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Abstract
Summary  Osteoporosis has been linked with increased risk of cardiovascular disease previously. However, few studies have 
detailed bone and vascular information. In a prospective study of older women, we demonstrated heel quantitative ultrasound 
measures were associated with increased cardiovascular and all-cause mortality, independent of established cardiovascular 
risk factors.
Introduction  Osteoporosis and low bone mineral density (BMD) have been previously linked to cardiovascular disease 
(CVD) and mortality. Calcaneal quantitative ultrasound (QUS) is used to evaluate bone material properties, especially in 
older women. However, it is uncertain whether it is related to risk of mortality. This study was aimed to investigate the 
association between calcaneal QUS measurements and 15-year all-cause and CVD mortality in 1404 older women (mean 
age 75.2 ± 2.7 years).
Methods  One thousand four hundred four older women, participants of Calcium Intake Fracture Outcome study (CAIFOS), 
had calcaneal bone measured at baseline (1998) and followed for 15 years. The primary outcomes, any deaths, and deaths 
attributable to cardiovascular causes ascertained by using linked data were obtained from Western Australia data linkage 
system.
Results  Over the 15 years of follow-up (17,955 person years), 584 of the women died, and 223 from CVD. For every 
standard deviation (SD), reduction in broadband ultrasound attenuation (BUA) in minimally and multivariable-adjusted 
model including cardiovascular risk factors increased relative hazards for all-cause (multivariable-adjusted HR 1.15; 95%CI: 
1.06–1.26, p = 0.001) and CVD mortality (multivariable-adjusted HR 1.20; 95%CI: 1.04–1.38, p = 0.010). Such relationships 
also persisted when hip BMD was included in the model (all-cause mortality HR 1.19; 95%CI: 1.07–1.33, p = 0.002; CVD 
mortality HR 1.28; 95%CI: 1.07–1.53, p = 0.008).
Conclusion  BUA is associated with all-cause and CVD mortality in older women independent of BMD and established 
CVD risk factors. Understanding why and how these are related may provide further insights about the bone-vascular nexus 
as well as therapeutic targets benefiting both systems.
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Introduction

Vascular and bone diseases are both chronic conditions 
associated with aging that cause considerable morbidity 
and mortality, and associated with substantial health and 

economic burden [1]. Shared genetic and lifestyle risk fac-
tors, chronic inflammation, impaired blood and nutrient 
supply, estrogen deficiency, oxidative stress, and vascular 
calcification may underlie the link between osteoporosis 
and cardiovascular disease (CVD) [2, 3]. Despite low bone 
mineral density (BMD) determined using dual-energy x-ray 
absorptiometry (DXA) being linked to all-cause mortality 
[4], its relationship with other health outcomes apart from 
fracture remains unclear [5]. Vascular calcification, primar-
ily of the abdominal aorta, has also been linked with higher 
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risk of fracture in older people [6–8]. We and others have 
also identified an overlap in cytokine regulation of bone 
and vascular phenomena [9, 10]. Specifically, an associa-
tion between circulating vascular inflammatory biomarkers 
and bone health has been reported [11–13].

A number of studies and a recent meta-analysis of 10 
prospective studies reported an association between lower 
hip and spine BMD with increased risk of CVD and all-
cause mortality [4]. A recent study also revealed an inverse 
relationship between speed of sound (SOS), measured using 
calcaneal quantitative ultrasound (QUS) and ischemic heart 
disease mortality [14]. However, only limited studies have 
assessed the association of other measures of bone material 
properties from QUS such as broadband ultrasound attenu-
ation (BUA) and stiffness index (SI) and other skeletal sites 
with all-cause and CVD mortality. These parameters are 
thought to measure similar bone properties to DXA and have 
been demonstrated to predict fracture risk independently in 
older populations [15–17]. Presently, there are conflicting 
findings as to whether these measures of the material prop-
erties of bone predict all-cause or CVD mortality [18, 19].

Therefore, we sought to examine the association between 
baseline QUS measures with all-cause and CVD mortality 
over 15 years in a longitudinal cohort of older women. Addi-
tionally, we aimed to determine whether the associations of 
ultrasound bone parameters with all-cause and CVD mortal-
ity are modified by known CVD risk factors.

Materials and methods

The manuscript complies with the STROBE reporting guide-
lines for observational studies.

Study population

Older women aged over 70 years were recruited from the 
Western Australian general population of women by mail 
using the electoral roll in 1998 to a 5-year prospective, ran-
domized, controlled trial of oral calcium supplements to pre-
vent osteoporotic fractures, the Calcium Intake Fracture Out-
come study (CAIFOS) [20]. Of the 5586 women approached, 
1460 women were randomized to receive either; 1.2 g of 
elemental calcium as calcium carbonate daily (n = 730) or a 
matching placebo (n = 730) for 5 years as described previ-
ously [20]. At the conclusion of CAIFOS, participants were 
followed for a further 10 years of follow-up. Of the 1460 
participants recruited, 1404 had calcaneal QUS measured at 
baseline (1998). Of these 705 participants were randomized 
to the calcium-treated group while 699 were randomized to 
the placebo group.

Bone measurements

QUS of the calcaneus of the left foot was obtained in 
duplicate using a Lunar Achilles Ultrasound machine 
(Lunar Corp., Madison, WI, USA) at baseline (1998) in 
1404 participants. The average measurement of BUA, 
SOS, and SI were recorded. Coefficients of variation (CV) 
were 0.4%, 1.6%, and 2.4% for SOS, BUA, and SI, respec-
tively, in our laboratory [11].

Total hip areal bone mineral density was determined by 
DXA using the same Hologic Acclaim 4500A fan beam 
densitometer (Hologic Corp, Waltham, MA, USA) in a 
subset of 480 women at baseline and in 650 at year 1 of 
the intervention (total n = 1130) due to a lack of financial 
resources at the time. The CV at the total hip was 1.2% in 
our laboratory [21].

Baseline measures, risk factors, and asymptomatic 
CVD

Baseline medical and medication history including the 
presence of diabetes were obtained from all participants. 
Participants’ medical histories and medications were veri-
fied by their general practitioners where possible. Preva-
lent CVD was identified from hospital principal discharge 
diagnosis codes (ICD-9-CM codes 390–459) for the previ-
ous 18 years (1980–1998). Body mass index (BMI) was 
calculated in kilograms per square meter, weight (kg) 
divided by height squared (m2). Mean blood pressure was 
measured on the right arm with a mercury column manom-
eter while the participants have been seated in an upright 
position. The level of physical activity was evaluated by 
a questionnaire [22, 23], with activity levels determined 
in kilocalories per day using a validated method utilizing 
body weight, questions on the number of hours, and type 
of physical activity including specific energy costs [24, 
25]. Previous smoking history was considered smoking 
of at least one cigarette per day for at least 3 months at 
any time. Estimated 10-year cardiovascular risk was calcu-
lated using the Framingham Risk Scores (FRS) with either 
(a) non-laboratory-based variables: age, BMI, systolic 
blood pressure, antihypertensive medications, smoking 
status, and diabetes mellitus, or (b) the laboratory-based 
FRS, where high-density lipoprotein and total cholesterol 
replace BMI in the equations [26]. The presence of abdom-
inal aortic calcification (AAC) was assessed on lateral 
single-energy images of the thoracolumbar spine taken in 
1998/1999 using a Hologic 4500A machine (Hologic, Bed-
ford, MA, USA) by single experienced investigator (JTS) 
as described previously [27]. AAC was classified into low 
AAC (AAC24 score = 0 and 1) or moderate to severe AAC 
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(AAC24 score > 1). The presence of focal atherosclerotic 
carotid plaques was determined after 3 years (2001) using 
B mode carotid ultrasound examination by a single sonog-
rapher with an 8.0-mHz linear array transducer fitted to an 
Acuson Sequoia 512 ultrasound machine using standard 
imaging as described previously [28].

Biochemistry

Fasting blood samples were collected at baseline (1998). 
Lipocalin 2, total cholesterol, high-density lipoprotein cho-
lesterol, total l-homocysteine, and serum cystatin C were 
measured as previously described [11, 29].

Mortality outcomes

The primary outcome for this study was all-cause and CVD 
mortality. The outcomes were defined using primary cause 
of death coded death certificate data from the ICD 9 Clini-
cal Modification (ICD-9-CM) [30], and the ICD, 10th Revi-
sion, Australian Modification (ICD-10-AM) [31]. Primary 
cause of death data was used for CVD death (codes included 
ICD-9-CM codes 390–459 and ICD-10-AM codes I00-I99); 
cancer death (codes included ICD-9-CM code 140–239 
excluding 210–229 and ICD-10-AM code C00-D48 exclud-
ing D10-D36); and other deaths (all other codes). Primary 
cause of death diagnosis text field of the death certificate 
was used where coded data were not yet available to ascer-
tain the cause of death. Three deaths were under coronial 
inquiry at the time of data extraction, and no primary cause 
of death was available.

Statistical analysis

QUS variables: BUA, SOS, and SI, were considered either 
continuous or quartiles in analyses with quartile 4 (highest 
bone quality) as the referent category. Pearson correlation 
coefficient was calculated for the correlation between QUS 
variables with age, BMI, and hip BMD. Baseline charac-
teristics were stratified by 15 years of all-cause mortality 
(yes/no) and were presented as mean and standard deviation 
(SD) for continuous variables or as number and percentage 
for categorical variables. The covariates in the multivari-
able-adjusted Cox proportional hazards regression models 
included, model 1—minimally adjusted: age, BMI, and 
treatment code (calcium/placebo); model 2—multivariable-
adjusted: model 1 plus history of smoking, CVD, cancer, 
and diabetes; and model 3: model 2 plus hip BMD. Cox 
proportional hazards regression analysis was undertaken 
using SPSS (version 22; IBM Corporation, Armonk, NY) 
and STATA version 9.2 statistical software programs (Stata 
Corporation, College Station, TX). No violations of the 
Cox proportional hazards assumptions were detected. The 

dose–response relationship between calcaneal BUA and 
mortality outcomes were determined with restricted cubic 
splines using the R package “rms” [32] with df = 3 and 
using BUA at 100 db/Mhz as the reference level, adjusted 
for covariates as described in model 2. For the analysis 
between BUA and all-cause and CVD mortality, p < 0.017 
(Bonferroni-corrected) in two-tailed testing was considered 
statistically significant. To determine whether there was an 
interaction between circulating inflammatory biomarkers, 
CVD risk factors, and subclinical measures of CVD with 
BUA for all-cause and CVD mortality, we adopted interac-
tion testing using minimally adjusted model. Pint < 0.1 was 
considered statistically significant. Moreover, we undertook 
further analyses after including additional covariates such as 
physical activity, 25OHD, and free estradiol index into the 
multivariable-adjusted model.

Results

Baseline characteristics

Baseline characteristics are presented in Table 1. Women 
that died over the 15 years of follow-up were older, more 
likely to have smoked in the past, and have a sedentary life-
style, as well as present with prevalent diabetes or CVD at 
baseline. Correlation tests revealed that age was negatively 
correlated with measures of baseline calcaneal QUS: BUA 
r =  − 0.13, SOS =  − 0.09, and SI r =  − 0.12, all p < 0.001, 
while BMI was positively correlated with BUA r = 0.34, 
SOS r = 0.14, and SI r = 0.25, all p < 0.001. Total hip BMD 
was also positively correlated with BUA r = 0.53, SOS 
r = 0.49, and SI r = 0.54, all p < 0.001.

Calcaneal QUS measures and all‑cause mortality

Between baseline and year 1, there were 9 of the1404 
women (0.6%) with BUA measurements that died. Each 
SD reduction in BUA, SOS, and SI was associated with an 
increased risk of all-cause mortality in the minimally and 
multivariable-adjusted models (Table 2). After adjusting for 
total hip BMD, calcaneal BUA and SI remained significantly 
related with a higher risk of all-cause mortality. However, 
the association between SOS and all-cause mortality was 
attenuated after adjustment for total hip BMD. Restricted 
cubic splines indicated a linear relationship between calca-
neal BUA and all-cause mortality (Fig. 1a). Kaplan–Meier 
survival curves for the relationship between quartiles of 
BUA and all-cause mortality are shown in Fig. 2a. Percent-
ages of deaths by quartiles of calcaneal BUA are shown in 
Fig. 3. Women with the lowest BUA (quartile 1) had 57% 
and 58% greater relative hazard of all-cause mortality in the 
minimally and multivariable-adjusted models, respectively, 
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in comparison to those with the highest BUA (quartile 4); 
with this increasing to 67% after the inclusion of hip BMD, 
see Table 3. Noteworthy, hip BMD was not associated with 
all-cause (HR 0.42; 95%CI: 0.08–2.17) and CVD (HR 0.75; 
95%CI: 0.28–1.97) mortality after accounting for BUA.

Calcaneal QUS measures and CVD mortality

Each SD reduction in BUA was consistently associated with 
an increased risk of CVD mortality in all models (Table 2). 
Specifically, each SD decrease in calcaneal BUA was 
associated with a 20% increase in the relative hazard for 

CVD mortality in the multivariable-adjusted model, which 
increased to 28% after the inclusion of hip BMD in the 
multivariable-adjusted model (Table 2). Both SOS and SI 
were not associated with CVD mortality in the multivariable-
adjusted analysis. Restricted cubic splines indicated a linear 
relationship between calcaneal BUA and CVD mortality 
(Fig. 1b). Kaplan–Meier survival curves for the relationship 
between BUA and CVD mortality are presented in Fig. 2b. 
Compared to individuals with the highest BUA (quartile 
4), women with the lowest BUA (quartile 1) had a 59% 
increased risk for CVD mortality in our multivariable-
adjusted analysis. The relative hazard slightly attenuated 

Table 1   Baseline characteristics 
of the study population stratified 
by 15-year mortality

Abbreviations: CVD, cardiovascular disease; LDLC, low-density lipoprotein cholesterol; HDLC, high-
density lipoprotein cholesterol; BUA, broadband ultrasound attenuation; aBMD, areal bone mineral den-
sity. Data expressed as mean ± SD or number and (%) or median and (IQR). Italicized numbers indicate 
a significant difference (p ≤ 0.05) from survivors by either univariate ANOVA with Tukey’s post hoc test, 
Kruskal–Wallis H or χ2 test for trend where appropriate
1 n = 1360
2 n = 1001
3 n = 1358
4 n = 974
5 n = 1130

All Survivors Any death CVD death

Number 1404 820 584 223
Age, years 75.2 ± 2.7 74.8 ± 2.6 75.7 ± 2.8 76.0 ± 2.8
Body mass index, kg/m2 27.1 ± 4.7 26.9 ± 4.3 27.4 ± 5.2 27.6 ± 5.3
Calcium treatment, yes (%) 705 (50.2) 422 (51.5) 283 (48.5) 106 (47.5)
Smoked ever, yes (%) 514 (36.8) 278 (34.1) 236 (40.5) 80 (36.0)
Sedentary, yes (%) 342 (24.4) 178 (21.7) 164 (28.1) 63 (28.3)
Physical activity, kcal/day 112 [25–204] 122 [43–205] 93 (0–202) 87 [0–205]
Prevalent disease

  Diabetes, yes (%) 86 (6.1) 36 (4.4) 50 (8.6) 13 (5.8)
  CVD, yes (%) 331 (23.6) 153 (18.7) 178 (30.5) 80 (35.9)
  Prevalent cancer, yes (%) 72 (5.1) 34 (4.1) 38 (6.5) 7 (3.1)

Blood pressure1

  Systolic blood pressure, mmHg 138 ± 18 138 ± 18 139 ± 18 140 ± 19
  Diastolic blood pressure, mmHg 73 ± 11 73 ± 11 74 ± 12 74 ± 12

Antihypertensive medications, yes (%) 605 (43.1) 317 (38.7) 288 (49.3) 122 (54.7)
Lipid lowering therapy, yes (%) 263 (18.7) 150 (18.3) 113 (19.3) 41 (18.4)
Lipid profiles2

  Total cholesterol, mmol/L 5.9 ± 1.1 5.9 ± 1.1 5.8 ± 1.2 5.9 ± 1.2
  LDLC, mmol/L 3.7 ± 1.0 3.7 ± 0.9 3.6 ± 1.1 3.7 ± 1.1
  HDLC, mmol/L 1.5 ± 0.4 1.5 ± 0.4 1.4 ± 0.4 1.5 ± 0.4
  Triglycerides, mmol/L 1.6 ± 0.7 1.5 ± 0.7 1.6 ± 0.8 1.5 ± 0.7

Framingham risk scores (BMI)3 22.3% 21.1% 23.9% 24.7%
Framingham risk scores (lipids)4 19.0% 18.1% 20.6% 21.1%
Calcaneal quantitative ultrasound

  BUA, db/Mhz 100 ± 8 101 ± 8 100 ± 8 99 ± 8
  Speed of sound, m/s 1513 ± 26 1515 ± 25 1510 ± 26 1510 ± 25
  Stiffness index, % 71 ± 11 71 ± 11 69 ± 11 69 ± 11

Hip aBMD5, g/cm2 0.81 ± 0.12 0.82 ± 0.12 0.81 ± 0.13 0.80 ± 0.12
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in the Bonferroni-corrected multivariable and hip BMD-
adjusted models (Table  3). No consistent associations 
were seen for cancer or “other” mortalities in unadjusted 
or adjusted models (data not shown). Moreover, prevalent 
CVD was associated with greater relative hazard for all-
cause (HR 1.53; 95%CI: 1.28–1.82) and CVD mortality (HR 
1.88; 95%CI: 1.42–2.48) without accounting BUA. Prevalent 
CVD also remained significant after accounting for BUA (for 

all-cause HR 1.52; 95%CI: 1.27–1.81 and CVD mortality 
HR 1.86; 95%CI: 1.41–2.45).

Further analyses

The association between BUA and all-cause and CVD 
mortality remained significant after excluding those 
without hip BMD measurement available at baseline 

Table 2   Relative hazard 
per standard deviation 
(SD) reduction in calcaneal 
quantitative ultrasound 
measures

Abbreviations: CVD, cardiovascular disease; BUA, broadband ultrasound attenuation; SD, standard 
deviation; SOS, speed of sound. Model 1: age, BMI, and treatment (calcium/placebo). Model 2: model 
1 plus smoking history, prevalent diabetes, CVD and cancer. Model 3: Model 2 plus   total hip BMD in 
1998/1999# (assessed in 1130 participants). P value represents from Cox proportional hazards regression 
with italicized Bonferroni-corrected p values ≤ 0.017

SD All-cause mortality (n = 584) CVD mortality (n = 223)

Relative hazard (95%CI) P value Relative hazard (95%CI) P value

Model 1
  BUA, db/Mhz 8.0 1.15 (1.05–1.25) 0.002 1.21 (1.05–1.38) 0.008
  SOS, m/s 25.6 1.14 (1.05–1.24) 0.002 1.12 (0.98–1.28) 0.097
  Stiffness index, % 11.5 1.15 (1.06–1.25) 0.001 1.16 (1.01–1.32) 0.038

Model 2
  BUA, db/Mhz 8.0 1.15 (1.06–1.26) 0.001 1.20 (1.04–1.38) 0.010
  SOS, m/s 25.6 1.13 (1.04–1.23) 0.004 1.11 (0.97–1.26) 0.146
  Stiffness index, % 11.5 1.15 (1.06–1.25) 0.001 1.14 (1.00–1.31) 0.057

Model 3#

  BUA, db/Mhz 8.0 1.19 (1.07–1.33) 0.002 1.28 (1.07–1.53) 0.008
  SOS, m/s 25.6 1.09 (0.98–1.22) 0.115 1.07 (0.90–1.29) 0.440
  Stiffness index, % 11.5 1.15 (1.03–1.28) 0.017 1.16 (0.96–1.39) 0.126

Fig. 1   Adjusted hazard ratios for calcaneal broadband ultrasound 
attenuation (BUA) in relation to risk of a all-cause mortality and b 
cardiovascular disease–related mortality based on fitted restricted 
cubic splines using 100 db/Mhz as the reference level. The multivar-

iable-adjusted model included age, BMI, treatment code (calcium/
placebo), smoked ever, history of CVD, history of cancer, and diabe-
tes (model 2). Solid line is estimated HR and grey shading  represent 
95%CI
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in minimally and multivariable-adjusted models 
(Supplementary Table 1). It also remained significant 
after physical activity, total 25OHD, and free estradiol 
index were included into the hip BMD-adjusted model 
separately (Supplementary Table 2). We undertook further 
analyses adjusting for 10-year estimated cardiovascular 
risk using the non-laboratory- (BMI) and laboratory- 
(total cholesterol and high-density lipoprotein cholesterol) 
calculated Framingham Risk Scores with treatment 
code and prevalent CVD and observed similar results 
(Supplementary Table 3). Given fractures have also been 
associated with increased risk of mortality, we undertook 
further analyses adjusting for prevalent fractures (per SD 
lower calcaneal BUA adjusted HR for all-cause mortality 

aHR 1.17; 95%CI: 1.07–1.27, p = 0.001 and CVD 
mortality aHR 1.20; 95%CI: 1.05–1.39, p = 0.010).

Modifiers of the association between calcaneal BUA 
and all‑cause and CVD mortalities

Interaction testing between BUA and circulating vascular 
inflammatory biomarkers identified lipocalin 2, cystatin C, 
and homocysteine as potential modifiers of the association 
between BUA and all-cause and CVD mortalitiy (Pint < 0.05) 
(Fig. 4). Additionally, interactions between BMI and the pres-
ence of atherosclerotic carotid plaque with calcaneal BUA for 
all-cause mortality were noted. However, no such interactions 
were observed for CVD mortality (Supplementary Table 4).
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Fig. 2   Kaplan–Meier survival curves by quartiles of BUA a all-cause 
mortality (n = 584) and b CVD mortality (n = 223) over 15 years cat-
egorized by quartiles of calcaneal quantitative ultrasound broadband 

ultrasound attenuation (BUA). Quartiles 1, 2, 3, and 4 are represented 
by the blue, red, green, and orange lines, respectively

Fig. 3   Percentage of deaths by 
quartiles of calcaneal BUA. Q1: 
48.7% died, Q2: 42.6% died, 
Q3: 39.7% died, and Q4: 35.9% 
died
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Discussion

In this study, we identified a consistent and robust associa-
tion between lower BUA and higher all-cause and CVD 
mortality over 15 years in older women. This relationship 
persisted after adjustment for a range of established cardio-
vascular risk factors as well as hip BMD. Importantly, cal-
caneal BUA remained associated with CVD mortality even 
after adjustments for estimated cardiovascular risk using 
conventional risk factors. This suggests that calcaneal BUA 
may capture additional prognostic information regarding 
future mortality risk in comparison to hip BMD.

For every SD reduction in calcaneal BUA, we observed a 
15% and 20% increase in the multivariable-adjusted relative 
hazard for all-cause and CVD mortality, respectively. These 
findings are similar to those of Bauer et al. [18] who reported 
a 16% increase in the risk of all-cause and 19% CVD mor-
tality over 5 years (n = 5816 women, age ~ 79 years) per SD 
reduction in calcaneal BUA. Similarly, Browner et al. [33] 
measured calcaneal BMD by single-photon absorptiometry 
in a large cohort of elderly women (n = 9704, age ≥ 65 years) 
and they reported only age adjusted 21% and 22% increase 
in the risk of non-trauma and cancer mortality, respec-
tively. However, no relationship between calcaneal BMD 
and CVD mortality was observed (RR 1.12, p = 0.25). A 
systematic review and meta-analysis of 11 studies reported 

that individuals with low BMD had a 33% higher CVD risk 
[34]. Collectively, these findings suggest that measures of 
bone health including calcaneal BUA and BMD are related 
to all-cause and CVD mortality. Of importance, understand-
ing how and why this relationship exists may shed light on 
novel aspects of bone and vascular aging.

Regarding potential mechanisms underlying these obser-
vations, there are numerous hypothesized mechanisms 
including shared genetic, dietary, and lifestyle factors [35]; 
loss of endogenous protective pathways [36]; and an over-
lap in physiopathological mechanisms between osteoporosis 
and calcified vasculature [37]. Increased release of reactive 
oxygen species and pro-inflammatory mediators and altera-
tion of cell signaling related to bone cellular senescence that 
occur with aging may also explain the observed association 
between low BUA and all-cause and CVD mortality [37, 
38]. Of interest, the persistence of the association between 
BUA and all-cause and CVD mortality after adjustment for 
hip BMD may be partly justified by the presence of addi-
tional genetic loci that are related to calcaneal BUA but not 
hip or spine BMD [39]. For example, TMEM135 (rs597319), 
a gene which is related to longevity, was identified as deter-
minant of calcaneal bone properties, but not hip BMD [40].

The significant difference in the relationship between cal-
caneal BUA and all-cause and CVD mortality across differ-
ent levels of circulating vascular inflammatory biomarkers 

Table 3   Multivariable-adjusted hazard ratio for death by quartiles of calcaneal BUA

Abbreviations: CVD, cardiovascular disease; BUA, broadband ultrasound attenuation. Model 1: adjusted including age, BMI, and treatment (cal-
cium versus placebo). Model 2: Model 1 plus smoking history, prevalent diabetes, CVD and cancer. Model 3: Model 2 plus total hip BMD in 
1998/1999# (assessed in 1130 participants). P value represents from Cox proportional hazards regression with italicized Bonferroni-corrected p 
values ≤ 0.017. P for trend obtained using the median value of each quartile. The p for trend for all-cause mortality was ≤ 0.001 for models 1, 2, 
and 3. For CVD mortality, the p for trend for CVD mortality was 0.013, 0.019, and 0.016 for models 1, 2, and 3, respectively

All deaths CVD deaths

Number of deaths (%) Hazard ratio (95%CI) P value Number of 
deaths (%)

Hazard ratio (95%CI) P value

Model 1
  Quartile 1 (n = 337) 164 (48.7) 1.57 (1.23–2.00)  < 0.001 61 (18.1) 1.63 (1.09–2.44) 0.016
  Quartile 2 (n = 350) 149 (42.6) 1.27 (1.00–1.62) 0.051 62 (17.8) 1.47 (1.00–2.18) 0.053
  Quartile 3 (n = 360) 143 (39.7) 1.20 (0.91–1.58) 0.204 54 (15.0) 1.28 (0.86–1.90) 0.220
  Quartile 4 (n = 357) 128 (35.9) 1.00 (referent) 46 (13.0) 1.00 (referent)

Model 2
  Quartile 1 (n = 337) 164 (48.7) 1.58 (1.24–2.02)  < 0.001 61 (18.1) 1.59 (1.06–2.44) 0.024
  Quartile 2 (n = 350) 149 (42.6) 1.28 (1.01–1.64) 0.045 62 (17.8) 1.51 (1.02–2.24) 0.041
  Quartile 3 (n = 360) 143 (39.7) 1.21 (0.95–1.54) 0.120 54 (15.0) 1.29 (0.86–1.92) 0.214
  Quartile 4 (n = 357) 128 (35.9) 1.00 (referent) 46 (13.0) 1.00 (referent)

Model 3#

  Quartile 1 (n = 262) 125 (47.7) 1.67 (1.23–2.25) 0.001 48 (18.3) 1.83 (1.10–3.03) 0.020
  Quartile 2 (n = 275) 111 (40.4) 1.30 (0.98–1.74) 0.073 46 (16.7) 1.60 (0.99–2.60) 0.058
  Quartile 3 (n = 303) 112 (37.0) 1.19 (0.90–1.57) 0.227 40 (13.2) 1.33 (0.82–2.14) 0.249
  Quartile 4 (n = 290) 99 (34.1) 1.00 (referent) 31 (10.7) 1.00 (referent)
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may be attributable to difference in cardiometabolic health 
of the cohorts. Specifically, we observed interactions 
between calcaneal BUA and inflammatory and/or metabolic 
biomarkers for all-cause and CVD mortality. The associa-
tion between lower calcaneal BUA and all-cause mortal-
ity appeared stronger in the women with lowest circulating 
levels of lipocalin 2, cystatin C, and homocysteine. Given 
lower levels of these biomarkers are related to better car-
diometabolic health outcomes, these findings suggest that 
age-related inflammatory and metabolic disorders may 
obscure the relationship between BUA and all-cause and 
CVD mortality. In addition to the inflammatory biomarkers, 
the presence of carotid plaques and a BMI ≤ 30 kg/m2 was 
also found to potentially modify the association between 
BUA and all-cause mortality. Specifically, this relationship 
appeared stronger in non-obese women, and is supported 
by our analysis considering inflammatory biomarkers. 
Such findings may be attributed to the relationship between 
obesity, higher chronic inflammation, and metabolic dys-
function. Despite these novel findings, caution needs to be 
exercised when interpreting the results based on interaction 
testing. Such analyses are hypothesis-generating and should 
be considered tentatively until validated in other cohorts.

Lifestyle factors including diet, insufficient physical 
activity, and smoking are also known to negatively influ-
ence health outcomes, including obesity. Indeed, smoking 
and low physical activity were significantly associated with 
both calcaneal ultrasound measures and mortality outcomes 
in this study. Although nutritional factors were not examined 
here, its importance to musculoskeletal and vascular health 
is undeniable, warranting further investigation when exam-
ining the relationship between BUA, CVD, and mortality.

Despite these novel findings, limitations of this work must 
be acknowledged. Firstly, the observational nature of the study 
means that causality cannot be established. Nevertheless, to 
minimize residual confounding, we considered a detailed list 
of risk factors implicated in bone, cardiovascular, and general 
health. Secondly, hip BMD was obtained approximately 1 year 
after measurement of calcaneal ultrasound and was only avail-
able in 80% of the women. Thirdly, the study may not be appli-
cable to younger population and older men. Finally, there was 
large unexplained variance (~ 95%) in our model when con-
sidering all-cause and CVD mortality in these older women. 
Nonetheless, the addition of BUA increased the amount of 
explained variance by 11.2% and 13.8% for all deaths and 
CVD deaths, respectively. However, strengths of this study 

include long-term follow-up (15 years) with asymptomatic 
measures of CVD, and death data obtained from linked heath 
records which are independent of self-report. This facilitates 
the accurate examination of the longitudinal relationship 
between baseline quantitative ultrasound measures and long-
term clinical endpoints. We also considered a wide range of 
established CVD risk factors (e.g., inflammatory biomarkers, 
subclinical measures of CVD) often considered mechanistic 
when considering the relationship between bone, vasculature, 
and mortality outcomes [41]. Finally, extensive information 
regarding CVD risk factors, disease status, and lifestyle fac-
tors were considered in a cohort of older women representing 
a high-risk population for osteoporosis.

Conclusion

The findings of this study suggest that low calcaneal QUS, 
and in particular BUA, is associated with all-cause and CVD 
mortality in older women highlighting an association between 
bone and vascular health, which is an important consideration 
for healthy aging.
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