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Abstract
Summary This study sought to determine the association
between calcaneal quantitative ultrasound (QUS) and frac-
ture risk in individuals without osteoporosis according to the
World Health Organization criteria (i.e., BMD T-score>
−2.5). We found that calcaneal QUS is an independent
predictor of fracture risk in women with non-osteoporotic
bone mineral density (BMD).
Introduction More than 50 % of women and 70 % of men
who sustain a fragility fracture have BMD above the oste-
oporotic threshold (T-score>−2.5). Calcaneal QUS is associ-
ated with fracture risk. This study aimed to test the hypothesis
that low calcaneal QUS is associated with increased fracture
risk in individuals with non-osteoporotic BMD.
Methods We included 312 women and 390 men aged 62–
90 years with BMD T-score>−2.5 at femoral neck. QUS was
measured in broadband ultrasound attenuation (BUA) at the
calcaneus using a CUBA sonometer. BMD was measured at
the femoral neck (FNBMD) by dual energy X-ray absorpti-
ometry using GE Lunar DPX-L densitometer. The incidences

of any fragility fracture were ascertained by X-ray reports
during the follow-up period from 1994 to 2011.
Results Of the 702 participants, 26 % of women (n080/312)
and 14% ofmen (n053/390) experienced at least one fragility
fracture during the follow-up period. In women, after adjust-
ing for covariates, increased risk of any fracture was signifi-
cantly associated with decreased BUA (HR01.50; 95 % CI,
1.13–1.99). Compared with that of FNBMD, the models with
BUA, in women, had greater AUC (0.71, 0.85, 0.71 for any,
hip and vertebral fracture, respectively), and yielded a net
reclassification improvement of 16.4 % (P00.009) when
combined with FNBMD. In men, BUAwas not significantly
associated with fracture risk before and after adjustment.
Conclusion These results suggest that calcaneal BUA is an
independent predictor of fracture risk in women with non-
osteoporotic BMD.
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Introduction

Fragility fracture is a major health problem in our rapidly
aging society and imposes considerable economic burden on
the health care system. Approximately one in two women
and one in three men aged 60 or over will experience at least
one fragility fracture during their remaining lifetime [1]. The
associated mortality rates are 37 and 45 % for hip and
vertebral fracture, respectively [2]. At present, bone mineral
density (BMD) as measured by dual energy X-ray absorpti-
ometry (DXA) is the standard, but imperfect, measure for
bone assessment. In 1994, the World Health Organization
(WHO) defined osteoporosis as a BMD of 2.5 standard
deviation or more below the young female adult mean value
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as measured by DXA (i.e., T-score≤−2.5) [3]. However, a
recent study has found that approximately 50% ofwomen and
70% ofmen with fracture occurred with BMD level above the
WHO defined osteoporotic range [4]. Although it is well
established that clinical factors such as advancing age, history
of falls and prior fracture are important contributors to an
elevated risk of fragility fracture[5, 6], combining BMD with
clinical risk factors did not fully explain the occurrence of
fragility fracture in individuals with high BMD [4].

Quantitative ultrasound (QUS), as measured by broadband
ultrasound attenuation (BUA, in decibels per megahertz) and
speed of sound (meters per second), has been suggested to be
reflective of both bone density and bone structure [7–9].Many
studies have shown that QUS measurements, particularly
those measured at the heel, can predict fracture risk as well,
and independent of BMD [10–14]. So far, no data are avail-
able as to whether calcaneal QUS is able to predict fracture in
individuals with BMD above osteoporotic range. Thus, the
present study sought to determine the association between
calcaneal QUS and fracture risk in non-osteoporotic men
and women according to the WHO criteria.

Study design and methods

Participants

This analysis is part of the ongoing Dubbo Osteoporosis
Epidemiology Study (DOES), a population-based prospective
study of the incidence risk factors for fracture and chronic
diseases. The DOES project commenced in 1989 at Dubbo, a
city of ~32,000 people situated 400 km northwest of Sydney,
Australia. The initial study populationwas comprised of 1,581
men and 2,095 women aged ≥60 years, of whom 98.6 % were
Caucasian and 1.4 % were indigenous aboriginal. The study
design and details of the population have been described
elsewhere [6, 15]. Quantitative ultrasound assessment com-
menced in 1994. Non-osteoporotic individuals, in this study,
referred to those with BMD T-score above −2.5 at femoral
neck, according to the WHO definition [3]. After excluding
those with malignant and metabolic bone disease, the present
study included 312 women and 390 men with BMD T-score>
−2.5 who had also undergone QUS assessment at calcaneus.
All participants were recruited between 1994 and 2011, aged
between 62 and 90 years and had been followed for a median
of 12 years (range 0.1–17 years). The study was approved by
the St Vincent’s Hospital Ethics committee and written in-
formed consents were obtained from all participants.

Risk factors assessment and bone measurement

Anthropometric data were obtained by standard methods as
described previously [4]. Other clinical risk factors including

history of fall, prior fracture, comorbidities, smoking, dietary
calcium intake, and physical activity were recorded in a struc-
tured questionnaire administered by a trained nurse during the
interviews with the participants at initial and subsequent visits
at 2-year intervals. Broadband ultrasound (BUA, in decibels
per megahertz) and velocity of sound (VOS, in meters per
second) were measured at the calcaneus using CUBA sonom-
eter (McCue Ultrasonics, Winchester, UK). The coefficients
of variation for BUA and VOS were 3.1 and 0.3 %, respec-
tively [16]. BMD was measured at the femoral neck by DXA,
using GE Lunar DPX-L densitometer (Lunar Corporation,
Madison, Wisconsin, USA). The radiation dose used is less
than 0.1 μGy and the coefficient of variation for femoral neck
BMD was 1.5 % in our institution [4, 17]. Since lumbar spine
BMD measurement is susceptible to age-related degenerative
changes in older people, we did not consider spinal BMD in
the analysis.

Ascertainment of fracture

Fractures were defined as those occurred with minimal
trauma such as fall from standing height or less, including
any type of fracture. They were further categorized into
subgroups of hip and vertebral fractures. Fractures due to
high trauma such as motor vehicle accident, sport injury, or
fall from above standing height were excluded from the
analysis. No systemic X-ray screening for asymptomatic
vertebral fractures was conducted prior to the study and
vertebral fractures were clinically diagnosed. All fracture
cases were ascertained through X-ray reports from two to
three radiology centers within the Dubbo region as previ-
ously described [18].

Data analysis

The association between BMD and BUA was assessed by
the Pearson’s product–moment correlation coefficient. The
distributions of non-osteoporotic (BMD T-score>−2.5) frac-
ture among different femoral neck BMD and BUA tertile
groups were compared based on the cutoff values derived
from the general population with both osteoporotic and non-
osteoporotic individuals included. Association between frac-
ture risk and BUA or BMD measured at the femoral neck
(FNBMD) was assessed by the Cox’s proportional hazards
model with or without adjustment for age, falls in the preced-
ing 12months (at baseline assessment), and prior fracture after
age 50. For the model with BUA, further adjustment for
FNBMD was performed. Hazard ratio (HR) and 95 % confi-
dence intervals (95 % CIs) were estimated per one standard
deviation (SD) of measurement, as derived from the entire
study population with both osteoporotic and non-osteoporotic
subjects included. The ability of BUA and FNBMD model to
discriminate between subjects with or without fracture was
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examined by the receiver operating characteristic curve anal-
ysis. The discriminatory ability of the model with both BUA
and FNBMD combined was further compared with that of
FNBMD using the reclassification analysis [19]. In this meth-
od, the absolute 10-year risk of fracture was estimated by each
of the two models and then classified into three risk groups,
i.e., <18, 18–29, and >29 %, and the net reclassification
improvement (NRI) was computed. The chosen cutoff value
was based on the distribution of the fracture incidence in the
study population (i.e., lower tertile and upper tertile), so as to
have a comparable sample size among the three groups. All
statistical analyses were performed using the R statistical
environment Version 2.13.0 for Windows [20].

Results

Baseline characteristics

Over the 17 years study period, 702 participants with calca-
neal QUS were followed for a median of 12 years (range
0.1–17 years, a total of 7,437 persons per years). Overall,
26 % (80/312) of women and 14 % (53/390) of men had
sustained at least one fragility fracture during the follow-up
period. Clinical vertebral fractures were more common than
hip fractures in both men (23 vs 19 % of all fractures) and
women (39 vs 15 % of all fractures). In both sexes, those
with fracture were significantly older, more likely to have
experienced a fall in the preceding 12 months, and had prior
fracture after age of 50, compared with their non-fractured
counterparts. Men with fracture also had lower body weight
than those without fracture (Table 1).

Both BUA and femoral neck BMD measurements were
lower in the fracture groups than the non-fractured groups.
However, the differences were only statistically significant
in women and not in men (Table 1). The correlation between
BUA measurements and femoral neck BMD was 0.30 for
men and 0.35 for women. There was no significant differ-
ence in VOS measurement between fracture and non-
fracture individuals. Inclusion of VOS with BUA did not
improve the performance of the model, and hence, the
measurement was not included in the subsequent analysis.

Distribution of fracture cases

For women with BMD above the osteoporotic range
(Fig. 1a), approximately 35 % of the fracture cases had
BUA at lower tertile, but only ~16 % lies within the lower
tertile of FNBMD measurement. In contrast, ~35 % of the
fractures occurred in women with higher tertile FNBMD
and ~19 % of them had BUA within the higher tertile. As
for men, the distribution of fracture was similar between
FNBMD and BUA across different tertile groups (Fig. 1b).

Risk factors for fracture

In women with BMD T-score greater than −2.5, lower BUA
was significantly associated with an increased risk of frac-
ture. For each SD decrease in BUA, the risk of fracture was
increased by approximately 1.7-fold (95 % CI, 1.33–2.29)
(Table 2). After adjustment for age, falls, and prior fracture,
BUA remained a significant risk factor of any fracture
(HR01.50; 95 % CI, 1.13–1.99) and hip fracture (HR0

4.17; 95 % CI, 1.67–10.43), but not vertebral fracture
(HR01.51; 95 % CI, 0.96–2.38). Adjustment for FNBMD
yielded similar results with a HR of 1.47 (95 % CI, 1.10–
1.97) for any fracture, 4.24 (95 % CI, 1.57–11.44) for hip
fracture, and 1.53 (95 % CI, 0.96–2.46) for vertebral frac-
ture (Table 3). In men, the association between BUA and
fracture risk was statistically insignificant before or after
adjustment, regardless of the fracture site (Tables 2 and 4).
Meanwhile, advancing age, falls, and preexisting fracture
were each significantly associated with higher risk of any
fracture in both sexes, but FNBMD was not after adjustment
for covariates (Tables 3 and 4).

BMD, BUA, and fracture discrimination

The prognostic performance, in terms of its ability to dis-
criminate between fracture and non-fracture individuals
with non-osteoporotic BMD, was evaluated by the area
under the receiver operating characteristic curve (AUC)
(Table 5). In women, the model with BUA showed a better
discrimination than FNBMD for any fracture (AUC00.71
vs 0.68), hip fracture (AUC00.85 vs 0.77), and vertebral
fracture (AUC00.71 vs 0.69). Inclusion of BUA with the
FNBMD model resulted in a greater AUC value for any
fracture (0.71, P00.006) and hip fracture (0.85, P00.001),
compared with that of the FNBMD model, but not signifi-
cantly different from that of the BUA model. Reclassifica-
tion analysis using the combined model yielded a total NRI
of 16.4 % (P00.009) and 33.8 % (P00.04) for any and hip
fracture, respectively, but no improvement was noted for
vertebral fracture (Table 6).

In men, similar AUC values were observed between
FNBMD (AUC00.70, 0.74, and 0.73 for any, hip, and
vertebral fracture, respectively) and BUA model (AUC0

0.71, 0.68, and 0.72 for any, hip, and vertebral fracture,
respectively). No significant improvement was achieved
by combining BUA with FNBMD (Tables 5 and 6).

Discussion

Although BMD is currently the standard method for bone
assessment, it is not a perfect predictor. More than 50 % of
women and 70 % of men with fracture do not have BMD
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below the osteoporotic threshold as defined by the World
Health Organization [4]. QUS, particularly those measured
at the heel, has been shown to predict fracture risk as well
and independent of BMD [10–12] in the general population.
In this study, we examined whether calcaneal QUS is also a
predictor of fracture risk among people with BMD above the
osteoporotic range (BMD T-score>−2.5). Our results sug-
gest that low calcaneal BUA was significantly associated
with greater fracture risk in women with BMD T-score
above −2.5 at the femoral neck. In addition, a combination
of BUA and FNBMD could enhance the accuracy of iden-
tifying fracture cases in this group of the population.

The finding is in line with that previously reported by the
EPIDOS study for women with higher BMD [21], and the
strength of association between BUA and risk of any fracture
is comparable to that found in the general female population
from a meta-analysis [22]. However, the odds of hip fracture
in our study was higher than that found in these two studies
[21, 22]. The discrepancy could be caused by the different
types of instrument being used, but it is also likely due to the
small number of hip fracture in the present study.

Our finding that VOS was not significantly associated
with fracture risk is consistent with that previously reported
by the EPIC-Norfolk group [23] but inconsistent with the
findings of the EPIDOS study[21]. There are many under-
lying factors that could be accounted for the conflicting
results, since Lunar Achilles scanner was used by the EPI-
DOS study [21] and CUBA sonometer was used in this and
the EPIC-Norfolk study [23]. The technological character-
istics of the machine may, in part, contribute to the discrep-
ancy observed for the VOS measurements. On the other
hand, studies on vertebral and human calcaneal bone had
suggested that velocity of ultrasound does not correlate as
well as BUA with trabecular thickness in the calcaneus
using the CUBA machine [24]. This may further explain
the lower fracture predictive value of calcaneal VOS com-
pared to that of BUA.

Furthermore, when VOS and BUA were considered si-
multaneously in the same model, it did not result in a better
model performance. In fact, the overall NRIs were slightly
lower in both women (NRI012.6 %) and men (NRI01.3 %)
for risk of any fracture (data not shown). This finding is in

Table 1 Baseline characteristics
of non-osteoporotic participants
stratified by type of fracture

Values are mean±SD, unless
otherwise specified

BMI body mass index, BUA
broadband ultrasound attenua-
tion, VOS velocity of speed,
FNBMD femoral neck bone min-
eral density, MET metabolic
equivalent tasks

*P<0.05; **P<0.01;
***P<0.001

Non-fracture Any fracture Hip fracture Vertebral fracture

Women n0232 n080 n012 n031

Age (years) 70±4.86 72±4.99** 75±5.46** 73±5.07*

Weight (kg) 70±12.01 68±10.98 65±10.45 70±10.97

Height (cm) 160±5.81 160±6.52 157±6.50* 161±7.02

BMI (kg/m²) 27±4.50 26.55±4.13 26±3.05 27±4.55

BUA (dB/MHz) 72±15.41 65±
14.82***

56±
11.67***

67±14.37*

VOS (m/s) 1,528±
47.71

1519±37.05 1525±47.54 1514±30.74

FNBMD (g/cm²) 0.84±0.09 0.82±0.08* 0.80±0.04 0.83±0.09

Falls in last 12 months (%) 24 41** 42 45**

Prior fracture after age 50 (%) 10 21** 17 10

History of smoking (%) 34 31 42 23

Physical activity index (METs/day) 31±3.63 31±3.19 32±5.30 31±2.72

Calcium intake (mg/day) 642±389 595±344 652±295 631±462

Men n0337 n053 n010 n012

Age (years) 72±5. 02 74±5.49* 76±5.14* 75±5.87*

Weight (kg) 80±12.95 76±10.89* 72±10.19* 73±10.79*

Height (cm) 173±6.36 172±5.74 171±5.92* 171±6.24

BMI (kg/m²) 27±3.86 26±3.27 25±3.33 25±2.78

BUA (dB/MHz) 88±17.59 85±18.48 85±19.76 89±20.17

VOS (m/s) 1536±50.52 1532±44.05 1545±41.72 1544±62.44

FNBMD (g/cm²) 0.94±0.13 0.93±0.14 0.88±0.09 0.89±0.07

Falls in last 12 months (%) 12 32*** 20 33

Prior fracture after age 50 (%) 6 15* 10 0

History of smoking (%) 62 57 40 83

Physical activity index (METs/day) 33±5.85 34±4.84 33±3.15 33±5.38

Calcium intake (mg/day) 638±344 622±449 577±445 570±257
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line with that reported by the EPIC-Norfolk group in two
separate studies [23, 25].

Lower BMD at femoral neck was associated with greater
risk of any fracture in women with non-osteoporotic BMD but

failed to reach statistical level after adjustment for covariates
in either sexes. The insignificant association between femoral
neck BMD and fracture risk is, perhaps, not surprising as only
individuals with femoral neck BMD above −2.5 were selected
for the analysis. Besides, the correlations between BUA and
BMD were low in both genders (r00.35 for women, r00.30
for men), which suggests that the two modalities may not
identify the same group of people.

A probable explanation for the stronger association be-
tween calcaneal BUA and fracture risk in women with BMD
T-score>−2.5 could be attributed to the basic principle
behind the technique. In theory, QUS measurement is based
on both bone density and bone quality, i.e., microarchitec-
ture and elasticity, which are important determinants of bone
strength [26]. Although the currently available data are
insufficient to conclude that QUS is a definitive measure
of bone quality, there are evidence suggesting that QUS is
related to bone elasticity [27, 28] and bone structure [9, 29].
Thus, it is possible that QUS may provide additional infor-
mation for identifying women who are at-risk of fracture but
do not have low BMD.

Our finding also highlights the limitation with the oper-
ational definition of osteoporosis proposed by the World
Health Organization, which was established largely based
on the bone density measurement. An advantage of the
WHO definition is that it provides a simple interpretation
of BMD data for diagnostic purpose [30]. However, osteo-
porosis is referred clinically as “a systemic skeletal disease
characterized by low bone mass and microarchitectural de-
terioration of bone tissue, with a consequent increase in
bone fragility and susceptibility to fractures” [31]. Even
though the WHO definition is able to capture the inte-
gral component of osteoporosis (i.e., low bone mass), it
falls short to address the equally important part of the
disease—the deterioration of bone structure or bone
quality. The presence of the preexisting low-trauma
fracture in our study population at BMD level above −2.5
illustrates the potential of the problem. Moreover, it is not
clear as whether the WHO diagnostic threshold is appropriate
for use in men as its reference value is derived from the female
population only.

In this study, the magnitude of association between BUA
and fracture risk was lower in men than in women and did
not reach statistical significance. This could be due to the
small number of fracture cases in men. The underlying
factor is likely related to the cutoff value of BMD T-score
being used to define osteoporosis. Since men have larger
bone size and higher BMD measurements than women [32],
using the same cutoff value to define osteoporosis is likely
to classify more men as non-osteoporotic. In fact, when the
cutoff value of BMD T-score was increased to −1.0, BUA
was found to be significantly associated with greater frac-
ture risk in men (HR01.69; 95 % CI, 1.12–2.54, after
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Fig. 1 Distribution of non-osteoporotic fracture cases across different
FNBMD and BUA tertile groups in a women and b men

Table 2 Risk factors for any fracture in non-osteoporotic men and
women: univariate analysis

Hazard ratios (95 % CI)a

Unit Women Men

Age +5 years 1.48 (1.20–1.83) 1.52 (1.16–1.97)

FNBMD −0.12 g/cm² 1.40 (1.02–1.94) 1.08 (0.83–1.40)

BUA −18 dB/MHz 1.74 (1.33–2.29) 1.28 (0.96–1.70)

Falls Yes 1.82 (1.16–2.83) 3.15 (1.77–5.62)

Prior
fracture

Yes 2.51 (1.47–4.30) 2.74 (1.29–5.81)

Falls refers to in the preceding 12 months; Prior fracture after age 50

FNBMD femoral neck bone mineral density, BUA broadband ultra-
sound attenuation
a Hazard ratios were based on one SD (derived from the entire study
population) decrease of the independent variable
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adjustment, data not shown). Meanwhile, in the EPIC-
Norfolk study with a much larger sample of men (n0
6,471), one SD decrease in BUA was associated with
87 % increase in fracture risk. However, in that study, when
stratified into different risk groups based on the distribution
of the ultrasound measurements, BUAwas not significantly
associated with fracture risk in those above tenth percentile

of the BUA measurement [25]. Taken together, BUA could
be useful in the prediction of fracture in men either in the
presence or absence of BMD.

The present finding has implication in the individualization
of fracture risk and treatment. Currently, treatment decision is
largely based on, among others, BMD T-scores≤−2.5. How-
ever, as more than 50 % of the fracture cases occur in those

Table 3 Independent risk
factors for fracture in
non-osteoporotic women:
multivariate analysis

FNBMD femoral neck bone
mineral density, BUA broadband
ultrasound attenuation
aHazard ratio was based on one
SD (derived from the entire study
population) decrease of the inde-
pendent variable
bFalls in the preceding 12 months
cPrior fracture after age 50

Hazard ratio (95 % CI)a

Unit Any fracture Hip fracture Vertebral fracture

Model I

Age +5 years 1.48 ( 1.19–1.84) 2.18 (1.29–3.70) 1.65 (1.17–2.34)

FNBMD −0.12 g/cm2 1.24 (0.89–1.73) 1.51 (0.59–3.83) 1.08 (0.67–1.77)

Fallsb Yes 2.11 (1.34–3.34) 2.58 (0.76–6.77) 2.57 (1.22–5.40)

Prior fracturec Yes 2.32 (1.32–4.08) 2.34 (0.46–11.88) 1.51 (0.44–5.24)

Model II

Age +5 years 1.39 (1.11–1.74) 1.90 (1.10–3.28) 1.54 (1.08–2.21)

BUA −18 dB/MHz 1.50 (1.13–1.99) 4.17 (1.67–10.43) 1.51 (0.96–2.38)

Fallsb Yes 2.06 (1.31–3.25) 2.01 (0.61–6.68) 2.58 (1.23–5.40)

Prior fracturec Yes 2.04 (1.16–3.59) 1.78 (0.36–8.85) 1.41 (0.41–4.84)

Model III

Age +5 years 1.38 (1.10–1.73) 1.90 (1.10–3.30) 1.55 (1.08–2.22)

BUA −18 dB/MHz 1.47 (1.10–1.97) 4.24 (1.57–11.44) 1.53 (0.96–2.46)

FNBMD −0.12 g/cm2 1.10 (0.78–1.55) 0.95 (0.36–2.53) 0.95 (0.58–1.58)

Fallsb Yes 2.08 (1.32–3.27) 2.01 (0.60–6.66) 2.56 (1.22–5.38)

Prior fracturec Yes 1.99 (1.12–3.52) 1.79 (0.36–8.96) 1.43 (0.41–4.96)

Table 4 Independent risk
factors for fracture in
non-osteoporotic men:
multivariate analysis

FNBMD femoral neck bone
mineral density, BUA broadband
ultrasound attenuation
aHazard ratio was based on one
SD (derived from the entire
study population) decrease of
the independent variable
bFalls in the preceding 12 months
cPrior fracture after age 50

Hazard ratio (95 % CI)a

Unit Any fracture Hip fracture Vertebral fracture

Model I

Age +5 years 1.54 (1.17–2.02) 2.29 (1.19–4.40) 1.94 (1.08–3.51)

FNBMD −0.12 g/cm2 1.02 (0.78–1.33) 1.63 (0.78–3.41) 1.37 (0.72–2.59)

Fallsb Yes 3.17 (1.77–5.65) 2.04 (0.43–9.660) 3.81 (1.14–12.77)

Prior fracturec Yes 3.35 (1.56–7.18) 3.34 (0.40–27.89) –

Model II

Age +5 years 1.52 (1.16–1.98) 2.35 (1.26–4.39) 2.08 (1.17–3.71)

BUA −18 dB/MHz 1.28 (0.95–1.72) 1.31 (0.63–2.71) 0.97 (0.52–1.81)

Fallsb Yes 3.25 (1.82–5.81) 1.93 (0.41–9.12) 3.99 (1.19–13.37)

Prior fracturec Yes 3.14 (1.46–6.75) 2.78 (0.34–22.69) –

Model III

Age +5 yrs 1.53 (1.17–2.00) 2.27 (1.19–4.34) 1.94 (1.07–3.52)

BUA −18 dB/MHz 1.30 (0.95–1.78) 1.13 (0.53–2.42) 0.86 (0.45–1.64)

FNBMD −0.12 g/cm2 0.94 (0.72–1.25) 1.57 (0.73–3.39) 1.44 (0.74–2.79)

Fallsb Yes 3.27 (1.83–5.84) 2.05 (0.43–9.73) 3.75 (1.12–12.59)

Prior fracturec Yes 3.12 (1.45–6.72) 3.23 (0.39–27.10) –
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with T-scores>−2.5, and among these individuals, lower
BUA values were associated with increased fracture
risk, suggesting that BUA measurement could help iden-
tify additional high-risk individuals. In those women
with non-osteoporotic BMD, the relative risk of fracture
per SD decrease in BUA was 1.50 (95 % CI, 1.13–1.9),
which is comparable to a previous estimate for the
general population (RR 1.55; 95 % CI, 1.35–1.78)
[22]. This suggests that BUA is a BMD-independent
predictor of fracture risk. In other words, measurement
of QUS could be useful in identifying high-risk individuals
who are not identified by BMD alone.

Meanwhile, there is increasing consensus that treatment
decision is better determined by absolute risk assessment
than by BMD alone. At present, the Garvan fracture risk

calculator and fracture risk assessment tool are the two most
commonly used models for fracture risk assessment, but
neither of them includes QUS measurements. The results
of this study suggest that calcaneal BUA could provide
additional information, particularly in identification of
high-risk women who do not have BMD at the osteo-
porotic range. For example, a woman aged 70 years old
with BMD T-score of −1.5 and no history of falls or
prior fracture would had a 10-year absolute risk of
approximately 15 % based on the existing Garvan frac-
ture risk model. However, if the same woman had her
BUA measurement (i.e., 40 dB/MHz) included, her 10-
year absolute risk would increase to 24 %, which could
lead to different treatment recommendation.

These findings should be interpreted within the con-
text of strength and limitations. A notable strength of
this study is its long duration of follow-up, population-
based, and prospective design, which helps minimize
potential biases inherent in volunteer-based and cross-
sectional studies. However, the sample size was rela-
tively small, which could lead to underestimation of the
risk associated with each risk factor. Furthermore, the
results found in men and those of hip or vertebral
fracture should be interpreted with caution due to the
low number of fracture cases. Since the study popula-
tion was mainly of Caucasian background aged above
60, its findings may not be readily applicable to other
populations, particularly those in the younger age
groups. In summary, the present study demonstrated that
calcaneal BUA is an independent predictor of fracture
risk in women with non-osteoporotic BMD, and hence,
could enhance fracture prediction at the individual level.
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Table 5 AUC values of models with BUA and FNBMD by fracture
type in men and women without osteoporosis

Area under the ROC curve (95 % CI)

Any fracture Hip fracture Vertebral
fracture

Women

FNBMD modela 0.68 (0.61–0.75) 0.77 (0.61–0.92) 0.69 (0.57–0.81)

BUA modela 0.71 (0.64–0.78) 0.85 (0.75–0.95) 0.71(0.60–0.83)

BUA+FNBMD
modela

0.71 (0.64–0.78) 0.85 (0.75–0.95) 0.71(0.60–0.82)

Men

FNBMD modela 0.70 (0.62–0.78) 0.74 (0.61–0.87) 0.73 (0.59–0.89)

BUA modela 0.71 (0.64–0.78) 0.68 (0.53–0.83) 0.72 (0.58–0.89)

BUA+FNBMD
modela

0.71 (0.64–0.78) 0.74 (0.61–0.87) 0.74 (0.61–0.86)

a Adjusted for age, falls, and prior fracture

Table 6 Net reclassification improvement (NRI, in percent) after
inclusion of BUA into the FNBMD model (FNBMD, age, falls, and
prior fracture) stratified by fracture type in men and women

Net reclassification improvement (NRI %)

Any fracture Hip fracture Vertebral
fracture

Women

Non-fracture group 3.88 0.43 −2.59

Fracture group 12.50* 33.33* −6.45

Total 16.38** 33.76* −9.04

Men

Non-fracture group −0.30 −0.29 0

Fracture group 3.77 0 0

Total 3.47 −0.29 0

*P<0.05; **P<0.01
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