUS T-scores <)2.5 was
31%, with a corresponding lower relative risk of fracture
of 2.1 (95% CI, 1.3–3.5). Only 6.6% of women had both
T-scores <)2.5, and the risk of fracture associated with
this small group was increased by 4.5-fold (95% CI, 2.2–
9.3) (Fig. 2).

It should be noted here also that using T-score <)2.5
as a diagnostic criterion, more women were classified as
osteoporotic by SOS measurement at the distal radius
(31%) than by measurement at the phalanx (23%) or
tibia (6%).

Discussion

The current understanding of osteoporosis [15] is that it
results from a deterioration of both the amount and

Table 2 Quantitative
ultrasound measurements in
fracture and nonfracture
subjects

Variable Nonfracture Fracture Difference (95% CI)

Number of subjects 472 77
Distal radius
Speed of sound 4,017±151 3,906±131 )70 ()138, )104)
T-score )1.41±1.55 )2.24±1.57 )0.8 ()1.1, )0.4)
Z-score 0.25±1.23 )0.01±1.24 )0.3 ()0.6, 0.1)

Tibia
Speed of sound 3,880±141 3,789±168 )103 ()148, 59)
T-score )0.47±1.23 )1.26±1.50 )0.9 ()1.3, )0.5)
Z-score 0.76±1.14 0.52±1.43 )0.3 ()0.7, 0.1)

Proximal phalanx
Speed of sound 3,806±207 3,683±194 )119 ()167, )72)
T-score )1.39±1.44 )2.11±1.55 )0.7 ()1.0, )0.3)
Z-score 0.19±1.05 )0.02±1.36 )0.2 ()0.5, 0.1)

Femoral neck BMD 0.86±0.16 0.73±0.11 )0.12 ()0.15, )0.10)
Lumbar spine BMD 1.10±0.20 0.91±0.17 )0.20 ()0.23, )0.15)

Fig. 1 Matrix plot of intercorrelations among age, speed of sound
at the distal radius (DR), tibia, phalanx, and femoral neck BMD
(BMD). The diagonal bar graphs for each variable represent the
distribution of that variable, with the x-axis showing values of the
variable, and y-axis the number of subjects. The upper (or lower)
off-diagonal graphs represent the correlation between any two
variables

b Table 3 Predictors of risk for all fractures: univariate analysis. The
units of femoral neck and lumbar spine BMD were chosen as 1
standard deviation (0.12 g/cm2 for femoral neck and 0.18 g/cm2 for
lumbar spine)

Unit Odds ratio
(95% CI)

AUC

Age +5 years 1.48 (1.23–1.77) 0.66
Weight )10 kg 1.51 (1.17–1.95) 0.60
Height )5 cm 1.12 (0.91–1.38) 0.55
Lumbar spine BMD )0.18 g/cm2 2.94 (2.15–4.03) 0.77
Femoral neck BMD )0.12 g/cm2 2.11 (1.62–2.73) 0.76
Distal radius SOS 150 m/s 2.23 (1.69–2.94) 0.71
Tibia SOS 140 m/s 1.75 (1.32–2.33) 0.66
Phalanx SOS 200 m/s 1.83 (1.39–2.40) 0.67

Table 4 Independent predictors of risk for all fractures. The units
of femoral neck and lumbar spine BMD were chosen as 1 standard
deviation (0.12 g/cm2 for femoral neck and 0.18 g/cm2 for lumbar
spine)

Predictor Unit Odds ratio (95% CI)

Age +5 years 1.23 (1.01–1.49)
Femoral neck BMD )0.12 g/cm2 1.85 (1.43–2.39)
Distal radius SOS 150 m/s 1.76 (1.29–2.41)
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structure of bone, such that BMD, a quantitative mea-
sure of bone strength, is predictive of osteoporotic
fracture. Although BMD accounts for between 70% and
75% of the variance of bone strength (the ability to resist
an applied load), it alone is not sufficient to accurately
identify subjects who are prone to fracture. This suggests
that the remaining variance may be due to other factors
such as bone architecture and liability to falls [2, 16].
Recent research efforts have focused attention on the
role of bone quality in osteoporosis, particularly quan-
titative ultrasound measurements, as this may give extra
information only on bone architecture and elasticity [4,
17, 18]. In this study, QUS did indeed correlate with
BMD, but also contributed independently to the pre-
diction of fracture risk over and above of BMD’s con-
tribution.

This finding is consistent with previous observations,
in which fracture subjects were found to have signifi-
cantly lower QUS than controls in retrospective studies
[5, 6, 7] as well as in prospective studies [8, 9, 19, 20, 21].
However, the magnitude of association as observed in
this study (with odds ratio per SD being less than 2) is
lower than previously observed in prospective studies
[8, 9] but is not significantly different from retrospective
studies [5, 6, 7].

Among the three sites of measurements, speed of
sound at the distal radius had the greatest discrimina-
tory power (with the c statistic being 0.71) compared
with measurements at the tibia and phalanx (0.67).
However, the discrimination of SOS at the distal radius
is poorer than measurement of BMD (with c=0.77), but
in this sample the difference is not statistically signifi-
cant.

The correlation between BMD and QUS measure-
ments in this study was moderate (between 0.2 and
0.3), much lower than previously reported (between
0.5 and 0.6) [10]. The inconsistency is likely due to

difference in site or types of bone being measured, and
the types of QUS instrument. In various heel ultra-
sound instruments, the measurements at the heel in-
clude both cortical and trabecular bones, and this has
been shown to be strongly correlated with BMD
measurements at the same site [22]. In contrast, the
Sunlight Omnisense focuses mainly on the cortical bone
at the phalanx, distal radius, and tibia. Such a differ-
ence in bone sites and types of bone may explain the
differential correlations between QUS and BMD by
different technologies.

Does the combination of measurements of SOS at
different sites improve the prediction of fracture risk? In
this study, the combination of SOS measurements at the
distal radius and phalanx, or at the tibia and phalanx
(but not the combination of distal radius and tibia)
improved the predictive value of fracture risk over SOS
measurement at only one site. However, this additive
and combined effect was only significant when the effects
of age and femoral neck BMD were not considered.

It is unclear whether the combination of QUS and
BMD measurements can improve the prediction of
fracture, particularly hip fracture [9, 10]. In this study,
the poor correlation between QUS (measured by Sun-
light Omnisense) and BMD (measured by DXA) sug-
gested that the prediction of fractures could be improved
if the two measurements were combined, and this is in-
deed the case. In multivariate analysis, both BMD and
QUS were statistically significant determinants of frac-
ture, independent of age. However, even the combined
measurements did not adequately discriminate between
those with and without fractures. Although subjects with
low values of BMD and QUS were the group at greatest
risk having a fracture, there was only 6.6% of such
subjects in the population. As a result, the number of
fractures ‘‘explained’’ by the two measurements is
modest. For example, among the 77 fracture cases, only
14 (or 18.2%) had both BMD and QUS T-scores below
)2.5.

The modest strength of association between QUS
and fracture risk as observed in this study is probably
due to the fact that fracture cases were assessed ret-
rospectively, not prospectively, although the interval
between fracture and date of QUS measurement was in
almost all (90%) cases, less than 5 years. Also, al-
though our results are consistent with previous findings
from prospective studies, the retrospective nature of
this study makes a cause-and-effect inference difficult.
The subjects of this study are of Caucasian back-
ground, whose data may not be generalizable to other
populations. Despite these potential limitations, the
study was based on a relatively large sample size and a
homogeneous, unselected population; thus, differences
could reliably be detected, which would not be possible
with smaller studies.

In summary, these data in postmenopausal Cauca-
sian women suggest that lower values of quantitative
ultrasound measurement (speed of sound) are associated
with increased risk of fracture, independent of BMD and

Fig. 2 Risk of fracture by category of femoral neck BMD and
distal radius QUS. In each variable, a value of 1 indicates a T-score
<)2.5 and a value of 0 indicates a T-score ‡)2.5. The number of
subjects in each category is shown above each bar
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age. As a result, a combination of QUS and BMD
measurements may improve, albeit modestly, the accu-
racy of identification of women who will sustain a
fracture.
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