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Abstract

Our objective was to determine the associations of peripheral bone strength and microarchitecture 

with incident clinical and major osteoporotic fracture among older men after adjusting for major 

clinical risk factors. We used a prospective cohort study design with data from 1794 men (mean 

age 84.4 years) in the Osteoporotic Fractures in Men (MrOS) study. Eligible men attended the 

Year 14 visit, had high resolution peripheral quantitative computed tomography (HR-pQCT) scans 

of the distal radius and distal or diaphyseal tibia, DXA measured BMD, and were followed for 

mean 1.7 years for incident fracture. Failure load was estimated using finite element analysis. We 

used Cox proportional hazards models with standardized HR-pQCT parameters as exposure 

variables. Primary outcome was clinical fracture (n=108). Covariates included either FRAX major 

osteoporotic fracture probability calculated with BMD (FRAX-BMD), or individual clinical risk 

factors (CRF) including age, total hip BMD, race, falls, prevalent fracture after age 50. Lower 

failure load was associated with higher risk of incident clinical fracture and incident major 

osteoporotic fracture. For clinical fracture with FRAX-BMD adjustment, the associations ranged 

from HR=1.58 (95% CI: 1.25, 2.01) to 2.06 (95% CI: 1.60, 2.66) per SD lower failure load at the 

diaphyseal tibia and distal radius. These associations were attenuated after adjustment for 

individual CRFs, but remained significant at the distal sites. Associations of volumetric BMD with 

these outcomes were similar to those for failure load. At the distal radius, lower trabecular BMD, 

number, and thickness, and lower cortical BMD, thickness, and area were all associated with 

higher risk of clinical fracture, but cortical porosity was not. Among community-dwelling older 

men, HR-pQCT measures including failure load, volumetric BMD, and microstructure parameters 

at peripheral sites (particularly distal radius) are robust independent predictors of clinical and 

major osteoporotic fracture.
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INTRODUCTION

While BMD is a strong independent predictor of fracture risk in older women and men, 

prospective studies have consistently reported that fracture risk prediction is further 

improved by the combination of BMD and clinical risk factors [1–3]. Among fracture risk 

assessment tools, The Fracture Risk Assessment Tool (FRAX) is widely-used instrument 

that uses BMD in combination with clinical risk factors to assess the 10-year probabilities of 

major osteoporotic fracture (hip, forearm, humerus, or spine) and hip fracture [4]. However, 

FRAX was developed and validated using cohort studies of predominantly women. A recent 

prospective study in older men that evaluated simple and complex fracture risk assessment 

tools found that models based on age plus femoral neck BMD T-score alone classified men 

with and without incident hip fracture as accurately as FRAX and other fracture risk 

assessment tools[5]. Thus, there is a need to better characterize older men at increased 

fracture risk.

It has been hypothesized that the age-related increase in fracture risk is only partially 

explained by decline in bone mass and bone mineral density, and that bone microarchitecture 
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and distribution may play a key role. High-resolution peripheral quantitative computed 

tomography (HR-pQCT) enables the assessment of bone density, structure and 

microarchitecture of cortical and trabecular bone of the tibia and radius. Furthermore, these 

detailed assessments can be used to estimate bone strength using finite element analysis 

(FEA). FEA enables a global prediction of bone strength by decomposing complex HR-

pQCT imaging data into a network of smaller elements and computing forces and failure for 

these elements. Estimated failure load depends on the distribution of mineralized tissue 

(global geometry, global and local density, cortical porosity, local geometry of trabecular 

network) and therefore might be a better proxy of fracture risk than areal or volumetric 

BMD.

Previous retrospective studies based on analysis of prevalent fracture cases have suggested 

that parameters of HR-pQCT, including bone strength as measured by failure load, 

volumetric BMD, and compartment specific BMD, are related to clinical fracture outcomes 

[6–11]. These studies have been primarily conducted in post-menopausal women, but a few 

have evaluated older men. One case-control study in older men that included 177 fractures 

cases and 743 controls reported that HR-pQCT parameters were related to fracture (both 

vertebral and non-vertebral), but these associations were not statistically significant after 

adjustment for areal BMD [10]. Another case-control study in older Swedish men that 

included 87 fractures cases and 421 controls reported that fracture cases had lower cortical 

thickness, higher cortical porosity, and lower trabecular bone volume fraction at the distal 

tibia[11]. A subsequent prospective study noted that HR-pQCT parameters of the tibia were 

associated with incident fracture in older men, but notably only cortical thickness, cortical 

area, and cortical bone mineral content were stronger predictors of fracture risk than femoral 

neck areal BMD[12]. Thus, the role of HR-pQCT as a predictor of incident fracture 

independent of BMD remains uncertain among older men.

Our primary aim was to determine and compare the associations of bone strength, density, 

structure, and microarchitecture at the distal radius and distal and diaphyseal tibia with 

incident clinical fracture (primary outcome) and major osteoporotic fracture (secondary 

outcome) among a large population of community-dwelling older men after adjustment for 

major clinical risk factors (CRFs). Our secondary aim was to determine which HR-pQCT 

parameters at a given skeletal site most robustly predicted clinical fracture risk after mutual 

adjustment for other parameters at the same skeletal site, thus we included multiple HR-

pQCT parameters from each skeletal site in a single model with clinical fracture as the 

outcome.

METHODS

Study Population

From 2000 to 2002, the Osteoporotic Fractures in Men (MrOS) study enrolled 5994 

ambulatory community-dwelling men, aged 65 years and older living in one of six U.S. 

metropolitan areas[13,14]. Men with a history of bilateral hip replacement or the inability to 

walk without the assistance of another person were not eligible to participate. The 

institutional review board at each participating institution approved the study protocol and 

written informed consent was obtained from all participants. All active MrOS participants 
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were invited to participate in the Year 14 visit between May 2014 and May 2016). Of the 

2424 participants who completed at least the questionnaire component of this visit, 1801 

completed high-resolution peripheral quantitative computed tomography (HR-pQCT) dataset 

and 1794 have evaluable scan data from at least one skeletal site (Figure 1). Men were 

eligible for the present study if they had HR-pQCT data at the Year 14 visit. The analytic 

sample for the multivariate analysis was based on complete cases, i.e. those in the study 

sample who had non-missing covariates, in particular non-missing DXA-BMD.

Measurement of HR-pQCT

HR-pQCT scans were done using Scanco XtremeCT II machines (Scanco Medical AG, 

Brüttisellen, Switzerland), which have a nominal voxel size of 61μm. Centrally trained 

operators acquired scans of the distal radius (9 mm from the articular surface), distal tibia 

(22 mm from the articular surface), and diaphyseal tibia (centered at 30% of tibial length, as 

measured externally from the tibial plateau to the tibial malleolus[15]. The radius from the 

non-dominant arm and the tibia from the ipsilateral leg were scanned except in the case of 

prior fracture, metal shrapnel or implant, or recent non-weight bearing loads >6 weeks. 

Machines were calibrated prior to being used in the present study, and a single cross-

calibration density phantom was circulated among the study sites. The between site 

calibration coefficients were all <0.6%, and therefore pooled data was used without 

transformations [16]. The standard local density phantom was scanned on a daily basis to 

monitor for values that fall outside of the nominal range (8 mg HA/cm3). Centralized quality 

assurance and standard analysis of all image data, including micro finite element analysis 

(μFEA), 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 and images 

with 4 or 5 were deemed to be of insufficient quality and were excluded from the analytic 

data set (97% of scans image grade ≤3) [17]. A fully automated analysis pipeline was 

developed to segment the radius and tibia for quantification of bone density and structure 

[18]. Segmentation failures were detected automatically by measuring slice-wise variation in 

total cross-sectional area; cases with an absolute slice-wise difference of 2 mm2 at the 

diaphyseal tibia, and 4 mm2 at the distal sites, were visually reviewed and manually 

corrected, as needed. Observed failure rates were <2% and <6%, for diaphyseal and distal 

scans, respectively.

Volumetric BMD and cross sectional area of the total, cortical, and trabecular compartments 

were measured. Cortical porosity and thickness, and trabecular thickness, separation and 

number were calculated directly [19,20]. Linear elastic micro-finite element analysis of a 1% 

uniaxial compression was performed using a homogenous elastic modulus of 10 GPa and a 

Poisson’s ratio of 0.3 (Scanco FE Software v1.12, Scanco Medical). The failure load was 

estimated by calculation of the reaction force at which 7.5% of the elements exceed a local 

effective strain of 0.7% [21].

All participants with outliers (difference from mean of greater than 3 standard deviations) 

were reviewed and those with abnormal anatomic findings at a given skeletal site (e.g. severe 
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inflammatory arthritis, osteolytic lesions, injuries with ossification, unreported fracture) 

were excluded from the analysis for that skeletal site.

Fracture Outcomes

Participants were contacted every 4 months and queried whether they had a fracture. A 

proxy or next of kin was contacted in case of death in order to ascertain fracture outcomes 

resulting in 99% of cohort with complete follow-up for fracture outcomes. The radiographic 

reports pertaining to the fracture event and imaging for vertebral fractures were obtained and 

reviewed at the MrOS Coordinating Center by a physician to adjudicate incident fracture 

outcomes. Self-reported vertebral fractures were confirmed by the MrOS Coordinating 

Center study radiologist by comparing the community clinical imaging study (spine 

radiographs, CT, and/or MRI) to the MrOS Year 5 lateral spine radiographs. The primary 

fracture outcome was any incident clinical fracture which occurred after the Year 14 visit, 

regardless of precipitating trauma or skeletal site including fractures of head, hands, and 

feet. The secondary fracture outcome was incident major osteoporotic fracture (hip, clinical 

vertebral, forearm/wrist, or humerus).

Other variables

Other CRFs assessed for inclusion in adjusted models were: age, race/ethnicity (non-

Hispanic white vs. other), clinic center, education, smoking, alcohol consumption, physical 

activity, falls, prior fracture after age 50, bisphosphonate use and oral corticosteroid use. 

Information on demographics, lifestyle, and medical and family history was obtained by 

questionnaire and interview by trained clinical staff. Race/ethnicity (non-Hispanic white vs. 

other) was self-identified. Participants were classified into ever smoker (100+ cigarettes) vs. 

never smokers. Self-reported alcohol intake was divided into three categories: <1 drink/

week, 1–13 drinks/week, ≥14 drinks/week. Fall history (past-year) was queried on the Year 

14 questionnaire. Physical activity was measured by computing the Physical Activity Scale 

for the Elderly (PASE)[22]. Participants were asked to bring all current (any use within the 

past 30 days) prescription medications with them to the clinic. All non-prescription and 

prescription medications were recorded in an electronic medication inventory database and 

matched to their ingredients(s) based on the Iowa Drug Information Service drug vocabulary 

(College Pharmacy, University of Iowa, Iowa City, IA)[23].

Participants had BMD at the hip measured using QDR 4500 fan-beam densitometers 

(Hologic, Bedford, MA, USA). The study used standardized procedures for position and 

scanning and certification of machine operators to ensure reproducibility. Scans were 

performed on the right hip unless there was a fracture, implant, hardware or other condition 

precluding accurate BMD assessment. A set of whole body, spine, hip, and linearity 

phantoms were circulated between centers; however, variation between centers was within 

acceptable limits and no corrections were required.

Statistical Analysis

We used t-tests for comparisons of continuous Year 14 participant variables by fracture 

outcome status and chi-square tests for comparisons of categorical variables by fracture 

outcome status. We used a time-to-event (Cox) model to determine the association between 
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HR-pQCT measures and risk of clinical fracture (primary outcome) and major osteoporotic 

fracture (secondary outcome). Failure load was the primary predictor variable and the 

remaining HR-pQCT measures were secondary predictors. Participants were followed until 

a fracture outcome, death, loss to follow-up, or end of study follow-up, whichever occurred 

first. All HR-pQCT measures were standardized to have mean = 0 and SD = 1.

We considered a series of adjusted models. The first model series adjusted for clinical site, 

limb length, and major osteoporotic fracture 10-year probability as estimated by the FRAX 

tool (FRAX w/BMD). This first model series implicitly includes age, race, and CRFs as 

these are risk factors that are a part of the FRAX tool. For the next two models series we 

considered both femoral neck BMD and total hip BMD as covariates in place of the FRAX 

score in the first model. We reported the model series with total hip BMD since it was the 

predictor with the highest gradient of risk and contributed the most to attenuation of the HR-

pQCT parameters. The final model series further adjusted for age, race and individual risk 

factors found to be associated with incident clinical fracture (i.e. falls and prior fracture). We 

ran the models with failure loads as predictors and clinical fracture as outcomes, but 

excluding men with BMD T-score −2.5 or less (based on female reference norms at the 

femoral neck, total hip, or lumbar spine) as a post-hoc sensitivity analysis. Finally, to assess 

how HR-pQCT alone predicts fracture risk using multiple parameters we included selected 

HR-pQCT parameters from each skeletal site in a single model with clinical fracture as the 

outcome. These models included compartmental specific BMD and area and cortical 

porosity in addition to limb length and center.

We tested and found no violation of the proportional hazards assumption. Since the aim of 

the present analysis was to identify and compare independent predictors of incident fracture 

as risk factors analogous to BMD, we chose to include all HR-pQCT variables as continuous 

standardized variables without transformation or higher order terms. FRAX 10-year major 

osteoporotic fracture probability was log-transformed to achieve better model fit for this 

adjustment variable. The main analyses were performed using a complete case approach.

Sensitivity analyses were performed to test robustness of findings to the study sample, 

showing that inclusion of covariates was not sample dependent, and thus change in point 

estimates reflected correlation of main variable with covariates. Finally we assessed the 

performance of the two best predictive HR-pQCT variables (distal radius failure load and 

BMD) in comparison to the standard areal BMD variables (femoral neck and total BMD) 

using receiver operator curves. In post hoc analysis, we also considered the combined 

prediction of distal radius failure load and total hip BMD. We determined clinical cutoffs 

associated with the maximal Youden index[24]. Analysis was performed using Stata Version 

14.0 (College Station, TX).

RESULTS

There were 1794 men (mean age 84.4 years, range 77–101 years) at the Year 14 exam with 

HR-pQCT measures. There were 108 men with a clinical fracture and 48 men with major 

osteoporotic fracture over a mean follow-up time of 1.7 (IQR=1.4–2.3, max 2.9) years. More 

specifically, there were 127 fractures (in 108 men) including: hip (22), vertebral (17), wrist 
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(9), other arm (11), ribs/sternum (24), pelvis (4), shoulder (6), other leg (7), ankle (11), 

hands/fingers (7), feet/toes (4), and facial bones (5). There were 100 men who died without 

incident fracture and were censored at time of death and another 26 who died post-fracture. 

The characteristics of the analytic sample stratified by outcome status are shown in Table 1. 

Using a female peak bone reference values for femoral neck, total hip, or lumbar spine, only 

91 (5.1%) men had minimum T-score ≤ −2.5 while 812 (45.3%) had low bone mass (−2.5< 

minimum T-score ≤ −1). Men with subsequent clinical fracture were older, had lower DXA 

BMD, and were more likely to be non-Hispanic white and to have a history of falling and 

fracture. Fracture cases were not significantly different from non-cases by limb length, 

weight, education, smoking, alcohol use, bisphosphonate or corticosteroid use.

The pairwise correlations of the HR-pQCT parameters are shown in Supplemental Table 1. 

Failure load and volumetric BMD were strongly correlated at the distal sites and moderately 

correlated at the diaphyseal tibia. Failure load and cross-sectional area were positively and 

moderately correlated at the diaphyseal tibia, but not correlated at the distal radius and very 

weakly correlated at the distal tibia. Greater total cross-sectional area was in general 

moderately associated with lower total and compartmental BMD. Greater total cross-

sectional area also was associated with lower cortical thickness at the distal radius and tibia, 

but not at the diaphyseal tibia. The associations between cortical and trabecular parameters 

were stronger at the distal radius than at the distal tibia. Cortical porosity was at most 

weakly correlated with other parameters at the distal radius and tibia, but was strongly 

correlated with cortical BMD at the diaphyseal tibia.

Association of Failure Load and Total Volumetric BMD with Incident Clinical Fracture

Lower failure loads at the distal radius, distal tibia and diaphyseal (proximal) tibia in FRAX-

BMD adjusted models were each associated with a higher risk of incident clinical fracture, 

with the associations varying from HR=1.58 (95% CI: 1.25–2.01) per SD decrease at the 

diaphyseal tibia to HR=2.06 (95% CI:1.60–2.66) per SD decrease at the distal radius (Table 

2). These associations were somewhat attenuated, but still significant, after adjustment for 

total hip BMD, and further attenuated after additional adjustment for CRF, at which point 

associations were significant for the distal sites but not the diaphyseal tibia. Lower total 

volumetric BMDs at all peripheral sites, like failure loads, were each associated with a 

similarly increased risk of incident fracture in FRAX-BMD adjusted models. These 

associations were again attenuated, but still significant, after adjustment for total hip BMD, 

and further attenuated after additional adjustment for CRF, at which point associations were 

significant for the distal sites but not the diaphyseal tibia. We found very similar associations 

relating failure load and clinical fracture when men with T-scores ≤−2.5 were excluded from 

the analyses (Supplemental Table 2).

Associations of Other Distal Radius HR-pQCT Parameters with Incident Clinical Fracture

At the radius, lower trabecular BMD, trabecular number and trabecular thickness were each 

associated with a higher risk of incident fracture, while lower trabecular area was associated 

with a lower risk of fracture (Table 3). Lower cortical BMD, cortical thickness and cortical 

area at the radius were each associated with a higher risk of incident fracture. As with the 

global parameters of failure load and total vBMD, these associations were attenuated after 
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adjusting for total hip BMD instead of FRAX-BMD and further attenuated after adjusting 

for both total hip BMD and CRFs. Of note, cortical porosity was not a risk factor for fracture 

in any of the models.

Associations of Other Tibial HR-pQCT Parameters with Incident Clinical Fracture

Lower trabecular BMD at the distal tibia was associated with a higher risk of incident 

fracture, while no association was noted for trabecular number or thickness. Lower 

trabecular area of the distal tibia was associated with a lower risk of fracture. Lower cortical 

BMD and cortical thickness and area at the distal tibia were each associated with a higher 

risk of incident fracture. As with the global parameters of failure load and total vBMD, these 

associations were attenuated after adjustment for total hip BMD instead of FRAX and 

further attenuated, but still statistically significant, after adjusting for total hip BMD and 

CRFs. Of note, cortical porosity was not a risk factor for fracture in any of the models.

At the diaphyseal tibia, lower cortical BMD and cortical thickness and area were each 

associated with a higher risk of incident fracture, while lower cortical porosity at the 

diaphyseal tibia was associated with lower risk of fracture. These associations were 

attenuated and non-significant after adjustment for total hip BMD and CRFs.

Association of Failure Load and Total vBMD with Risk of Major Osteoporotic Fracture

Lower failure loads at the distal radius, distal tibia and diaphyseal (proximal) tibia in FRAX-

BMD adjusted models were each associated with a higher risk of incident major 

osteoporotic fracture, with the associations varying from HR=2.05 (95% CI: 1.45–2.90) per 

SD decrease at the diaphyseal tibia to HR=3.48 (95% CI:2.32–5.21) per SD decrease at the 

distal radius (Table 4). These associations were attenuated when adjusted for total hip BMD; 

associations remained at the distal sites but were no longer statistically significant for the 

diaphyseal tibia. The associations were further attenuated with additional adjustment for 

clinical risk factors, but remained significant at the distal radius. The patterns of associations 

for total vBMD by skeletal site were similar to those noted for failure load.

Compartmental HR-pQCT Parameters as Independent Predictors of Incident Clinical 
Fracture

We considered the associations of bone compartment specific parameters with risk of 

clinical fracture when mutually adjusted for other HR-pQCT parameters (Table 5). In these 

models we did not include FRAX-BMD, total hip BMD, or CRFs, since the goal was to 

determine the independent risks of specific compartmental HR-pQCT parameters. Lower 

cortical BMD and lower trabecular BMD at the distal radius and distal tibia were both 

independently associated with increased risk of clinical fracture after mutual adjustment and 

adjustment for other skeletal site specific parameters, with associations ranging from 

HR=1.34 (95% CI: 1.09, 1.65) per SD trabecular BMD decrease at the distal tibia to 

HR=1.92 (95% CI: 1.48, 2.49) per SD trabecular BMD decrease at the distal radius. Cortical 

area at the distal radius and distal tibia and trabecular area at the distal radius were not risk 

factors after adjustment for compartmental BMD. Cortical porosity at the diaphyseal tibia 

was an independent risk factor for clinical fracture after adjustment for other diaphyseal 
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parameters, but cortical porosity and the distal radius and distal tibia were not risk factors 

after adjustment for skeletal site specific parameters.

Area Under ROC Curve and Maximal Youden Index

We calculated the area under the curve (AUC), the cut-off value for the maximal Youden 

index and the sensitivity and specificity at the identified cut-off value for the prediction of 

incident clinical fracture. The AUC for distal radius failure load and for prediction of clinical 

fracture was 0.70 (95% CI: 0.65–0.76), which was nearly identical (within rounding) to that 

for distal radius volumetric BMD. The AUC for total hip BMD for prediction of clinical 

fracture was 0.68 (95% CI: 0.62–0.73), which was nearly identical (within rounding) to that 

that for femoral neck BMD. While the AUCs for the HR-pQCT parameters were slightly 

higher than those for the DXA variables, there were no statistically significant differences 

between any of these AUCs. In post-hoc analysis, we also considered the combined 

prediction of total hip BMD and distal radius failure load from the Cox proportional hazards 

parameter estimates. The bias-corrected AUC for this predictor variable was 0.71 (95% CI: 

0.66–0.76), which was slightly higher but not statistically different from the distal radius 

parameters alone. The maximal Youden index for distal radius failure load was 0.32 at 

failure load of 4170 N, with associated sensitivity of 0.62 and specificity of 0.70. The 

maximal Youden index for total hip BMD was 0.27 at failure load of 0.850 g/cm2, with 

associated sensitivity of 0.56 and specificity of 0.71 (see Figure 2).

DISCUSSION

We found that HR-pQCT estimated failure load at the distal radius and distal tibia each were 

strong independent predictors of incident clinical and major osteoporotic fractures among 

older men after adjustment for FRAX probability, TH BMD, or TH BMD and major CRFs. 

The association of failure load at each of the three skeletal sites with incident clinical 

fracture had the highest gradient of risk after adjusting for FRAX probability. These 

associations were somewhat attenuated after adjustment for areal total hip BMD and further 

attenuated but still significant at distal sites after further adjustment for individual CRFs. 

The predictive value of HR-pQCT total volumetric BMD was similar to that of the estimated 

failure load at the same skeletal site. At the distal radius, lower trabecular BMD, number, 

and thickness, and lower cortical BMD, thickness, and area were all associated with higher 

risk of clinical fracture, but cortical porosity was not. In multivariable models based on 

multiple HR-pQCT parameters, both cortical and trabecular vBMD at distal radius and distal 

tibia were independent predictors of incident clinical fracture risk when included in the same 

model. In contrast, while trabecular and cortical area at the distal radius were predictors of 

clinical fracture in models with only a single HR-pQCT variable, they were not predictors of 

clinical fracture in the model adjusting for other HR-pQCT variables (i.e. cortical and 

trabecular BMD).

Our main findings were in general agreement with previous studies in older men. For 

example, a prospective study of older Swedish men found that lower failure load and total 

bone mineral density at the distal tibia were associated with a higher risk of incident clinical 

fracture and incident major osteoporotic fracture after adjustment for femoral neck BMD or 
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FRAX major osteoporotic fracture probability[12]. However, this previous study of HR-

pQCT parameters did not examine measures at the distal radius, a non-weight bearing site. 

This study also did not examine the robustness of the association in the presence of total hip 

BMD, or adjustment for major individual clinical risk factors. A related cross-sectional 

study in the same cohort found that HR-pQCT compartmental parameters were associated 

with prevalent clinical fracture, but did not consider failure load as a parameter [11]. In 

another cross-sectional study of 920 older men, Szulc et al reported that HR-pQCT 

parameters were related to prevalent fracture, but these associations were only statistically 

significant for the subset of vertebral fractures after adjustment for areal BMD[10]. The 

discrepant findings could be attributable to ascertainment of incident vs. prevalent fracture, 

older mean age of the MrOS cohort, and the overall distribution of skeletal site of fracture 

(e.g. 22 hip fractures in 108 men in the MrOS cohort vs. 6 hip fractures in 177 men in the 

STRAMBO cohort).

Our findings are also generally consistent with those of previous prospective studies in 

postmenopausal women. In particular, a study of younger postmenopausal women (mean 

age 67 years) found that total vBMD of the distal radius and tibia were a risk factors for 

major osteoporotic fracture after adjustment for traditional risk factors[25]. However, there 

were some discrepant findings as well. This study found no association between bone size 

and fracture risk, whereas in our study larger bone size (greater trabecular or total cross-

sectional area) was associated with increased risk of clinical fracture. Another study in 

younger postmenopausal women found that lower failure load was associated with a higher 

risk of incident fracture and incident major osteoporotic fracture after adjusting for femoral 

neck BMD or FRAX[26]. Again, there was no assessment as to whether these associations 

were independent of major individual clinical risk factors. An international multicenter 

cross-sectional study in older women found that HR-pQCT measures of the distal radius and 

distal tibia had similar associations with history of fragility fracture [6]. In the current study, 

associations of HR-pQCT parameters at the distal radius with fracture risk appeared to be 

more robust than those at the tibial sites suggesting improved fracture prediction using radial 

parameters. The discrepancy between our findings and finding based on younger 

postmenopausal women may be related to patterns of age-related bone loss. Using cross-

sectional data, the estimated mean total decrement comparing old vs young men between the 

ages 20 and 90 years is 32% at the distal radius versus 22% at the tibia[27], thus suggesting 

that there may be preferential bone loss at the distal radius and this loss would be more 

prominent in older men.

Patterns of bone strength and bone loss are also known to be different between men and 

women [27–29]. A longitudinal study using pQCT in older men showed that there are 

concurrent changes in bone area and volumetric density at the distal radius whereby 

increasing bone area is associated with decreasing BMD [30]. In our study, larger bones did 

have lower volumetric BMD and thinner cortices, both of which were risk factors for 

fracture. Larger bones are in general stronger; however, among these oldest of old men, the 

increased bone size may have been due to a compensatory periosteal reaction to bone loss 

and thinning cortices that ultimately compromise bone strength. In this study, bone size was 

inversely related to failure load and volumetric BMD. Thus, larger bone size might indicate 

that further assessment is warranted, at least among the oldest men.
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We found that both cortical and trabecular parameters of the distal radius were associated 

with incident fracture, but that cortical HR-pQCT parameters of the distal tibia were more 

consistent predictors of clinical fracture than trabecular parameters at this site. Studies of 

longitudinal change in older men have shown that both total and cortical volumetric BMD of 

the distal radius and tibia decrease over time, whereas there was no concurrent change in 

trabecular BMD[27]. A subsequent longitudinal study in the same cohort compared fracture 

cases versus non-cases (albeit limited to women only) and reported modest changes in total 

and cortical BMD among cases and non-cases, but only marginal change in trabecular BMD 

at the distal tibia, but this study had to few fracture cases to assess whether there were 

differences by fracture status[31]. Thus, our findings that cortical BMD and trabecular BMD 

are both independent risk factors for future fracture indicate that it is likely that lifetime 

trajectories of bone gain and loss are relevant for fracture risk, and that those with low initial 

trabecular BMD may be at greatest risk due to loss of cortical bone.

We found that cortical porosity of the distal radius and distal tibia was not a predictor of 

fracture, either with or without adjustment for other risk factors. These results are discordant 

with some previous studies which have reported an association between cortical porosity and 

prevalent fractures [8,11,32]. Our study used the standard volumetric method that was 

originally developed for first generation HR-pQCT to compute the cortical porosity[18,33]. 

Even at the improved resolution of second generation HR-pQCT (spatial resolution ~90μm), 

this method does not capture all pores. Thus our assumption is that macro-porosity measured 

using HR-pQCT is highly correlated to integral porosity, as has been shown previously[34]. 

It may be that porosity measured in this population is less predictive of fracture because the 

oldest-old have largely trabecularized cortical bone, which is therefore not included in the 

cortical compartment using thresholding algorithms. The development of increased intra-

cortical porosity may be followed by progressive trabecularization and cortical thinning, 

leading to a minimal cortical width with less measurable macro-porosity. Further 

longitudinal study is necessary to clarify this issue. It should be noted that there is in general 

a transition zone between the cortical and trabecular bone at these sites and that this 

transition zone is an active area of bone remodeling [35]. Various thresholding algorithms 

can be used to separate the bone compartment into cortical and trabecular bone with the 

exact demarcation lying somewhere in the transition zone. In particular both cortical 

thickness and cortical porosity could vary by choice of algorithm and threshold. Thus, 

decreased cortical thickness using one thresholding method might appear as increased 

cortical porosity by another.

The strengths of the present study include its longitudinal collection of incident fracture 

outcomes, 50% more fractures outcomes than the previous study examining HR-pQCT and 

incident fracture in older men, comparison with standard fracture risk assessment tools 

(areal hip BMD and FRAX), and consideration of individual traditional clinical risk factors. 

The present study included HR-pQCT assessment at three sites, whereas prior incident 

fracture studies have included at most two sites. The HR-pQCT assessments were performed 

on latest generation high-resolution scanners and had excellent quality control.

Our study has an observational design. Thus, limitations include the possibility of selection 

bias and residual confounding. The generalizability of the present study is limited to healthy 
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community-dwelling very old men (mean age 84 years). The cohort was also mostly non-

Hispanic white, and therefore we were unable to assess potential racial/ethnic differences. 

Based on study cohort and the length of follow-up our results are most relevant for the 

determination of short term fracture risk among older men. There were a limited number of 

fractures at specific skeletal sites (e.g. hip).

In summary, we found that lower failure load and lower total volumetric BMD as assessed 

by HR-pQCT are associated with increased risk of incident clinical and major osteoporotic 

fracture risk as risk factors with high gradient of risk even after accounting for total hip 

BMD and traditional clinical risk factors or estimated fracture risk as calculated by the 

FRAX tool (with BMD). In particular, the strong relationships between distal radius failure 

load and distal radius volumetric BMD might be useful both alone and as measures relevant 

after consideration of full risk factor profile, with the latter having lower computational 

burden but similar performance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Participant Flow
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Figure 2. Receiver Operator Curve for Prediction of Incident Clinical Fracture using Distal 
Radius Failure Load vs. Total Hip BMD
AUC for distal radius failure load= 0.70 (95% CI: 0.65–0.76)

AUC for total hip BMD= 0.68 (95% CI: 0.62–0.73)

Horizontal gray lines show sensitivity for cut-off at maximal Youden index

Distal radius failure cut-off=4170 N, with maximal Youden index=0.32, sensitivity=0.62 and 

specificity= 0.70

Total BMD cut-off= 0.850 g/cm2, with maximal Youden index=0.27. sensitivity=0.56 and 

specificity=0.71
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Table 1

Characteristics of Study Sample Stratified by Incident Fracture Status

Mean ± SD
N (%)

Analytic cohort Without incident FX Incident FX p-value*

N=1794 N=1686 N=108

Age, years 84.4 ± 4.2 84.3 ± 4.1 86.0 ± 4.9 <0.001

Radius length, mm 286 ±15 286 ± 15 286 ± 12 0.944

Tibia length, mm 404 ± 25 404 ± 25 405 ± 23 0.621

Weight, kg 79.8 ± 12.6 79.9 ± 12.6 78.1 ± 11.6 0.153

Total hip BMD, g/cm2 0.932 ± 0.151 0.937 ± 0.150 0.846 ± 0.140 <0.001

Osteoporosis (T-score ≤ −2.5) 91 (5.1) 75 (4.5) 16 (14.8) <0.001

Osteopenia (−2.5< T-score ≤ −1) 812 (45.3) 749 (44.4) 63 (58.3) <0.001

MOF risk (FRAX w/BMD) 9.5% ± 6.0% 9.3% ± 5.8% 12.8% ± 7.8% <0.001

Physical activity (PASE score) 114 ± 66 114 ± 66 106 ± 67 0.210

Race/ethnicity (non-Hispanic white) 1621 (90.4) 1517 (90.0) 104 (96.3) 0.031

College education 1121 (62.5) 1049 (62.2) 72 (66.7) 0.355

Smoker (100+ cigarettes) 1023 (57.2) 961 (57.0) 62 (57.4) 0.934

Alcohol (1+ drink/wk) 881 (49.4) 824 (48.2) 57 (52.8) 0.474

Any fall in past year 690 (38.5) 621 (36.9) 69 (63.9) <0.001

Fracture after age 50 598 (33.3) 546 (32.4) 52 (48.1) 0.001

Bisphosphonate use 52 (2.9) 47 (2.8) 5 (4.6) 0.272

Oral corticosteroid use 51 (2.9) 45 (2.7) 6 (5.6) 0.082

Abbreviations: BMD, bone mineral density; MOF, major osteoporotic fracture risk; PASE, physical activity scale

*
p-value comparing fracture cases vs. non-cases using chi-squared or t-test; comparisons with p > 0.05 are italicized

Number missing: radius length, n=27; tibia length, n=28; weight, n=1; total hip BMD, n=46; MOF risk, n=47; PASE score, n=5; alcohol, n=12; 
falls, n=2; medications, n=6
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Table 2

The Associations* between Global HR-pQCT Measures and Incident Clinical Fracture after Consideration of 

Clinical Risk Factors Including FRAX and Total Hip BMD

HR (95% CI)

Crude Model 1 (FRAX) Model 2 (TH BMD) Model 3 (CRF)

Distal Radius N=1702; # Fx=100 N=1656; # Fx=95 N=1657; # Fx=95 N=1655; # Fx=95

 Failure load 2.31 (1.82, 2.93) 2.06 (1.60, 2.66) 1.86 (1.40, 2.48) 1.81 (1.36, 2.41)

 Total vBMD 2.20 (1.76, 2.76) 2.05 (1.60, 2.61) 1.83 (1.40, 2.41) 1.76 (1.34, 2.32)

Distal Tibia N=1717; # Fx=105 N=1677; # Fx=101 N=1678; # Fx=101 N=1676; # Fx=101

 Failure load 1.98 (1.60, 2.45) 1.82 (1.44, 2.30) 1.55 (1.17, 2.06) 1.49 (1.12, 1.97)

 Total vBMD 1.90 (1.55, 2.34) 1.75 (1.39, 2.21) 1.48 (1.13, 1.94) 1.41 (1.08, 1.85)

Diaphyseal Tibia N=1499; # Fx=91 N=1464; # Fx=87 N=1465; # Fx=87 N=1463; # Fx=87

 Failure load 1.67 (1.35, 2.06) 1.58 (1.25, 2.01) 1.30 (1.00, 1.70) 1.16 (0.88, 1.51)

 Total BMD 1.69 (1.40, 2.04) 1.50 (1.23, 1.84) 1.24 (0.98, 1.57) 1.16 (0.92, 1.47)

*
Associations given per SD decrease in the HR-pQCT predictor variable; those with p > 0.05 are italicized. Model 1 adjusted for clinical site, limb 

length, major osteoporotic fracture risk (FRAX w/BMD). Model 2 adjusted for clinical site, limb length, total hip BMD. Model 3 adjusted for 
clinical site, limb length, total hip BMD, age, race, falls, prevalent fracture after age 50.

J Bone Miner Res. Author manuscript; available in PMC 2019 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Langsetmo et al. Page 19

Table 3

The Associations* between Compartmental HR-pQCT Measures and Incident Clinical Fracture after 

Consideration of Clinical Risk Factors Including FRAX and Total Hip BMD

HR (95% CI)

Crude Model 1 (FRAX) Model 2 (TH BMD) Model 3 (CRF)

Distal Radius N=1702; # Fx=100 N=1656; # Fx=95 N=1657; # Fx=95 N=1655; # Fx=95

 Trabecular vBMD 1.98 (1.60, 2.45) 1.79 (1.42, 2.26) 1.58 (1.22, 2.04) 1.63 (1.26, 2.10)

 Trabecular # 1.68 (1.41, 2.01) 1.52 (1.25, 1.85) 1.34 (1.07, 1.67) 1.39 (1.11, 1.75)

 Trabecular thickness 1.40 (1.13, 1.73) 1.27 (1.02, 1.59) 1.21 (0.97, 1.51) 1.25 (1.01, 1.56)

 Trabecular area 0.75 (0.62, 0.90) 0.72 (0.58, 0.89) 0.73 (0.59, 0.90) 0.75 (0.61, 0.93)

 Cortical vBMD 1.73 (1.46, 2.05) 1.63 (1.36, 1.96) 1.49 (1.22, 1.82) 1.36 (1.10, 1.66)

 Cortical thickness 1.93 (1.54, 2.42) 1.74 (1.37, 2.22) 1.54 (1.20, 1.99) 1.43 (1.11, 1.85)

 Cortical porosity 1.08 (0.88, 1.33) 1.04 (0.85, 1.28) 0.99 (0.80, 1.21) 1.02 (0.83, 1.26)

 Cortical bone area 1.91 (1.51, 2.42) 1.70 (1.33, 2.17) 1.46 (1.12, 1.91) 1.35 (1.03, 1.77)

Distal Tibia N=1717; # Fx=105 N=1677; # Fx=101 N=1678; # Fx=101 N=1676; # Fx=101

 Trabecular vBMD 1.45 (1.19, 1.76) 1.30 (1.05, 1.62) 1.08 (0.86, 1.36) 1.16 (0.93, 1.45)

 Trabecular # 1.29 (1.07, 1.56) 1.17 (0.96, 1.43) 0.99 (0.80, 1.23) 1.04 (0.84, 1.29)

 Trabecular thickness 1.09 (0.90, 1.32) 1.03 (0.84, 1.26) 0.99 (0.81, 1.21) 1.04 (0.85, 1.28)

 Trabecular area 0.78 (0.65, 0.94) 0.78 (0.62, 0.98) 0.82 (0.65, 1.03) 0.83 (0.66, 1.05)

 Cortical vBMD 1.76 (1.49, 2.08) 1.61 (1.35, 1.93) 1.43 (1.17, 1.75) 1.26 (1.02, 1.56)

 Cortical thickness 1.82 (1.48, 2.23) 1.63 (1.31, 2.04) 1.40 (1.09, 1.78) 1.28 (1.01, 1.64)

 Cortical porosity 0.98 (0.81, 1.19) 0.98 (0.80, 1.19) 0.98 (0.81, 1.19) 1.02 (0.84, 1.23)

 Cortical bone area 1.89 (1.55, 2.31) 1.68 (1.36, 2.07) 1.45 (1.14, 1.83) 1.31 (1.03, 1.66)

Diaphyseal Tibia N=1499; # Fx=91 N=1464; # Fx=87 N=1465; # Fx=87 N=1463; # Fx=87

 Cortical BMD 1.38 (1.14, 1.66) 1.25 (1.03, 1.52) 1.13 (0.92, 1.38) 1.09 (0.89, 1.34)

 Cortical thickness 1.71 (1.39, 2.09) 1.56 (1.25, 1.94) 1.27 (0.99, 1.63) 1.16 (0.90, 1.49)

 Cortical porosity 0.69 (0.60, 0.80) 0.74 (0.63, 0.87) 0.80 (0.68, 0.95) 0.86 (0.73, 1.01)

 Cortical area 1.58 (1.27, 1.95) 1.50 (1.18, 1.90) 1.22 (0.94, 1.59) 1.09 (0.83, 1.43)

*
Associations given per SD decrease in the HR-pQCT predictor variable; those with p > 0.05 are italicized. Model 1 adjusted for clinical site, limb 

length, major osteoporotic fracture risk (FRAX w/BMD). Model 2 adjusted for clinical site, limb length, total hip BMD. Model 3 adjusted for 
clinical site, limb length, total hip BMD, age, race, falls, prevalent fracture after age 50.
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Table 4

The Associations* between Global HR-pQCT Measures and Incident Major Osteoporotic Fracture after 

Consideration of Clinical Risk Factors Including FRAX and Total Hip BMD

HR (95% CI)

Crude Model 1 (FRAX) Model 2 (TH BMD) Model 3 (CRF)

Distal Radius N=1702; # Fx=43 N=1656; # Fx=41 N=1657; # Fx=41 N=1655; # Fx=41

 Failure load 3.90 (2.64, 5.77) 3.48 (2.32, 5.21) 2.45 (1.55, 3.86) 2.38 (1.51, 3.75)

 Total vBMD 3.66 (2.55, 5.25) 3.19 (2.18, 4.66) 2.19 (1.44, 3.33) 2.16 (1.43, 3.28)

Distal Tibia N=1717; # Fx=47 N=1677; # Fx=46 N=1678; # Fx=46 N=1676; # Fx=46

 Failure load 2.80 (2.02, 3.88) 2.52 (1.79, 3.56) 1.56 (1.02, 2.39) 1.45 (0.96, 2.19)

 Total vBMD 2.70 (1.97, 3.71) 2.48 (1.75, 3.50) 1.55 (1.03, 2.33) 1.50 (1.01, 2.22)

Diaphyseal Tibia N=1499; # Fx=41 N=1464; # Fx=40 N=1465; # Fx=40 N=1463; # Fx=40

 Failure load 2.20 (1.60, 3.03) 2.05 (1.45, 2.90) 1.21 (0.81, 1.82) 1.00 (0.66, 1.50)

 Total BMD 2.01 (1.54, 2.62) 1.78 (1.34, 2.36) 1.11 (0.78, 1.57) 1.00 (0.71, 1.42)

*
Associations given per SD decrease in the HR-pQCT predictor variable; those with p > 0.05 are italicized. Model 1 adjusted for clinical site, limb 

length, major osteoporotic fracture risk (FRAX w/BMD). Model 2 adjusted for clinical site, limb length, total hip BMD. Model 3 adjusted for 
clinical site, limb length, total hip BMD, age, race, falls, prevalent fracture after age 50.
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Table 5

The Multivariate Associations* between Trabecular and Cortical HR-pQCT Measures and Incident Clinical 

Fracture (Adjusted for Other HR-pQCT Measures at Same Skeletal Site)

HR (95% CI)

Distal Radius N=1702; # Fx=100

 Trabecular vBMD 1.92 (1.48, 2.49)

 Trabecular area 1.13 (0.79, 1.39)

 Cortical vBMD 1.58 (1.12, 2.19)

 Cortical area 1.01 (0.68, 1.49)

 Cortical porosity 0.87 (0.68, 1.10)

Distal Tibia N=1717; # Fx=105

 Trabecular vBMD 1.34 (1.09, 1.65)

 Trabecular area 1.13 (0.87, 1.45)

 Cortical vBMD 1.58 (1.22, 2.06)

 Cortical area 1.26 (0.94, 1.68)

 Cortical porosity 1.06 (0.87, 1.30)

Diaphyseal Tibia N=1499; # Fx=91

 Cortical BMD 1.05 (0.79, 1.39)

 Cortical area 1.63 (1.30, 2.04)

 Cortical porosity 0.78 (0.62, 0.99)

*
Associations given per SD decrease in the HR-pQCT predictor variable; those with p> 0.05 are italicized. Multivariate models further adjusted for 

clinical site, limb length.
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