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Abstract

Bone mineral density (BMD) has been linked to mortality, but little is known about the 

independent contribution of each endosteal bone compartment and also the rate of bone loss to risk 

of mortality. We examined the relationships between (i) baseline trabecular and cortical volumetric 

(v) BMD at the proximal femur, and (ii) the rate of trabecular and cortical bone loss and all-cause 

mortality in older adults from the AGES-Reykjavik study. The analysis of trabecular and cortical 

vBMD and mortality was based on the baseline cohort of 4,654 participants (aged ≥ 66 years) with 

a median follow-up of 9.4 years; the association between rate of bone loss and mortality was based 

on 2,653 participants with bone loss data (median follow-up of 5.6 years). Analyses employed 

multivariable Cox-proportional models to estimate hazard ratios (HRs) with time-varying fracture 

status; trabecular and cortical variables were included together in all models. Adjusted for 

important confounders, Cox models showed that participants in the lowest quartile of trabecular 

vBMD had an increased risk of mortality compared to participants in other quartiles (HR=1.12, 

95% confidence interval (CI) 1.01 to 1.25); baseline cortical vBMD was not related to mortality 

(HR=1.08, 95% CI 0.97 to 1.20). After adjustment for time-dependent fracture status, results were 

attenuated and not statistically significant. A faster loss (quartile 1 vs quartiles 2–4) in both 

trabecular and cortical bone was associated with higher mortality risk (HR =1.37 and 1.33, 
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respectively); these associations were independent of major potential confounders including time-

dependent incident fractures (HR =1.32 and 1.34, respectively). Overall, data suggest that faster 

bone losses over time in both the trabecular and cortical bone compartments are associated with 

mortality risk and that measurements of change in bone health may be more informative than 

single-point measurements in explaining mortality differences in older adults.
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Introduction

Substantial evidence has shown associations between low bone mineral density (BMD) and 

mortality.(1) In the past, these associations have been observed independently of risk of 

fracture and other aging-related co-morbidities,(2) assessed with dual-energy X-ray 

absorptiometry (DXA), and focused predominantly on women. Although DXA is an 

excellent clinical tool, it does not provide specific assessments of 3D trabecular and cortical 

tissue or bone geometry. These distinctions are particularly relevant for the proximal femur 

structure, which is comprised of both trabecular and cortical bone, and which has been 

widely linked to adverse health effects. Importantly, an accelerated decrease in trabecular 

compared to cortical bone loss at the proximal femur with age has been documented.(3,4) 

Moreover, due to its central anatomical location, both the surface-to-volume ratio and the 

bone formation rate per bone surface are greater in the trabecular than in cortical bone, 

therefore trabecular bone has higher turnover than cortical bone.(5) Despite this, cortical 

bone loss also plays an important role in the pathogenesis of bone fragility. Clearly 

trabecular and cortical compartments have major and individual effects on bone strength and 

they provide valuable insights into the development of skeletal fragility. However, the 

association between these compartments and mortality risk is unknown.

The focus on low areal BMD (aBMD) and mortality also neglects the possible role of bone 

size/geometry; its confounding effect has not been considered in previous studies. The 

occurrence of periosteal apposition with aging had been suggested by previous cross-

sectional and longitudinal studies(4,6). Failure to recognize the effect of femoral geometry on 

bone strength when quantifying mortality risk associated with bone health in old age may 

disregard valuable information.

Moreover, longitudinal data on femoral bone loss are scarce(7–9) and have been limited to 

aBMD estimates using DXA. Thus, and while genetic, metabolic, endocrine and behavioral 

factors have been proposed to explain the associations between age-related loss of bone 

strength and fragility fractures, the nature of the association with mortality, and the 

mechanisms involved are still not clearly elucidated. No study has explored the intriguing 

link between cortical and trabecular bone loss and mortality. Therefore, using volumetric 

quantitative computed tomographic (vQCT) images we investigated whether trabecular and 

cortical BMD at baseline as well as the rate of volumetric bone loss over a period of 5-year 

follow-up are associated with total mortality in a well-characterized large population-based 
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cohort of older men and women. Also, we wanted to explore whether such associations were 

independent of age, sex, hip size, fractures and other potentially important risk factors. We 

hypothesized that low volumetric BMD (vBMD) in both compartments and a greater rate of 

volumetric bone loss would be independent predictors of mortality risk in older adults.

Material and Methods

Study design and participants

The present study is based on the Age, Gene/Environment Susceptibility (AGES) - 

Reykjavik Study, a single-center prospective population study of Icelandic older men and 

women. Specifically, data come from the baseline examination (AGES) and one follow-up 

examination (AGES II), occurring on average 5.2 years later. Design and recruitment have 

been described in detail.(10) A complete description of the number of participants 

(supplemental Figure 1) and criteria for exclusion are reported on Supplemental Data. 

Written informed consent was obtained from all participants, and the study was approved by 

the Icelandic National Bioethics Committee (VSN: 00-063) and the Institutional Review 

Board of the Intramural Research Program of the National Institute of Aging.

Procedures

Our endpoint was all-cause mortality, which was ascertained by the Icelandic Heart 

Association (IHA), with permission of the Icelandic Data Protection Authority, using the 

complete, adjudicated registry of deaths available from the Icelandic National Roster 

maintained by Statistics Iceland (http://www.statice.is/Statistics/Population/Births-and-

deaths) through 4 October 2015. For baseline analysis, survival time was calculated as the 

number of days between a participant’s entry to the study at baseline (in 2002–2006) until 

the date of death from all causes, or until the end of follow-up in the cohort. For bone loss 

analysis, we calculated an individual’s time at risk from the date of participation in the 

follow-up survey (AGES II) until the date of death, or until the end of follow-up in the 

cohort.

Left hip was scanned and analyzed with a four-row detector CT system (Sensation; Siemens 

Medical Systems, Erlangen, Germany), following a standardized protocol, and encompassed 

the proximal femur from a level 1 cm superior to the acetabulum to a level 3–5 mm inferior 

to the lesser trochanter at settings of 120 kVp, 140 mAs, 1-mm slice thickness, pitch=1, 

pixel size of 0.977 mm. Scans were performed at baseline and repeated after an average 

follow-up of 5.2 years (range 2.7–8.2). Proximal femur vQCT images were processed to 

extract measures of trabecular and cortical vBMD (g/cm3), and bone size (CSA in cm2) as 

previously published.(11) Assessments of covariates are described in the Supplemental Data.

Statistical analysis

Mean ± SD or percentages for categorical variables were used to summarize subject 

characteristics. Comparisons among groups were assessed by independent T-test for 

continuous variables and by the chi-squared test for categorical data. To estimate annual 

percent change (Δ%) in each bone parameter we divided the inter-visit difference relative to 
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absolute baseline, divided by the number of years between the visits, as follows: [(follow-up 

value – baseline value)/baseline value * time between CT scans] * 100.

Mortality rates per 1000 person-years were calculated. All analyses were based on Cox-

proportional hazard regression models, which estimated the association of baseline 

trabecular and cortical vBMD and mortality over the next 13.1 years, and the associations of 

rate of change in trabecular and cortical vBMD and mortality over the next 8.4 years. 

Trabecular vBMD and cortical vBMD (both baseline values and Δ%) were moderately to 

weekly correlated (Pearson’s correlations of r=0.51 for baseline vBMD and r=0.17 for Δ%); 

thus, we included both vBMD measurements together as independent variables for the Cox’s 

proportional hazard regression models. Because prior studies have suggested differences in 

vBMD between men and women we tested for potential sex-differences between baseline 

trabecular and cortical vBMD and mortality by including interaction terms in the Cox 

models; these interaction terms were non-significant (all p-values>0.275), subsequent 

analyses were pooled by sex.

For baseline vBMD measures, the hazards ratios (HRs, with 95 % confidence intervals (CI)) 

for mortality were calculated for the lowest quartile (representing lower bone density) 

compared with the three highest combined. For the longitudinal bone measurement analyses, 

we calculated the mortality HR associated with having a faster rate of bone loss, defined as 

being in the quartile of fastest bone loss in our sample compared with the other three 

quartiles of the annual percent change in bone.

The proportional hazard assumption was tested by evaluating interaction terms with time, 

using the Schoenfeld residuals, and by examining complementary log-log plots (i.e., log(-

log(survival) versus log(time)). HRs reported here did not violate the proportionality 

assumption and thus were constant over follow-up time.

Proximal femur minimum and maximum CSAs were included in all models to account for 

bone size and the possible effect on bone strength although they were not significant 

predictors of mortality (P ≥ 0.10) in the multivariate models. To be consistent through 

regression analyses, the same predictors that were significant in the baseline (AGES 

analytical sample) model were included in the bone loss analysis (AGES II).

Significance testing was two-sided and based on a 5% probability level. All analyses were 

conducted using Stata version 12 (STATA Corp, College Station, TX, USA).

Covariates—Several potential confounding covariates were taken into account in the 

analyses. These were selected from an extensive list of variables available in the AGES 

dataset and thought to be associated with bone loss and mortality, based on biological 

plausibility or previous literature findings (see Appendix for full list of variables explored). 

Variables were selected to be included in the Cox models if they were significantly related 

(P < 0.05) to both vBMD and mortality and if they had a significant contribution to the 

multivariate model (retention threshold of P < 0.10) were included in the final analyses. 

These variables were: Model 1 adjusted for sex, age, proximal femur minimum cross-

sectional area (femoral neck) and maximum cross-sectional area. Model 2 additionally 
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adjusted for health variables including baseline history of diabetes, and chronic lung disease, 

CAC score, creatinine, cognitive status and self-reported health status. Model 3 additionally 

adjusted for lifestyle factors: 25OHD, smoking status, physical activity level, weight change 

from age 50, and self-reported history of previous fracture which was obtained from the 

baseline questionnaire. Model 4 adjusted for all covariates in Model 3 plus time-varying 

fracture status in order to further account for the potentially important influence of fracture 

occurrences in explaining the links between bone health and mortality.

Sensitivity Analysis—In sensitivity analysis we further adjusted for some additional 

variables were significantly associated with mortality in previous studies and in our sample, 

including body mass index, high-sensitivity C-reactive protein, history of valvular heart 

disease, arthritis, Parkinson disease, and cancer. In addition, we repeated the analysis using 

vBMD as continuous (per SD decrease), and also after excluding participants with early fatal 

events (in the first 3 years of follow-up). We also conducted sensitivity analyses to account 

for potential bias due to selective participation and survival in the follow-up study visit using 

inverse probability weights.(12) In brief, we estimated via logistic regression models the 

probability of being alive and seen at the follow-up study examination. Using these 

probabilities, we computed analytical weights that are the inverse of the probability of the 

conjunction of surviving and participating at follow-up. These inverse probability weights 

were then applied to the Cox regression models (for full description see Supplemental Data).

Results

Characteristics of the study participants

The baseline characteristics of the participants who did and did not survive during follow-up 

are detailed in Table 1. Participants who did not survive were on average older, weaker, and 

more likely to be male, a current smoker, to report a history of chronic diseases, and less 

likely to exercise. In addition, vBMD at both bone compartments was significantly lower in 

the participants who did not survive compared to those who survived.

For the baseline AGES cohort, during a mean follow-up period of 9.4 (SD, 3.2) years, 2,108 

(45.3%) participants died (48.3 per 1,000 person-years), and of these 1,021 (48.4%) were 

women (40.1 per 1,000 person-years); during this period 1130 participants, 327 men (16%) 

and 803 women (31%), sustained at least one fracture. For the AGES II cohort, the mean 

follow-up period was 5.6 (SD, 1.6) years, and during this period 683 (25.7%) participants 

died (45.7 per 1,000 person-years) and of those, 305 (44.7%) were women (35.6 per 1,000 

person-years). Bone fracture incidence was 10.8% (287 fracture cases from AGES II 

examination until 15th of March 2015), of those 7.1% were men and 13.7% were women.

Baseline vBMD and risk of mortality

Table 2 summarizes the risk of mortality between the lowest quartile of vBMD for each of 

the trabecular and cortical bone compartments at proximal femur (versus the highest three 

quartiles for each one compartment measure). Risk of death was 1.21 times higher for 

participants in the lower quartile of trabecular vBMD, compared to participants in the other 

three quartiles, after adjusting for age and sex and hip size (model 1; 95% CI 1.09–1.35; 
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p<0.001). Adjusting for all significant shared risk factors, including reported history of bone 

fractures (models 3), attenuated the estimated risk but it remained significantly elevated (HR 

1.12, 95% CI 1.01–1.25; p=0.033 in model 3) and independent of cortical vBMD. This 

association was further attenuated and not statistically significant when fracture status 

modeled as a time-varying covariate was taken into account (HR 1.07, 95% CI 0.96, 1.19; 

p=0.24 in model 4). We found a trend of association between being in the lowest quartile of 

baseline cortical vBMD and higher risk of mortality, although these associations did not 

reach statistical significance (Table 2). In the fully-adjusted model with time-varying 

fracture status, mortality HR was 1.05 (95% CI 0.94–1.16; p=0.38) for participants in the 

lower quartile of cortical vBMD (compared to Q2-Q4).

Bone loss and risk of mortality

The average time between the baseline visit (AGES) and visit 2 (AGES II) was 5.2 years 

(range 2.7–8.2 years). Among participants who attained both study visits (AGES II study 

sample), those who died during follow-up (range 0.17 – 8.42 years) had a significantly 

higher loss in total hip trabecular vBMD (1.7%/year) compared to survivors (1.4 %/year). 

The annual rate of cortical vBMD change was also significantly different (p<0.001) per 

survival status. Participants with >2% trabecular vBMD loss per year (corresponding to the 

fastest quartile of trabecular bone loss with average 3.2% loss per year) had a mortality rate 

of 61 per 1,000 person-years compared with 41 per 1,000 persons-years among participants 

with a <2% trabecular vBMD loss per year (Q2-Q4, average 0.9% loss per year). Similar 

increased mortality rates were observed for the fastest versus other quartiles of cortical 

BMD (63 vs 40 per 1,000 persons-years).

After adjusting for potential confounders, faster bone loss at both cortical and trabecular 

compartments of the endosteal surface were independently associated with increased 

mortality (Table 3). Specifically, among participants with the faster trabecular bone loss, the 

HR for mortality was 1.37 (95% CI, 1.15–1.64) compared with the other participants (model 

3, Table 3). For cortical bone loss, when participants in the faster quartile of bone loss at the 

proximal femur were compared with those in the other three quartiles of cortical bone 

change, the model 3 (full-adjusted) HR was 1.33 (95% CI 1.13–1.57). These associations 

remained significant - although slightly attenuated for trabecular bone loss - when fracture 

status modeled as a time-varying covariate was included (model 4).

In sensitivity analyses (Supplemental Table 1) results were similar to main analyses, 

including the model which further included inverse probability weights for censoring.

Discussion

In this large prospective study of community-dwelling older adults faster trabecular and 

cortical bone loss were associated with greater risk of mortality over thirteen years of 

follow-up. After adjusting for demographics, hip size, health behaviors and chronic 

conditions, there was 32% increased risk of mortality among older adults with a faster 

trabecular bone loss compared to those in the other three quartiles of trabecular bone change. 

Similar results were also observed for cortical bone loss (34% increased risk), and the 

associations between vBMD and mortality were observed even after adjusting for major 
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shared risk factors. Conclusions remained similar when fracture status during follow-up was 

included as a time-varying covariate.

To our knowledge, this is the first study to examine the contribution of each of the trabecular 

and cortical bone compartments to all-cause mortality risk. Some observational studies have 

shown that lower aBMD is independently associated with all-cause mortality in elderly 

populations.(2,13–15) For example, in a previous report using a large cohort of Swedish men 

and women, Nordström and colleagues(13) found that each 1 SD reduction in aBMD of the 

femoral neck was associated with a 54% increase in mortality in the fully-adjusted model. 

Results from a meta-analysis of 10 prospective cohort studies showed that each 1 SD 

decrease in aBMD at all sites was associated with a 1.17-fold (95% CI: 1.13–1.22) increase 

in total mortality.(1)

Our results showed that lower trabecular vBMD at baseline was found to predict long-term 

mortality after adjusting for demographics, hip size, health behaviors, chronic conditions and 

history of bone fractures. Szulc et al.(15) showed that lowest versus three upper quartiles of 

total hip aBMD predicted mortality independently of major incident osteoporotic fractures 

despite the fact that neither incident nor prevalent major osteoporotic fractures predicted 

mortality in the multivariate models. Another study(2) demonstrated that low aBMD was 

associated with an increased risk of mortality and removal of women who fractured during 

follow-up did not change this association. The majority of other prior studies did not explore 

whether the relationship between BMD and mortality was independent of fractures (neither 

incident nor prevalent), although it is well-stablished that hip fracture patients have an 

excess mortality rate compared to the general population.(16) One strength of our study is the 

inclusion of data on history of previous fracture (occurring before the bone assessment) as 

well as information on time-dependent occurrence of fracture throughout follow-up. Our 

results show that for baseline bone analyses, adjusting for history of fracture occurring 

before baseline bone assessment did not alter the association between trabecular vBMD and 

mortality; however, adjusting for time-varying follow-up fracture following baseline 

attenuated this association, suggesting that fractures at older age might explain some of the 

links between baseline BMD and mortality. Our results showed that lower cortical bone at 

baseline was not associated with long-term mortality, although the vBMD change analyses 

showed that higher cortical bone loss was associated with a higher risk of mortality 

independently of relevant confounders. Thus, it is likely that the baseline bone values reflect 

all relevant events during participant’s life course (including achievement of peak bone mass 

and menopause for women), whereas recent changes of vBMD are more likely to be a 

marker of current metabolic or other factors/processes associated with a higher risk of 

mortality. However, we cannot exclude the possibility that the lack of association found 

between baseline cortical bone and mortality may be due to measurement error in 

assessment of cortical bone, such as of the effect of partial volume averaging on cortical 

bone measurements, as previously described by our group.(17) Our cortical vBMD results 

should be interpreted in the light of this limitation, and further studies are necessary to 

clarify this finding.

We found that a higher rate of bone loss at both bone compartments was associated with 

increased risk of all-cause mortality. Studies examining the effect of bone loss on mortality 
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are sparse and the existing evidence are from the same prospective cohort, the Dubbo 

Osteoporosis Epidemiology Study.(7–9) In general all three studies demonstrated that aBMD 

loss at the hip/femoral neck was associated with an increased risk of mortality. Our results 

show that in the fully-adjusted model the highest quartile of trabecular bone loss was 

associated with a 32% increased mortality compared to those in the other three least 

quartiles of trabecular bone change. The highest quartile of cortical bone loss was also 

significantly associated with increased mortality risk (34%). Finally, the associations of 

trabecular and cortical bone loss and mortality were still observed in Cox regression models 

weighted to account for the potential selection nature of the follow-up cohort. The 

associations in weighted models were slightly stronger than in un-weighted model three, 

reflecting a scenario of mild selection bias wherein the associations were underestimated in 

the un-weighted healthier follow-up sample.

The factors mediating the association between vBMD changes during aging and mortality 

risk are poorly known, but higher rates of bone loss are hypothesized to be a marker of 

metabolic / cytokine changes rather than being a causal pathway to mortality. Our findings 

suggest that bone loss is associated with increased mortality, adjusting for history of 

fractures as well as fractures occurring during follow-up. Fractures occurring throughout 

mortality follow-up, as observed in the cross-sectional analyses, was a significant and major 

predictor of mortality (HR= 1.57, p<0.001). Genetic factors may play a role in the link 

between the two bone compartments and mortality risk. A genome-wide association study 

reported different genetic variants associated with cortical and trabecular vBMD,(18) and 

they may be under distinct biologic and environmental factors.(19) The modest correlation 

between trabecular and cortical vBMD found in our cohort also supports the notion that the 

determinants of these two bone parameters may differ. Future research would be needed to 

understand the so-far undetermined mechanisms regulating compartment-specific bone loss 

and how they relate with mortality risk.

The hypothesis that reduced skeletal loading, vascular calcification and several pathological 

disorders are the primary basis for the bone-mortality linkage may be oversimplified. In our 

study, the link with mortality was observed even after accounting for coronary artery 

calcium score, chronic lung disease, and other possible common denominators such as 

decreased physical activity and cognition, diabetes, smoking and poor health status; 

although we cannot exclude the potential for residual confounding. Other shared pathways 

that cause both bone loss and mortality such as muscle loss or inflammation are likely to be 

implicated in this association. As we did not consider these potentially confounding factors, 

their influences cannot be excluded. The major strengths of our study were the exploration 

of both single-time bone measurements as well as changes in bone measurements over time 

at older age, large sample size, long follow-up time, analyses accounted for history of status 

as well as time varying fracture status, and detailed baseline data that enabled us to 

accurately control for lifestyle, medical history, and several other factors. We also explored 

both the cross-sectional and longitudinal (bone loss) relationship with mortality risk. 

Whereas QCT has been previously used in fracture risk studies, it has not been used in 

prospective studies of mortality risk. Our research had some limitations. In addition to the 

spectrum of covariates included in the present study, other factors such as endogenous sex 

steroids, genetic markers, and cytokines associated with bone regulation were not measured. 
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These endocrine and genetic factors could provide some additional clues to the complex 

bone-mortality relationship. Our study is based on a single Icelandic community and our 

results may not be generalizable to other populations, including other Caucasian groups with 

different characteristics or other ethnicities.

In conclusion, the results illustrate that both cortical and trabecular bone loss were 

associated with higher risk of mortality. Advancing age is associated with bone loss and 

structural damage, however the potential specific biologic factors that lead to both bone 

structure regulation and mortality risk is an important topic for future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2

Associations of proximal femur trabecular and cortical vBMD (by lowest versus the highest three quartiles of 

vBMD) with mortality in participants from the AGES-Reykjavik Study, 2002–2006 (n= 4,654).

QCT Proximal femur vBMD

AGES analytical sample (no. of deaths = 2,108)

Model HR 95% CI

Trabecular (Q1 <0.037 g/cm3) 1 1.21 1.09, 1.35

2 1.20 1.08, 1.34

3 1.12 1.01, 1.25

4 1.07 0.96, 1.19

Cortical (Q1 <0.496 g/cm3) 1 1.06 0.96, 1.18

2 1.10 0.99, 1.22

3 1.08 0.97, 1.20

4 1.05 0.94, 1.16

Trabecular and cortical variables were included together in all COX models. Bolded values are significant.

Model 1 is adjusted for sex, age, proximal femur minimum cross-sectional area (femoral neck) and maximum cross-sectional area; Model 2 is 
adjusted for all of the factors in model 1 plus health variables including baseline history of diabetes and chronic lung disease, coronary artery 
calcium score, Creatinine, cognitive status and self-reported health status; Model 3 is additionally adjusted for lifestyle factors including 25OHD, 
smoking status, physical activity level, weight change from age 50, and self-reported history of previous fracture. Model 4 is additionally adjusted 
for fracture status as a time-varying covariate.
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Table 3

Adjusted HRs of mortality by quartile of bone change (faster rate of bone loss versus the other three quartiles 

of the annual percent change in bone) in participants from the AGES II, 2007–2011 (n= 2,653).

QCT Proximal femur bone loss,

AGES II analytical sample (no. of deaths = 683)

Model HR 95% CI

Trabecular (Q1≥-2.25 %/year) 1 1.48 1.25, 1.76

2 1.48 1.24, 1.76

3 1.37 1.15, 1.64

4 1.32 1.11, 1.58

Cortical (Q1≥-0.13 %/year) 1 1.41 1.20, 1.66

2 1.37 1.16, 1.61

3 1.33 1.13, 1.57

4 1.34 1.14, 1.58

Trabecular and cortical variables were included together in all COX models. Bolded values are significant.

Model 1 is adjusted for sex, age, proximal femur minimum cross-sectional area (femoral neck) and maximum cross-sectional area; Model 2 is 
adjusted for all of the factors in model 1 plus health variables including baseline history of diabetes and chronic lung disease, coronary artery 
calcium score, Creatinine, cognitive status and self-reported health status; Model 3 is additionally adjusted for lifestyle factors including 25OHD, 
smoking status, physical activity level, weight change from age 50, and self-reported previous fracture; Model 4 is similar to model 3 but is 
additionally adjusted for fracture status as a time-varying covariate.
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