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    Abstract
Objective We investigated whether the evaluation of bone mineral density (BMD) provides independent and incremental prognostic value for predicting atherosclerotic cardiovascular disease (ASCVD) in women.

Methods A total of 12 681 women aged 50–80 years (mean, 63.0±7.8 years) who underwent dual-energy X-ray absorptiometry were retrospectively analysed. We assessed the hazard ratio (HR) for ASCVD events (ASCVD death, non-fatal myocardial infarction and ischaemic stroke) according to the BMD or a clinical diagnosis of osteopenia or osteoporosis, with adjustment for clinical risk factors, including age, body mass index, hypertension, type 2 diabetes, hyperlipidaemia, current smoking and previous fracture. We also evaluated whether the addition of BMD or a clinical diagnosis of osteopenia or osteoporosis to clinical risk factors improved the prediction for ASCVD events.

Results In total, 468 women (3.7%) experienced ASCVD events during follow-up (median, 9.2 years). Lower BMD at the lumbar spine, femur neck and total hip was independently associated with higher risk for ASCVD events (adjusted HR per 1-standard deviation decrease in BMD: 1.16, p<0.001; 1.29, p<0.001; 1.38, p<0.001; respectively). A clinical diagnosis of osteoporosis was also independently associated with higher risk for ASCVD events (adjusted HR: 1.79, p<0.001). The addition of BMD or a clinical diagnosis of osteopenia or osteoporosis to clinical risk factors demonstrated significant incremental value in discriminating ASCVD events (addition of total hip BMD, p for difference <0.001).

Conclusion The evaluation of BMD provides independent and incremental prognostic value for ASCVD in women and thus may improve risk stratification in women.


	coronary artery disease

Data availability statement
Data are available on reasonable request by contacting the corresponding authors (yeonyeeyoon@snubh.org; kyoungmin.kim@yonsei.ac.kr).
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Introduction
Atherosclerosis and osteoporosis are major age-related diseases, predominantly contributing to significant morbidity and mortality in women.1 Atherosclerosis comprises a multifactorial process resulting in atherosclerotic cardiovascular disease (ASCVD), which is the leading cause of death globally.2 Osteoporosis, characterised by low bone mineral density (BMD) and bone structure deterioration, reflects a condition of impaired bone strength and, thus, higher risk of fracture, leading to a loss of independence and higher financial burden.3 Previous epidemiologic studies indicate the coincidental occurrence of atherosclerosis and osteoporosis,4 suggesting a potential association between these diseases.1 4 However, most of the available data were derived from cross-sectional studies, and the prognostic value of BMD in predicting ASCVD has not been well evaluated. Furthermore, there is conflicting evidence regarding an independent association between osteoporosis and atherosclerosis, which both occur during the ageing process and share common risk factors.1 4–7

As the population-adjusted risk of ASCVD mortality is higher in women (21%) than in men (15%), traditional risk factors may differentially affect men and women.8 Additionally, as the performance of the conventional prediction algorithm is limited in women,9 10 new strategies that go beyond the measurement of conventional risk factors are needed to better identify women at higher risk of ASCVD. Given that millions of women are screened for osteoporosis using dual-energy X-ray absorptiometry (DXA), potential associations between low bone mass and ASCVD in women would provide an opportunity to improve the risk stratification of women without any additional costs. Therefore, we investigated whether the evaluation of BMD provides independent and incremental prognostic value for ASCVD events in a large cohort of women who underwent DXA.

Methods
Study population
The medical records of consecutive women aged 50–80 years who underwent DXA as a screening for osteoporosis at Seoul National University Bundang Hospital between 2005 and 2014 were retrospectively reviewed. For women who underwent repeated DXAs during the study period, only the first DXA was included. Among this initial cohort (n=14 333), we excluded patients with a history of myocardial infarction (MI) or coronary revascularisation (n=285), malignant tumour (n=870), chronic kidney disease (n=89) and previous osteoporosis treatment (n=11). Additionally, patients without complete BMD measurements at the lumbar spine, femur neck and total hip (n=121) and those without follow-up data (n=276) were excluded. Finally, a total of 12 681 women were included for analysis (online supplemental figure 1).
Supplemental material
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Patient and public involvement
Patients or the public were not involved in the design, or conduct, or reporting, or dissemination plans of the study.

Ascertainment of risk factors
Baseline characteristics were acquired by a dedicated review of the electronic health records of our institution, which was fully digitalised from its foundation.11 The diagnostic definitions for the clinical risk factors were as previously validated: hypertension (HTN) was defined as the presence of a diagnosis of HTN, blood pressure higher than 140/90 mm Hg, or anti-hypertensive medication use within 6 months of the index DXA study date; type 2 diabetes mellitus (T2DM) was defined as the presence of a diagnosis of T2DM, fasting plasma glucose level of 126 mg/dL or higher, haemoglobin A1c level of 6.5% or higher, or anti-diabetic medication use within 6 months of the index date; and hyperlipidaemia (HL) was defined as the presence of a diagnosis of HL, total cholesterol level of 240 mg/dL or higher, low-density lipoprotein cholesterol level of 160 mg/dL or higher, or treatment with statins within 6 months of the index date.12–16 Body mass index (BMI) was calculated by the weight (kg) divided by the square of the height (m2), required during the DXA scan. The predicted 10-year ASCVD risk was estimated using the Korean Risk Prediction Model, which is a recalibration of the Pooled Cohort Equation specifically for the Korean population.17


Measurement of BMD
BMD was measured at the lumbar spine, femoral neck and total hip using a single DXA scanner (Lunar Prodigy; GE, Madison, Wisconsin, USA), following the manufacturer’s protocol.18 For the measurement of BMD at the lumbar spine, vertebrae with a BMD higher or lower than 1 standard deviation (SD) of that in adjacent vertebrae were excluded from analyses, in accordance with the International Society for Clinical Densitometry rules for excluding individual vertebrae.19 T-scores were calculated for each measurement site, using the standard reference for Asian populations provided by the manufacturer. Osteopenia was defined as a BMD T-score between −1.0 and −2.5, and osteoporosis was defined as a T-score below −2.5, in accordance with World Health Organization guidelines.20 The precision error (per cent coefficient of variation) was less than 2% for the lumbar spine, femoral neck, and total hip BMD.

Study outcomes
The primary outcome was the ASCVD events of ASCVD death, non-fatal MI and non-fatal ischaemic stroke. We also assessed ASCVD death as a secondary outcome. Data regarding the date and cause of death were acquired from the Cause of Death Statistics from Statistics Korea, which collected data from death notifications filed at local administration offices and medical certificates of death mandatorily issued by physicians. Follow-up data for non-fatal MI and ischaemic stroke were obtained via a dedicated review of electronic health records by an independent investigator who was blinded to the baseline BMDs. The date of the DXA scan was defined as the index date of follow-up. Subjects were censored at the occurrence of outcome events or at the last date of the follow-up period for those who were lost to follow-up or had been transferred-out.

Statistical analysis
Cox proportional hazard regression modelling was used to estimate hazard ratios (HRs) for ASCVD events according to the per 1-SD decrease in BMD for each measurement site (lumbar spine, femur neck and total hip), or a clinical diagnosis of osteopenia or osteoporosis based on the BMD T-score for each measurement site, using women with normal T-scores as the reference group. We also evaluated the HRs for ASCVD according to a clinical diagnosis of osteopenia or osteoporosis based on the combined T-score of the three measurement sites (referred to as the ‘combined T-score’). HRs were estimated with adjustment for age only, and for age and BMI, HTN, T2DM, HL, current smoking and previous fracture (referred to as ‘other clinical factors’). We additionally adjusted for competing mortality risks.
Subgroup analyses were conducted to evaluate whether the predictive value of BMD differed according to the presence or absence of each clinical risk factor (age ≥70 years, BMI ≥25 kg/m2, current smoking, HTN, T2DM, HL, previous fracture). Additionally, we evaluated whether a clinical diagnosis of osteopenia or osteoporosis was associated with an increased risk of ASCVD even in a low-risk subgroup of women aged <70 years with no documented clinical risk factors (BMI ≥25 kg/m2, current smoking, HTN, T2DM, HL, previous fracture). Furthermore, considering the varied follow-up duration due to the retrospective nature of the study, we performed a sensitivity analysis, excluding women who were censored without outcome events before the median follow-up.
The incremental prognostic value of BMD was calculated by defining prediction models with the sequential addition of age (Model 1), other clinical risk factors (Model 2), and BMD (Model 3) or a clinical diagnosis of osteopenia or osteoporosis (Model 4). Model calibration was evaluated by calibration plot and Brier score comparing the predicted probabilities of the primary outcome against observed probabilities (online supplemental figure 2). Model discriminatory performance was assessed by the Harrell’s concordance statistic (c-statistic), and the integrated discrimination improvement (IDI) and categorical net reclassification index (NRI) were used to compare the reclassification performance among models. We applied random permutation methods, selecting random subsamples from the whole population 1000 times, for a robust calculation of CIs. We additionally compared the performance of the best model in predicting ASCVD events to that of the 10-year ASCVD risk.
All statistical analyses were performed using R software, V.3.6.1 (R Development Core Team, Vienna, Austria). Two-sided p values <0.05 were considered statistically significant.


Results
Clinical characteristics of the study population
Detailed clinical characteristics of the 12 681 women (mean age, 63.0±7.8 years; mean BMI, 24.1±3.2 kg/m2) are summarised in table 1. Baseline characteristics stratified by osteopenia and osteoporosis are shown in online supplemental table 1. None of the study participants had been prescribed hormone replacement therapy for more than 180 days within 6 months before and after the index DXA date.
View this table:	View inline
	View popup



Table 1 Baseline characteristics




Prediction of ASCVD events
During a median follow-up of 9.2 years (IQR, 3.5–11.5 years), 468 (3.7%) women experienced the primary outcome (ASCVD events). Age, current smoking and T2DM were independently associated with higher risk of ASCVD in a model with age, other clinical risk factors and BMD (each site) (online supplemental table 2). BMDs of the lumbar spine, femur neck and total hip were significant independent risk predictors of ASCVD when adjusted for age and other clinical risk factors (table 2). The diagnoses of osteopenia and osteoporosis, based on the T-scores at each measurement site, also demonstrated increasing associations with ASCVD events (table 2). In particular, the clinical diagnosis of osteoporosis by the T-score at any of the three measurement sites was independently associated with ASCVD events, even after adjustment for age and other clinical risk factors (table 2). When the presence of osteopenia and osteoporosis was defined by the combined T-score, the clinical diagnosis of osteoporosis based on the combined T-score was also independently associated with ASCVD events after covariate adjustment (table 2). Regarding the secondary outcome, 237 (1.9%) women experienced ASCVD death during follow-up. Lower BMDs or the diagnosis of osteoporosis were associated with significantly higher risk of ASCVD death (table 3).
View this table:	View inline
	View popup



Table 2 Adjusted HRs of BMD values and a clinical diagnosis of osteopenia or osteoporosis for atherosclerotic cardiovascular disease events
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Table 3 ASCVD death according to BMD values and a clinical diagnosis of osteopenia or osteoporosis



Lower BMDs or a clinical diagnosis of osteoporosis maintained an independent association with higher risk of ASCVD events and ASCVD death after adjustment for competing mortality risks (online supplemental table 3). Additionally, in women with follow-up longer than the median follow-up period, consistent results were obtained, with higher risk for ASCVD events linked to lower BMD or a clinical diagnosis of osteoporosis (online supplemental table 4).
The subgroup analyses according to the presence or absence of each clinical risk factor revealed that 1-SD decreases in femur neck and total hip BMDs were significantly associated with higher risk for ASCVD events for almost all risk factors (figure 1). Furthermore, in a low-risk subgroup (n=3 878), a diagnosis of osteoporosis based on the femur neck or total hip T-score was associated with higher risk for ASCVD events (online supplemental table 5). Additionally, a diagnosis of osteoporosis from any measurement site was associated with higher risk for ASCVD death (online supplemental table 5).
[image: Figure 1]
[image: Figure 1]


	Download figure
	Open in new tab
	Download powerpoint


Figure 1 Subgroup analyses for the risk of atherosclerotic cardiovascular disease per 1-SD decrease in BMDSubgroup analyses according to each clinical risk factor reveal that 1-SD decreases in the femur neck and total hip BMD are significantly associated with higher risk for atherosclerotic cardiovascular disease events after covariate adjustment. BMD, bone mineral density; BMI, body mass index; CI, confidence interval; IR, incidence rate.




Incremental prognostic value of BMD
Model performance in the discrimination of ASCVD events is shown in table 4. The addition of other clinical risk factors to Model 1 resulted in a significant improvement in the discrimination for ASCVD events (Model 2). The addition of the BMD of each measurement site to Model 2 resulted in a significant improvement in model performance (Model 3). The addition of a clinical diagnosis of osteopenia or osteoporosis based on the T-score (each site or combined) to Model 2 also resulted in a significant improvement in model performance (Model 4). Furthermore, the incremental prognostic value of BMD, or a clinical diagnosis of osteopenia or osteoporosis, was also confirmed by significant improvements in the NRI and IDI (table 4). Overall, the total hip area provided the strongest improvement in risk stratification for ASCVD events. When we additionally compared the discrimination ability of the highest performing model (Model 4 with a clinical diagnosis based on the total hip BMD) with that of the 10-year ASCVD risk, Model 4 showed significantly better discrimination (figure 2).
[image: Figure 2]
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Figure 2 Comparison of prediction performance for ASCVD events between the BMD model and ASCVD risk scoreThe addition of a clinical diagnosis of osteopenia or osteoporosis by total hip BMD to age and other clinical risk factors demonstrates a significant improvement in model performance for predicting ASCVD events over that of the ASCVD risk score. ASCVD, atherosclerotic cardiovascular disease; BMD, bone mineral density; CI, confidence interval; IDI, integrated discrimination improvement; NRI, net reclassification index
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Table 4 Comparisons among prediction models for the risk of atherosclerotic cardiovascular disease events





Discussion
Although a potential association between osteoporosis and ASCVD has been proposed, the prognostic value of BMD in predicting future ASCVD has not been well evaluated. In the present study, we evaluated the value of BMD in predicting future ASCVD, using a large cohort of consecutive women who underwent DXA. We found that low BMD has independent and incremental value in predicting future ASCVD in women.
To date, mounting epidemiological evidence suggests an association between decreased BMD and ASCVD. Previous studies have reported a higher prevalence of atherosclerotic coronary artery disease in patients with lower BMD and vice versa.21 22 A higher incidence of fracture events in patients with atherosclerosis has also been reported.23 Furthermore, the beneficial effect of anti-osteoporotic drugs on atherogenesis and lipid profiles24 is consistent with a potential link between bone and vasculature biologies. However, most previous studies were limited by a cross-sectional observational design and small number of study participants. Additionally, conflicting data demonstrating an age-dependent association, or even no association, between low BMD and atherosclerosis have been reported.25 Although a recent meta-analysis reported a strong association between decreased BMD and risk for atherosclerotic vascular abnormalities, independent of age, sex and other cardiovascular risk factors, the meta-analysis comprised mostly case–control and cross-sectional cohort studies.4 To our knowledge, the present study is the largest longitudinal study evaluating the association between BMD and risk for ASCVD. Lower BMD was significantly associated with higher risk for ASCVD events, independent of age and other clinical risk factors. Additionally, a clinical diagnosis of osteoporosis consistently provided independent prognostic value for ASCVD events. These results suggest an independent association between decreased BMD and ASCVD, supporting the potential role of BMD as a novel risk marker for future ASCVD in women.
Several potential mechanisms have been proposed to explain a link between atherosclerosis and osteoporosis. Chronic inflammation and accumulative oxidative stress play key roles in both aging-related bone loss and atherogenesis.1 Therefore, these shared common pathogeneses might contribute to the coincidental occurrence of osteoporosis and atherosclerosis. Parathyroid hormone, a principal regulator of calcium and phosphorus balance, plays a major physiologic role in bone homeostasis. Disturbed calcium and phosphorus metabolism are also known to accelerate both bone loss and atherogenesis.14 15 Furthermore, osteogenic mediators released during bone loss, including osteoprotegerin, osteocalcin and sclerostin, are known to have direct effects on vasculature biology and promote atherosclerosis.1 Additionally, sex hormones, particularly oestrogen, play critical roles in regulating bone biology and the vasculature and might contribute to the link between these two conditions.26 However, the exact mechanism between lower BMD and higher risk for atherogenesis is not yet fully understood and remains to be further addressed.
The current approach based on the 10-year ASCVD risk, estimated by risk-scoring algorithms such as the Pooled Cohort Equation, has limited accuracy in identifying women at high risk of developing ASCVD.9 10 Although the risk prediction could be improved by additional test data, such as the coronary artery calcium score,27 widespread implementation of coronary artery calcium scanning has been unsuccessful because of the perceived risks of radiation exposure and cost. In contrast, DXA is widely used to screen for osteopenia and osteoporosis in asymptomatic women. Therefore, the present study results of an improved ASCVD risk prediction by assessing BMD suggest an opportunity to screen women for ASCVD in a manner that is effective, efficient and broad-reaching. Moreover, the risk for ASCVD could even be further stratified according to BMD in a subgroup of relatively young women with no risk factors. This result supports a potential role of BMD in identifying apparently healthy women potentially at increased ASCVD risk. However, further evaluation is required to determine the degree to which BMD refines the risk assessment compared with that with more direct imaging tests of the cardiovascular system, such as carotid ultrasonography or coronary artery calcium imaging. Additionally, comparison with the predictive value of novel risk markers, such as high-sensitivity C reactive protein or lipoprotein(a), would be valuable, given that these risk markers are also expected to improve the risk stratification for ASCVD.28 29 Furthermore, before the widespread utilisation of BMD to facilitate personalised decision-making, randomised controlled trials of an integrated screening and targeted prevention strategy are required.
The study design introduced several limitations. First, the study results should be interpreted in the context of the limitations inherent to its retrospective medical record review study design. Since we could not obtain reliable data regarding possible important confounders, such as menopause, we only included women over the age of 50 years. Therefore, only women with postmenopausal or perimenopausal status were included in the study analysis. We also could not precisely assess physical activity levels or steroid use, which can affect both BMD and ASCVD risk. Further prospective studies that include these potential confounders are required to confirm the independent association between low BMD and risk for ASCVD. Second, we did not assess any parameters related to inflammation, oxidative stress or disturbed calcium metabolism, which are potential mediators between bone and vasculature. Whether and how these parameters affect the observed association between low BMD and ASCVD risk should be addressed in further studies. Third, as the present study comprised a cohort of women from a single tertiary medical centre in South Korea, a selection bias must be considered. Although the prevalence of osteoporosis in the current study was very similar to that from a nationwide survey of Korean residents,30 the study population may not be fully representative of the general population, and the results cannot be generalised to men or other ethnic groups. Additionally, because the study participants had a low burden of clinical risk factors, suggesting a relatively healthy population, our results may not be suitable for those with high-risk profiles. However, the strength of this study is that it is currently the largest to evaluate the association between BMD and risk for ASCVD events. Furthermore, because of its longitudinal design, we were able to evaluate whether refining the risk stratification by adding the BMD would improve the discrimination for future ASCVD. We believe that this study sets the stage for an outcome trial to evaluate whether assessing BMD in women translates into long-term clinical benefits.

Conclusions
The evaluation of BMD provides predictive value for ASCVD events in women. Moreover, it provides independent and incremental prognostic value over that for age and other clinical risk factors. Further studies are warranted to determine whether the evaluation of BMD translates into long-term clinical benefits in women.
Key messages
What is already known on this subject?
	Despite a potential link between osteoporosis and atherosclerotic cardiovascular disease (ASCVD), the independent and incremental prognostic value of bone mineral density (BMD) in predicting future ASCVD has not been well evaluated.



What might this study add?
	In this retrospective observational study comprising 12 681 women aged 50 years and older, lower BMD and a diagnosis of osteoporosis were independently associated with higher risk of ASCVD. The addition of BMD or a clinical diagnosis of osteoporosis or osteopenia to clinical risk factors demonstrated significant improvement in the discrimination for ASCVD events.



How might this impact on clinical practice?
	Considering that dual-energy X-ray absorptiometry is widely used to screen for osteopenia and osteoporosis in asymptomatic women, the significant association between BMD and higher risk of ASCVD provides an opportunity for large-scale ASCVD risk assessment in women without additional cost and radiation exposure.
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