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Abstract

High-resolution peripheral quantitative computed tomography (HR-pQCT) assesses both 

volumetric bone mineral density (vBMD) and trabecular and cortical microarchitecture. However, 

studies of the association of HR-pQCT parameters with fracture history have been small, 

predominantly limited to postmenopausal women, often performed limited adjustment for 

potential confounders including for BMD, and infrequently assessed strength or failure measures. 

We used data from the Osteoporotic Fractures in Men (MrOS) study, a prospective cohort study of 
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community-dwelling men aged ≥65 years, to evaluate the association of distal radius, proximal 

(diaphyseal) tibia and distal tibia HR-pQCT parameters measured at the Year 14 (Y14) study visit 

with prior clinical fracture. The primary HR-pQCT exposure variables were finite element analysis 

estimated failure loads (EFL) for each skeletal site; secondary exposure variables were total 

vBMD, total bone area, trabecular vBMD, trabecular bone area, trabecular thickness, trabecular 

number, cortical vBMD, cortical bone area, cortical thickness, and cortical porosity. Clinical 

fractures were ascertained from questionnaires administered every 4 months between MrOS study 

baseline and the Y14 visit and centrally adjudicated by blinded review of radiographic reports. We 

used multivariate-adjusted logistic regression to estimate the odds of prior clinical fracture per 1 

SD decrement for each Y14 HR-pQCT parameter. Three hundred forty-four (19.2%) of the 1794 

men with available HR-pQCT measures had a confirmed clinical fracture between baseline and 

Y14. After multivariable adjustment, including for total hip areal BMD, decreased HR-pQCT 

finite element analysis EFL for each site was associated with significantly greater odds of prior 

confirmed clinical fracture and major osteoporotic fracture. Among HR-pQCT parameters, 

decreased cortical area appeared to have the strongest independent association with prior clinical 

fracture. Future studies should explore associations of HR-pQCT parameters with specific fracture 

types and risk of incident fractures and the impact of age and sex on these relationships.
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1. Introduction

Although dual-energy X-ray absorptiometry (DXA) areal bone mineral density (aBMD) is a 

strong predictor of future fractures, most older adults who experience fractures do not have 

osteoporotic aBMD. It has been postulated that this insensitivity of DXA aBMD for 

individual fracture prediction could be at least in part attributable to its limited ability to 

capture important properties of bone that confer susceptibility to fracture. High resolution 

peripheral quantitative computed tomography (HR-pQCT) can noninvasively assess 

volumetric BMD (vBMD) and microarchitectural properties of specific skeletal 

compartments (i.e. cortical and trabecular), and can be used to estimate bone strength.

Many cross-sectional and retrospective studies have evaluated the association of HR-pQCT 

parameters with odds of prior fracture in adults.[1–17] A common limitation of these studies 

has been their small numbers of fractures (i.e., <100),[1–4, 6, 8, 10–12] including in all but 

one of the studies that include men.[2, 6–8, 11] Many prior studies evaluated HR-pQCT 

measures at only one skeletal site[2, 6, 9, 11, 12] and didn’t evaluate any HR-pQCT derived 

strength or failure measures.[2–6, 8, 10, 11, 13, 15, 17] Another common limitation was use 

of unadjudicated self-reported fractures.[1, 4, 5, 10, 14] In addition, many studies performed 

only limited adjustment for potentially confounding variables including none for BMD.[1, 2, 

4, 6–12, 14, 16]

The present study utilizes data from the multi-site Osteoporotic Fractures in Men (MrOS) 

study. Its aim is to examine, in a large cohort of older men, the association of HR-pQCT 
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microarchitectural parameters and derived strength estimates from three skeletal sites on 

prospectively identified and adjudicated, but previously occurring clinical fractures. Further, 

analyses seek to evaluate whether observed associations are independent of potentially 

confounding variables including aBMD.

2. Materials and Methods

2.1. Participants

5,994 community-dwelling men aged ≥65 years were recruited from population-based 

listings to participate in the MrOS prospective cohort study between March 2000 and April 

2002 at six U.S. sites: Birmingham, AL; Minneapolis, MN; Palo Alto, CA; Monongahela 

Valley near Pittsburgh, PA; Portland, OR; and San Diego, CA. MrOS exclusion criteria 

included inability to walk without assistance from another person, a history of bilateral hip 

replacement, inability to consent, or expected survival of less than six months. Institutional 

review boards at all participating centers approved the study protocol and written informed 

consent was obtained from all participants. The MrOS study design and recruitment have 

been described in detail elsewhere.[18, 19]

Among all MrOS enrollees, 2,424 attended the Year 14 study visit (May 2014 to May 2016) 

(mean of 14.2 ± 0.6 SD years after baseline), of whom 1,794 completed HR-pQCT 

measurements at either distal radius or at proximal (diaphyseal) or distal tibia. 1,702 men 

had evaluable measures at the distal radius, 1,499 had evaluable measures at the diaphyseal 

tibia, and 1,717 had evaluable measures at the distal tibia (Figure).

2.2. HR-pQCT Measurement

Centrally trained operators used XtremeCT II scanners to obtain 1 cm cross-sectional HR-

pQCT images (nominal voxel size 61μm) of the distal radius (9 mm proximal to distal 

articular surface), diaphyseal tibia (30% offset) and distal tibia (22 mm proximal to the distal 

articular surface) (Scanco Medical AG, Brüttisellen, Switzerland).[20, 21] The non-

dominant radius and ipsilateral tibia were scanned unless the participant reported a history of 

fracture in those locations, metal implant or shrapnel near those locations, or recent full 

unloading of that tibia for >6 weeks, in which case the dominant sides were scanned. 

Centralized quality assurance and standard analysis of all image data was performed. A 

central observer read all images for motion artifacts and used an established semi-

quantitative 5-point grading system (1=superior, 5=poor) to score image quality; images that 

were graded 4 or 5 (3% of total) were judged of insufficient quality and were excluded from 

the analytic data set.[22] All participants with outliers (difference from cohort mean for any 

measure of greater than 3 standard deviations) were reviewed and those with abnormal 

anatomic findings at a given skeletal site (unreported fracture, metal implants or shrapnel, 

large osteolytic lesions, severe inflammatory arthritis with degenerative changes, or large 

intra-osseal injuries with ossification) were excluded from the analysis at that skeletal site. A 

single density cross-calibration phantom was circulated between all study sites;[23] because 

inter-scanner variability was <0.6%, data from the different study sites was pooled without 

transformations. Each clinic scanned a copy of this same phantom daily to monitor for bone 

density deviations exceeding 8 mg HA/cm3 and correction factors for longitudinal changes 
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were applied to participant data as appropriate. Automated processes were developed to 

segment the radius and tibia into cortical and trabecular components. Segmentation failures 

were detected automatically by measuring slice-wise variation in total cross-sectional area; 

cases with an absolute slice-wise difference of 4mm2 (<6% of cases) were visually reviewed 

and manually corrected. Linear elastic micro-finite element analysis (μFEA) then was 

performed, in which images were converted to a mesh of isotropic hexahedral elements 

using a voxel conversion technique[24] and each element was assigned an elastic modulus of 

10 GPa and a Poisson’s ratio of 0.3.[25] Cortical and trabecular bone were labeled as 

different materials, with identical material properties to facilitate calculation of 

compartmental load distribution. An iterative solver (Scanco FE Software v1.12, Scanco 

Medical) was used to compute reaction forces at the superior and inferior ends of the 

sections for a prescribed uniaxial 1% compressive strain. Finally, the failure load was 

estimated (EFL) by calculation of the reaction force at which 7.5% of the elements exceed a 

local effective strain of 0.7%.[25] The model computations were performed at the 

UCSF/QB3 Shared Computing Facility.

2.3. Ascertainment of Clinical Fractures

Beginning at MrOS baseline, incident clinical vertebral and non-vertebral fractures were 

identified from participant (or, if deceased, participant’s contacts) responses to every four-

month mail or phone queries about new fractures. More than 99% of these attempted 

contacts were completed among active surviving participants through a mean of 14.2 ± 0.6 

SD years of follow-up. Incident non-vertebral fractures were centrally confirmed by study 

physician review of community radiographic reports. Incident clinical vertebral fractures 

were defined by both 1) presence of symptoms suggestive of vertebral fracture (e.g., back 

pain) that prompted the participant to seek medical attention in the community and 2) a 

community imaging study (e.g., radiograph, computed tomography) centrally reviewed by a 

masked study physician that showed a ≥1 increase in semiquantitative (SQ) grade compared 

to the same thoracic or lumbar vertebrae on the baseline study radiograph.[26] Incident 

major osteoporotic fractures were defined as any incident hip, wrist, humerus or clinical 

vertebral fracture.

2.4. Other Measurements

Date of birth, race (white vs. nonwhite), smoking status (ever vs. never) and self-reported 

fractures since age 50 were reported at MrOS baseline. Other variables were assessed at the 

Year 14 study visit. These included self-reported falls in the past year (any vs. none), and 

current alcohol use (none, 1–13, or ≥14 drinks per week). Physical activity was measured 

using the Physical Activity Scale for the Elderly (PASE) score.[27] Study staff measured 

each participant’s height (stadiometer) and weight in light clothing (balance beam or digital 

scale). aBMD (g/cm2) was measured at the right hip using dual x-ray absorptiometry (DXA) 

(QDR4500W, Hologic, Inc., Waltham, MA), unless the participant reported a right hip 

replacement or metal objects in the right leg, in which case the left hip was measured. MrOS 

DXA quality assurance measures have been detailed previously.[19] Common phantoms 

were used to estimate between-clinic variability in DXA measures; because variability 

across clinics was limited (<0.6%), cross-calibration correction factors were not required.
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2.5. Statistical Analyses

Differences in baseline characteristics between men who were and were not included in the 

Year 14 study visit HR-pQCT analysis cohort, and differences in Year 14 characteristics 

between men who had and did not have a confirmed clinical fracture between MrOS 

baseline and the Year 14 study visit were assessed using chi-square tests or Fisher’s exact 

test for categorical data and t-tests or ANOVA for continuous data.

A priori, we selected the finite element analysis (FEA) estimated failure loads for distal 

radius, diaphyseal tibia and distal tibia as our primary HR-pQCT exposure variables. Our 

secondary exposure variables for each of these skeletal sites were total vBMD, total bone 

area, trabecular vBMD, trabecular bone area, trabecular thickness, trabecular number, 

cortical vBMD, cortical bone area, cortical thickness, and cortical porosity. We performed 

logistic regression analyses to estimate the odds of confirmed clinical fracture since MrOS 

baseline per 1 SD decrement for each Year 14 study visit HR-pQCT parameter, calculating 

odds ratios (OR) and 95% confidence intervals (CI). All models first were adjusted for Year 

14 age, race, clinic site, and limb length (Model 1), and then additionally were adjusted for 

Year 14 total hip aBMD (Model 2), and for height, weight, physical activity, smoking 

history, alcohol consumption, past falls, and self-reported history of fractures between age 

50 and MrOS baseline (Model 3). These analyses were repeated for the outcome of 

confirmed major osteoporotic fracture since MrOS baseline.

In a series of sensitivity analyses, we examined: (1) fracture site-specific associations (age-

adjusted associations of the microarchitectural parameters with the separate outcomes of 

confirmed hip, clinical vertebral, and nonhip nonvertebral fractures since MrOS baseline); 

(2) more recent fractures (fully adjusted analyses limited to prior clinical fractures between 

the Year 7 and Year 14 study visits [mean interval 7.4 ± 0.3 SD years]), (3) nontraumatic 

fractures (fully adjusted analyses limited to prior clinical fractures that occurred after a fall 

from standing height or less or otherwise were classified as minimally traumatic), and (4) 

“dose-related” associations (results in men with at least two prior clinical fractures and men 

with only one prior clinical fractures were separately compared to those in men with no 

fracture).

All significance levels reported were two-sided and analyses were conducted using SAS 

version 9.4 (SAS Institute Inc, Cary, NC).

3. Results

Compared to men not included in the Year 14 HR-pQCT analysis cohort, the 1794 men in 

the analysis cohort were younger, taller, heavier, more physically active, were less likely to 

have fallen in the past year or to have had a fracture since age 50, had higher total hip 

aBMD, and less frequently had a clinical fracture between baseline and the Year 14 study 

visit (Supplementary Table 1).

Within the HR-pQCT analysis cohort, 344 (19.2%) men had at least one confirmed clinical 

fracture between baseline and the Year 14 study visit, including 30 (1.7%) whose first 

confirmed clinical fracture was a hip fracture, 39 (2.2%) with a first clinical vertebral 
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fracture, and 275 (15.3%) with a first non-hip, non-vertebral fracture. Among the men with a 

nonhip nonvertebral fracture, the most common were ribs (n=60), ankle (n=41), foot/

metatarsal (n=19), distal radius (n=18), fingers (n=18), clavicle (n=14), pelvis (n=13), face 

(n=13), humerus (n=11), toes (n=11), and hand (n=11). Unadjusted microarchitectural 

parameters are compared between men with and without a history of confirmed clinical 

fracture between MrOS baseline and the Year 14 study visit in Supplementary Table 2. 

Compared to men without fractures, those with at least one confirmed fracture were older, 

less physically active, were more likely to have fallen in the past year, had lower total hip 

aBMD, and were more likely to have reported a fracture between age 50 and MrOS baseline 

(Table 1).

In models adjusted for age, race, clinic site, and same bone limb length, each SD decrement 

in Year 14 study visit μFEA EFL was associated with an approximately 60% higher 

likelihood of any confirmed clinical fracture since MrOS baseline (distal radius EFL: OR, 

1.62 [95% CI, 1.41–1.86]; diaphyseal tibia EFL: OR, 1.61 [1.38–1.87]; distal tibia EFL: OR, 

1.61 [1.40–1.84]) (Table 2). By comparison, the association of each SD decrement in μFEA 

EFL with confirmed major osteoporotic fracture since MrOS baseline appeared somewhat 

stronger (distal radius EFL: OR, 1.74 [95% CI, 1.38–2.20]; diaphyseal tibia EFL: OR, 1.60 

[1.27–2.00]; distal tibia EFL: OR, 1.94 [1.55–2.42]) (Table 3). Results for all these outcomes 

were somewhat attenuated after further adjustment for total hip aBMD, but persisted.

In fully adjusted models, results remained statistically significant for any confirmed clinical 

fracture at all sites, with an approximately 30% higher likelihood of fracture since MrOS 

baseline for each 1 SD decrement in EFL (distal radius EFL: OR, 1.35 [1.14–1.60]; 

diaphyseal tibia EFL: OR, 1.35 [1.12–1.62]; distal tibia EFL: OR, 1.26 [1.05–1.51]) (Table 

2). For confirmed major osteoporotic fracture, fully adjusted results remained statistically 

significant at both distal sites (distal radius EFL: OR, 1.44 [1.09–1.90]; distal tibia EFL: OR, 

1.51 [1.13–2.02]), but were no longer significant for diaphyseal tibia EFL (OR, 1.23 [0.94–

1.62]) (Table 3).

In multivariable-adjusted analyses evaluating the association of other microarchitectural 

parameters, including adjustment for total hip aBMD, odds of any confirmed clinical 

fracture since MrOS baseline were most consistently increased per 1 SD decrement of 

cortical area and cortical thickness (Table 2). Decrements in total vBMD and cortical vBMD 

at the distal radius and distal tibia sites, but not at the diaphyseal tibia, were associated with 

an increased odds of prior clinical fracture. Decrements in trabecular vBMD and trabecular 

number at the distal radius but not at the distal tibia were associated with an increased odds 

of prior fracture. Cortical porosity, trabecular area and trabecular thickness were not 

associated with history of prior clinical fracture. Patterns of association of these 

microarchitectural parameters with the outcome of major osteoporotic fracture (Table 3) 

appeared similar to their associations with any prior clinical fracture.

In sensitivity analyses adjusted only for age due to the small number of events, the strength 

of association of microarchitectural parameters with past hip and clinical vertebral fractures 

appeared stronger than those with nonhip nonvertebral fracture (Supplementary Table 3). 

Fully adjusted results for confirmed clinical fractures in the most recent seven years were 
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similar to overall results. This was the case both for the more recent clinical fractures from 

any site (distal radius EFL: OR, 1.37 [1.09–1.74]; diaphyseal tibia EFL: OR, 1.22 [0.96–

1.56]; distal tibia EFL: OR, 1.45 [1.12–1.87]) and for the more recent major osteoporotic 

fractures (distal radius EFL: OR, 1.43 [1.08–1.90]; diaphyseal tibia EFL: OR, 1.25 [0.94–

1.65]; distal tibia EFL: OR, 1.50 [1.11–2.01]). In analyses excluding the 158 men with 

traumatic clinical fractures, findings were similar to overall results, though odds ratios 

appeared slightly larger and confidence intervals were wider (Supplementary Table 4). Last, 

when compared to men who had no confirmed clinical fracture since MrOS baseline, the 

fully-adjusted associations of the microarchitectural parameters with at least two confirmed 

past clinical fractures appeared similar to those in men with a single confirmed past clinical 

fracture (Supplementary Table 5).

4. Discussion

In this cohort of community-dwelling older men, lower HR-pQCT FEA estimated failure 

loads for distal radius, diaphyseal tibia and distal tibia were associated with significantly 

greater odds of prior confirmed clinical fracture and confirmed major osteoporotic fracture. 

These associations were independent of aBMD and multiple potentially confounding 

variables. Next to estimated failure load, decreased cortical area was the HR-pQCT 

parameter that appeared to have the strongest association with history of prior clinical 

fracture. In contrast, cortical porosity, trabecular area, and trabecular thickness most 

consistently had no association with previous clinical fracture and results for other HR-

pQCT parameters were mixed. Associations with hip and clinical vertebral fractures 

appeared stronger than those with nonhip nonvertebral fractures. However, results appeared 

similar to overall when considering only prior fractures within the past seven years, when 

excluding traumatic fractures, and when considering associations between single or multiple 

fractures.

Total hip aBMD was the variable that most attenuated the associations of HR-pQCT 

microarchitectural parameters and FEA estimated failure load with odds of prior clinical 

fracture. Therefore, it is unknown whether the associations between HR-pQCT parameters 

and prior fracture observed in earlier studies that either did not account for BMD at all[1, 2, 

4, 6–12, 14] or only did so selectively[16] are independent of the known association of BMD 

with fracture. In five studies that accounted for BMD, none estimated strength or failure 

load;[3, 5, 13, 15, 17] otherwise, our results for associations with HR-pQCT parameters 

were partially consistent with the BMD-adjusted results from these studies. Whereas we 

found that decreased cortical area at all three measured bone sites was associated with a 

significant aBMD-adjusted increased odds of prior clinical fracture, just one of three earlier 

studies that reported this measure found that a decrease was associated with an increased 

odds of prior fracture.[3, 5, 15] Whereas we found an increased BMD-adjusted odds of prior 

clinical fractures associated with decreased total bone area, total vBMD, cortical vBMD and 

cortical thickness at one or two of the three measured bone sites, prior studies also reported 

mixed results for associations between these HR-pQCT parameters and odds of past 

fracture.[3, 5, 13, 15, 17] Whereas we found an association of trabecular vBMD and 

trabecular thickness with odds of past fracture only at the distal radius and found no 

association between cortical porosity at any bone site and odds of past fracture, earlier 
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BMD-adjusted studies reported mixed results with these measures.[3, 5, 13, 15, 17] The 

reasons for these heterogeneous results are uncertain, but they may be attributable at least in 

part to between-study differences in sex, age, and the types of fractures examined. Four of 

these BMD-adjusted studies were in older women (range of mean ages 66 to 78 years)[3, 5, 

13, 15] and one was in younger men than those in our study (mean age 70 vs. 84 years).[17] 

Types of prevalent fracture reported included confirmed hip fracture,[3] confirmed[13] and 

unconfirmed[5, 17] clinical fracture, and radiographic vertebral fracture.[15, 17]

Our findings were consistent with those from four prospective studies that all reported that 

FEA estimated failure load was associated with a BMD-adjusted increased risk of incident 

clinical fracture.[28–31] While our study found that lower cortical area at each of three 

skeletal sites was associated with an increased BMD-adjusted odds of prior clinical fracture, 

three of four prospective studies reported a BMD-adjusted association of lower cortical area 

at the only measured site or at both distal sites with increased risk of incident clinical 

fractures. Both our study and prior prospective studies showed mixed results suggesting that 

lower total and trabecular vBMD each are positively associated with fracture after 

adjustment for aBMD. Though the directions of these associations appear generally similar, 

the magnitudes of BMD-adjusted HR-pQCT associations with incident fracture appear 

larger than the associations we found in our study with the outcome of prior fracture. This 

might be explained by selective loss to follow-up of participants with prior clinical fractures 

– men who did not complete HR-pQCT measurements and therefore were not included in 

our analysis cohort were more likely to have had a clinical fracture between MrOS baseline 

and the Year 14 visit than those who completed HR-pQCT measurements. This could have 

biased results toward the null, underestimating the true magnitude of the association 

between HR-pQCT measures and odds of fracture.

The current study has several important strengths, including its enrollment of a large cohort 

of community-dwelling older men. An additional strength is the complete follow-up for 

clinical fractures between MrOS baseline and the Year 14 study visit, and central 

adjudication of incident fracture reports. Further, analyses were adjusted for multiple 

potential confounders and for areal total hip BMD.

These analyses also have several limitations. First, although fractures were prospectively 

identified and adjudicated, they occurred before the HR-pQCT measurements, making it 

impossible to determine the direction of any potential causal association. Second, as noted 

above, exclusion from analyses of men without HR-pQCT measurements, who were more 

likely to be less healthy, could have biased results toward the null. Third, there were only a 

small number of men with individual fracture types, so, for example, we had limited ability 

to evaluate the independence of associations between HR-pQCT parameters and odds of past 

hip and clinical vertebral fractures. Fourth, because we examined a large number of 

associations, particularly for secondary predictors, this increased the likelihood that 

statistically significant findings could have been attributable to type I error. Finally, because 

MrOS participants are community-dwelling, largely healthy older men, our findings may 

have limited applicability to other populations.

Fink et al. Page 8

Bone. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In conclusion, HR-pQCT derived estimated failure load and select other HR-pQCT 

parameters at multiple skeletal sites identified older men at high odds for past clinical 

fracture independent of both areal BMD and numerous other potentially explanatory factors. 

These results suggest the potential of noninvasive bone microarchitectural measures to 

enhance fracture prediction in this population beyond that from DXA and other clinical 

measures. However, these results are retrospective and need to be confirmed in prospective 

studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Analysis Cohort
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Table 1

Comparison of Year 14 study visit characteristics between men in HR-pQCT analysis cohort with and without 

confirmed clinical fracture between MrOS baseline and Year 14 visit

Characteristic No confirmed clinical fracture 
between baseline and Y14 visit 

N=1450

Confirmed clinical fracture 
between baseline and Y14 visit 

N=344

P-value*

Age (years), mean (SD) 84.3 (4.2) 85.0 (4.2) <0.01

Race (white), n (%) 1301 (89.7) 320 (93.0) 0.06

Height (cm), mean (SD) 172.2 (6.8) 172.4 (7.0) 0.56

Weight (kg), mean (SD) 79.9 (12.6) 79.4 (12.4) 0.51

Physical activity (PASE score), mean (SD) 116.1 (65.3) 105.1 (68.4) <0.01

Smoking status, n (%) 0.02

 Never 642 (44.3) 129 (37.5)

 Past/Current 807 (55.7) 215 (62.5)

Current alcohol consumption, n (%) 0.67

 None to <1 drink/week 735 (51.1) 166 (48.4)

 1–13 drinks/week 638 (44.3) 161 (46.9)

 ≥14 drinks/week 66 (4.6) 16 (4.7)

Any fall in past year, n (%) 515 (35.6) 175 (50.9) <0.01

Total hip aBMD, mean (SD) 0.944 (0.151) 0.880 (0.138) <0.01

Self-reported fracture between age 50 and baseline, n (%) 254 (17.6) 106 (30.8) <0.01

Radius length (mm), mean (SD) 286.0 (14.7) 287.8 (14.9) 0.06

Tibia length (mm), mean (SD) 403.5 (24.4) 407.7 (26.7) <0.01

Y14 = MrOS Year 14 study visit; HR-pQCT = high-resolution peripheral computed tomography; SD = standard deviation; PASE = Physical 
Activity Scale for the Elderly; aBMD = areal bone mineral density

*
t-test for continuous variables and chi-square test for categorical variables
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