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Abstract

Accelerated bone loss (ABL) shown on routine dual-energy X-ray absorptiometry (DXA) may be
accompanied by microarchitectural changes, increased cortical porosity and lower bone strength.
To test this hypothesis, we performed a cross-sectional study and used high resolution peripheral
quantitative computed tomography (HR-pQCT) scans (SCANCO, Inc., Switzerland) to measure
estimated bone strength and microarchitecture in the distal radius and distal and diaphyseal tibia.
We studied 1628 men who attended the Year 14 exam of the Osteoporotic Fractures in Men
(MrOS) study. We retrospectively characterized areal (a) bone mineral density (BMD) change
from the Year 7 to Year 14 exam in 3 categories: “accelerated” 210% loss at either the total hip or
femoral neck, (N=299, 18.4%); “expected” loss, <10%, (N=1061, 65.2%) and “maintained” BMD,
>0%, (N=268, 16.5%). The ABL cutoff was a safety alert established for MrOS. We used
regression models to calculate adjusted mean HR-pQCT parameters in men with ABL, expected
loss or maintained BMD. Men who experienced ABL were older and had a lower body mass index
and aBMD and experienced greater weight loss compared to other men. Total volumetric BMD
and trabecular and cortical volumetric BMD were lower in men with ABL compared to the
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expected or maintained group. Men with ABL had significantly lower trabecular bone volume
fraction (BV/TV), fewer trabeculae and greater trabecular separation at both the distal radius and
tibia than men with expected loss or who maintained aBMD, all p trend <0.001. Men with ABL
had lower cortical thickness and lower estimated bone strength but there was no difference in
cortical porosity except at the tibia diaphyseal site

Abstract

In summary, men with ABL have lower estimated bone strength, poorer trabecular
microarchitecture and thinner cortices than men without ABL but have similar cortical porosity.
These impairments may lead to an increased risk of fracture.

INTRODUCTION

Low areal bone mineral density (aBMD) is an established risk factor for fracture in both
men and women (1:2) even over 25 years (3. In contrast, c/angesin BMD have been shown
to predict fractures in some (-8 but not all studies (°-11). In the Osteoporotic Fractures in
Men (MrOS) study, we showed that accelerated decrease in aBMD was a strong independent
risk factor for hip and non-spine fractures (12),

High resolution peripheral quantitative computed tomography (HR-pQCT) enables a non-
invasive assessment of bone microarchitecture. HR-pQCT provides essential information on
both cortical and trabecular volumetric (v) BMD as well as bone microarchitecture, and
estimated strength. The aim of the current analysis was to test the hypothesis that accelerated
bone loss (ABL) by dual-energy X-ray absorptiometry (DXA) is associated with
microarchitectural deterioration in bone, cortical porosity and loss of estimated bone
strength. We performed a cross-sectional study of 1628 men who attended the Year 14 exam
of the MrOS study and had HR-pQCT scans of the distal radius, distal tibial and diaphyseal
tibia and aBMD scans of the femoral neck and/or total hip.

METHODS

Study Population

A total of 5994 community-dwelling men =65 years old were enrolled from 2000 to 2002 in
the prospective MrOS study (13). Participants were recruited in six regions of the United
States (14). Individuals 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. The analytic sample for this analysis
consisted of 1628 men, Figure 1.

Measurement of aBMD

At all study visits, participants who attended the clinic visit had hip DXA scans completed
on Hologic 4500 scanners (Hologic, Waltham, MA, USA\) as previously described (12),
Briefly, centralized quality-control procedures, certification of DXA operators, and
standardized procedures for scanning were used to ensure reproducibility of DXA
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measurements. Each clinic scanned a spine and hip phantom throughout the study to monitor
longitudinal changes in measures of aBMD, and correction factors were applied to
participant data as appropriate. To adjust for inter-clinic differences, statistical models
include indicator variables for clinical center. The precision of DXA scans of the spine and
hip is 1% to 2% in clinical settings (1); the coefficient variation of the MrOS DXA scanners
estimated using a central phantom ranged from 0.3% to 0.7% for the total hip (data not
shown). Each participant’s right hip was scanned unless there was a fracture, implant,
hardware, or other problem preventing the right hip from being scanned; in those instances,
the left hip was scanned.

MrOS investigators established a safety alert for ABL that was used to identify men who
need to be referred to their personal physical. This safety alert was approved the MrOS
Observational Study Monitoring Board. Men whose bone loss exceeded this threshold were
informed by study physician/nurses and encouraged to see their physician. ABL was defined
as =10% loss at either the total hip or femoral neck from the Year 7 to Year 14 exam, an
average of 7.3 years apart. Men whose bone loss was <10% were considered to have
experienced “expected” aBMD loss. Men whose aBMD change was =0% were considered to
have “maintained/increased” BMD.

Measurement of HR-pQCT Parameters

HR-pQCT scans were completed using XtremeCT Il machines (SCANCO Medical AG,
Bruttisellen, Switzerland), which have nominal voxel size of 61um. Operators were centrally
trained and certified to perform the imaging protocol, including an online scan positioning
operator calibration procedure that has been shown to reduce inter-operator measurement
error for bone outcomes by approximately 50% (6). 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 externally measured from tibial plateau
proximally to the tibial malleolus at the distal end) 7). 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, amputation or recent complete non-weight bearing period >6
weeks during the previous 12 months. Machines were calibrated 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 were used without
transformations (18). The standard local density phantom was scanned on a daily basis to
monitor for values that fell outside of the nominal range (8 mg HA/cm?3). Centralized quality
assurance (QA) and standard analysis of all image data, including micro finite element
analysis (LFEA), 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
scored 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) (19). A fully automated analysis pipeline
was developed to segment the radius and tibia for quantification of bone density and
structure(20). For this study, an automated QA algorithm was developed to detect bone
segmentation errors. The slice-wise variation in total cross-sectional area was measured to
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identify contours that failed to locate the outer cortical perimeter of the radius or tibia; cases
with an absolute slice-wise difference of 2 mm? at the diaphysis, and 4 mm? 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 (vBMD) 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 (?122), Of note, there are significant
differences in how the SCANCO software measure trabecular thickness and trabecular
spacing in the second generation XtremeCT scans. However, the scales of our measures are
consistent with the XtremeCT Il validation data reported by Manke et al (?2) and differences
compared to the first generation XtremeCT scanner are consistent with comparisons
reported by Agarwal et al (23). 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 or
estimated bone strength was estimated by calculation of the reaction force at which 7.5% of
the elements exceed a local effective strain of 0.7% (24),

All participants with outliers (difference from mean >3 SDs) were reviewed and those with
abnormal anatomic findings at a given skeletal site (e.g. severe inflammatory arthritis,
osteolytic lesions, injuries with ossification, unreported fracture) were excluded. Scans with
motion and other scans that were identified for exclusion by our QA process (e.g., scan
positioning error/problem) were also excluded (distal radius n=61, distal tibia n=47,
diaphyseal tibia n=58) from the analysis for that skeletal site.

Other Measurements

Covariates were measured at the Year 14 exam with the exception of date of birth and race/
ethnicity which were collected at baseline. All men who attended the Year 14 exam
completed questionnaires and were interviewed about health status. Physical activity was
assessed using the Physical Activity Scale for the Elderly (PASE) (25). Body weight (indoor
clothing without shoes) was measured on balance beam or digital scales; height was
measured using a Harpenden stadiometer (Dyved, UK). Body mass index (BMI) was
calculated as weight (kg)/height (m?). Weight change was calculated by subtracting Year 7
weight from Year 14 weight and expressed as a percentage of the Year 7 value. Weight
change was categorized as moderate weight loss (loss =10%), mild weight loss (loss 5% to
<10%), stable weight (<5% loss or gain) or weight gain (gain >5%) based on standard cut-
offs for clinically relevant weight changes in older adults and availability of sufficient
numbers of participants in each category (26:27),

Medical history included self-reported physician diagnosis of chronic obstructive pulmonary
disease (COPD), hypertension, myocardial infarction (Ml), congestive heart failure (CHF),
stroke and diabetes. Information on fall history in the past 12-months and alcohol
consumption was obtained. Men self-reported their health as excellent/good, fair, poor or
very poor. Men also reported limitations in 5 instrumental activities of daily living (IADL)
including meal preparation, shopping, housework, walking 2—-3 blocks and climbing 10
steps. Participants were asked to bring all current (any use within in the past 30 days)
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prescription medications with them to the clinic. All prescription medications were recorded
in an electronic medication inventory database and matched to its ingredients based on the
lowa Drug Information Service drug vocabulary (College Pharmacy, University of lowa,
lowa City, USA) (28). Osteoporosis medications included bisphosphonates, parathyroid
hormone and denosumab.

STATISTICAL ANALYSES

Differences in the characteristics of 1628 men in the analytic cohort across aBMD loss
categories were compared using chi-squared tests for categorical variables and ANOVA for
continuous variables. We used linear regression models to calculate least square mean HR-
pQCT parameters in men who experienced ABL, expected loss in aBMD and who
maintained their aBBMD with tests for trend. Base models adjusted for age, clinic and limb
length. The multivariate (MV) models also adjusted for height, weight, health status,
physical activity, difficulty with any IADL, alcohol consumption and a history of CHF or
diabetes. To test whether the association between aBMD loss and HR-pQCT parameters was
independent of aBMD at Year 7, we further adjusted models for femoral neck aBMD. We
have previously shown that weight loss was associated with lower bone strength and greater
aBMD loss in a non-linear manner (29), Thus, to test whether the associations were mediated
by weight change, we adjusted for the four categories of weight change. A small number of
men self-reported using osteoporosis medications at the Year 7 and/or Year 14 exam. In
additional analyses, we adjusted for osteoporosis medication use, (Supplemental Table 1).
We performed additional analyses of HR-pQCT data across quartiles of changes in femoral
neck aBMD, (Supplemental Table 2a and 2b).

RESULTS

About 18% of men experienced ABL and 16.5% maintained or increased their aBBMD
between the Year 7 and Year 14 exam, Table 1. Men with ABL were older (mean age 86
years) compared to men who maintained or experienced expected aBMD loss (mean age 84
years), Table 1. The majority (92%) of men were white. Men who experienced ABL had
lower weight, height and BMI at Year 14 and experienced greater weight loss from the Year
7 visit and from baseline. They were less likely to self-report their health as excellent/good,
drink alcohol and had lower physical activity. Almost half of these men had difficulty with at
least one IADL compared to about 30% of the other men. There was no difference in the
prevalence of smoking, COPD, hypertension, Ml or stroke. Men who experienced ABL were
twice as likely to self-report CHF but were less likely to report diabetes than men who
maintained their aBMD. A higher proportion of men who experienced ABL reported falling
at least once in the past year. aBMD at the femoral neck and total hip were lower in men
with ABL at both the Year 7 and Year 14 exam, p trend=0.0001. The average change in
aBMD from the Year 7 to year 14 exam was 11% at the total hip and 13% at the femoral
neck among men with ABL compared to about a 3-4% decline among men with “expected”
aBMD loss and 3% gain among men who were considered “maintainers”. A higher
proportion of men with ABL reported use of osteoporosis medications. There were no
differences in the use of corticosteroids across aBMD loss categories. A small number of
men (n=6) reported androgen deprivation therapy (ADT) and the number of men on ADT
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was greatest in men with ABL. Thus, we excluded all men reporting ADT from further

analyses.

Distal Radius

Distal Tibia

Total area did not differ in men who experienced ABL, expected loss or who maintained
their aBMD. Total, trabecular and cortical vBMD were all significantly lower in men who
experienced ABL. vBMD decreased in a graded fashion comparing men who maintained,
experienced expected aBMD loss and men with ABL, p trend <0.0001. The differences in
the MV models were for total BMD (13% lower), trabecular vBMD (10% lower) and
cortical vBMD (5% lower) comparing men with ABL to men who maintained their aBMD.

The cortical area was 5% smaller among men with ABL compared to men who maintained
their aBBMD. The mean cortical thickness was 11% lower in men who experienced ABL
compared to men who maintained their aBMD. There was no difference in cortical porosity
across the aBMD change groups. The microarchitecture of the distal radius revealed 6%
lower trabecular number, 9% greater trabecular separation and 11% lower trabecular bone
volume fraction among men who experienced ABL compared to men who maintained or
increased their aBBMD, Table 2. There was no difference in trabecular thickness across
aBMD loss groups.

Estimated failure load was 15.2% lower in men with ABL compared to men who maintained
their aBBMD and almost 11% lower than men who experienced expected aBMD loss, p trend,
<0.0001. Further adjustment for femoral neck aBMD had no effect on our results.

There were modest differences (3%, p=0.008) in total area between men with ABL
compared to men who maintained their aBMD, Table 3. The total, trabecular and cortical
vBMD were 12%, 7%, 6%, respectively (MV models) lower in men with ABL compared to
men who maintained their aBMD. Cortical area was almost 13% lower in men with ABL
compared to men who maintained aBMD, p <0.0001. Cortical thickness was 11% lower in
men with ABL but there was no difference in cortical porosity across aBMD groups. Similar
to results for the distal radius, the trabecular number was 3% lower, trabecular separation,
4% higher, and trabecular bone volume fraction, 6% lower among men who experienced
ABL compared to men who maintained their aBBMD, Table 3. The estimated failure load was
significantly 12% lower in men who experience ABL compared to men who maintained
their aBMD. Further adjustment for aBMD had little effect on our results.

Diaphyseal Tibia

Results were similar at the tibial diaphyseal with significantly lower vBMD, lower cortical
area, lower cortical thickness and lower estimated failure load in men who experienced
ABL, in comparison to men who maintained aBMD or experienced expected loss (all p
trend <0.05), Table 4. Cortical porosity was 12% greater in men with ABL compared to the
maintained group, p trend, 0.014. Further adjustment for aBMD had no effect on our results.
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Additional Analyses

We additionally adjusted for use of osteoporosis medications at the Year 7 and/or Year 14
exam. Results were essentially unchanged (Supplemental Table 1). We also adjusted for
weight change from Year 7 to Year 14 but since we included Visit 14 weight in the models
(final weight), adjusting for weight change had no effect (data not shown). Finally, we
examined the HR-pQCT parameters across quartiles of change in femoral neck aBMD and
results were generally similar, (Supplemental Table 2).

DISCUSSION

Our current cross-sectional results suggest that ABL is accompanied by low vBMD, poor
microarchitecture, lower estimated bone strength as measured by finite element analysis.
Results were consistent at both the radius and tibia suggesting that the loss of
microarchitecture and strength is consistent at weight bearing and non-weight bearing
skeletal sites. This suggests that other factors in addition to mechanical loading, such as, age
related declines in hormones and lean mass may underlie these associations (30), Results
were consistent for both trabecular and cortical vBMD. There was little difference in the
overall size of the bone across aBMD loss groups but men who experienced ABL had
significantly lower cortical area and cortical thickness. There was no difference in trabecular
thickness or cortical porosity at either the distal radius or distal tibia. In summary, ABL is
accompanied by changes in microarchitecture, density and strength that may contribute to an
increased fracture risk.

Measures of microarchitecture and estimated strength have been prospectively linked to
incident fractures in both men (1) and women (32:33), One standard deviation decrease in
cortical area, cortical bone mass and trabecular bone volume fraction were associated with a
1.6-2.0 fold increased risk of fracture independent of aBMD (31, In MrOS, lower failure
load at the diaphyseal tibia and distal radius were associated with an increased risk of
fractures, independent of the Fracture Risk Assessment Tool (FRAX® with aBMD (34),
Thus, our results suggest that ABL is accompanied by these microarchitecture and strength
changes that have been prospectively linked to increased fracture risk.

Men who experienced ABL differed from men who experienced expected loss or
maintained/increased their aBMD. They were older, had lower BMI, were less likely to self-
report excellent/good health, reported more falls in the past years, had lower physical
activity, were less likely to drink alcohol, and more IADL disability. All of these
characteristics suggest an overall poorer health status among men with ABL. However, we
adjusted for health status in our MV models. Of importance, men with ABL started out with
lower hip aBMD at Year 7. Nevertheless, ABL was associated with lower vBMD, poor
microarchitecture and lower estimated bone strength independent of aBMD.

We have recently shown a non-linear association between weight change and failure load at
the radius and tibia in MrOS (29), Greater weight loss was also associated with lower cortical
thickness and cortical vBMD (but not trabecular vBMD or trabecular microarchitecture).
One-third of men with ABL experienced moderate weight loss (= 10% weight loss) since the
Year 7 visit, compared to 7% of men who maintained or increased their aBMD. However,
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adjustment for weight change had no effect on our results likely because all models included
the final weight at Visit 14.

Men who experienced ABL had lower cortical thickness and cortical vBMD at all 3 skeletal
sites but there was no difference in cortical porosity except at the diaphyseal tibia. This latter
finding may have occurred by chance, but it could reflect the larger cortical areal at the
diaphyseal tibia site and improved detection of cortical porosity. The lack of a difference in
cortical porosity at the distal radius and distal tibia is surprising since cortical porosity is a
main determinant of cortical density and we saw large differences in cortical density. In
older men with ABL, minimal measurable cortical bone remains at distal sites due to
sustained intra- and endo- cortical bone loss that has led to trabecularization of the cortex.
Highly trabecularized cortical bone is not included in the cortical compartment. With
increasing trabeculization, the residual cortex leaves less measurable porosity. Older men
may also simply have cortices that are too thin or too trabecularized to properly measure this
parameter. But it may also reflect the limitations of even second generation HR-pQCT
scanners or the associated algorithms in detecting cortical porosity at these skeletal sites.

Increases in bone turnover markers, specifically, higher C-terminal crosslinking telopeptide
of Type I collagen (CTX), and collagen Type | N-terminal propeptide (PINP) were
associated with faster cortical and trabecular bone loss at the femoral neck and proximal
femur in both older men and women (%), Increases in CTX and PINP were also associated
with periosteal expansion at the femoral neck in men only. Other studies have shown that
increasing bone turnover markers predict rates of bone loss in women transitioning
menopause 3®) and in older women (37). Thus, ABL may lead to these microarchitecture,
and strength changes because of accelerated bone turnover. We were unable to test this
hypothesis because we do not have measures of bone turnover at Year 7 or 14.

We have shown in MrQOS that men with lowest estradiol, lowest testosterone and highest sex
hormone binding globulin experience faster rates of bone loss (38). Men who had serum 25-
hydroxyvitamin D <20 ng/ml also experienced faster rates of bone loss (39). Chronic low
grade inflammation may also contribute to faster rates of bone loss 49). Thus, there are many
physiological factors that could lead to ABL and contribute to these microarchitectural and
estimated strength changes.

To our knowledge, there have been few studies of sex steroid hormones, vitamin D and
vBMD, microarchitectural and estimated strength as measured by HR-pQCT. A small study
of 72 obese men with metabolic syndrome showed that men with estradiol below the median
(43 pmol/L) had lower trabecular number, greater trabecular separation and lower bone
volume fraction than men with higher estradiol levels but these comparisons were
unadjusted for body weight 1. A study of postmenopausal women reported positive
associations between estradiol and trabecular vBMD, cortical area and estimated strength of
the ultra-distal forearm but these associations were not significant in the MV model (42),
Bioavailable testosterone was also related to cortical area in the univariate analysis. A study
of 109 subjects (62% women) showed little relationship between 25(OH)D and HR-pQCT
parameters in the radius or tibia (43). Among patients with primary hyperparathyroidism,
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there was no relationship of 25(OH)D and any HR-pQCT measure 44). More is clearly
needed on the physiological factors that contribute to skeletal integrity.

It is quite remarkable that 18% of men maintained or increased their aBMD into their 9t
decade of life indicating that bone loss may not be an inevitable consequence of aging in
older men. There is substantial heterogeneity in the manner that individuals age and it will
be important to understand what factors contributed to their maintenance of aBMD. Only a
small number of men who maintained their aBMD reported use of osteoporosis medications
at either the Year 7 or Year 14 exam. It is unlikely that the low prevalence of osteoporosis
medications accounted for the larger group of men who maintained aBMD. We have no
information on sex steroid hormones, but given the higher body weight among men who
maintained aBMD, it is possible that these men who had maintained their aBMD had higher
circulating estradiol levels than men who experienced accelerated loss. There are likely other
factors that contribute, such as, maintenance of muscle mass greater physical activity.
Maintenance of aBMD in older women was associated with lower mortality %) and may
also represent a phenotype of successful aging in older men.

A higher percentage of men with ABL reported taking medications for osteoporaosis.
However, the overall use of these medications was low and adjustment for these medications
had little effect on our results.

This study has several strengths. We studied a large cohort of men in their ninth decade of
life with longitudinal assessment of aBMD loss over 7 years. Measures of HR-pQCT in this
cohort are unique. Centralized QA and standard analysis of HR-pQCT image data were
performed. We adjusted for important covariates. However, this study also has several
limitations. The cohort was predominately Caucasian community dwelling men, so results
may not be generalizable to other groups. Multiple statistical comparisons were performed
and some of the observed associations may have occurred by chance alone. However, for the
most part our results were consistent across the 3 skeletal sites. \We were unable to test
whether the ABL is due to low sex steroid hormones, low vitamin D, or higher bone
turnover because these biomarkers are not available at the year 7 or 14 exam. Finally, we
used an observational study design and the possibility of residual confounding by
unmeasured factors remains.

In conclusion, men with ABL have poorer microarchitecture, thinner cortices and lower
estimated strength than men without ABL. These impairments may lead to an increased risk
of fracture and deserves further examination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HR-pQCT parameters at the Distal Radius across categories of bone mineral loss (BMD)*

Table 2:

BMD Loss, Mean (95% confidence interval)

Parameters Accelerated Expected Maintained/Increased  © trend
(=210% decreased BMD)  (<10% decreased BMD) (=0 BMD change)
Total vBMD (mg/cm3)
Base? 254.6 (247.7, 261.5) 276.2 (272.6, 279.7) 289.3(282.1,296.4)  <0.0001
MV2 255.7 (248.6, 262.7) 276.0 (272.4, 279.6) 288.3 (281.1, 295.6) <0.0001
MV + FNBMD3 258.3 (252.0, 264.7) 275.6 (272.4, 278.8) 287.0 (280.4, 293.5) <0.0001
Total area (mm?)
Base’ 393.2 (386.0, 400.3) 397.5 (393.8, 401.2) 396.9 (389.5, 404.2) 047
MVZ 398.8 (391.9, 405.7) 397.2 (393.7, 400.7) 390.6 (383.6, 397.7) 0.11
MV + FNBMD3 398.8 (391.9, 405.7) 397.2 (393.7, 400.7) 390.7 (383.6, 397.7) 0.12
Trabecular vBMD (mg/cm?)
Base? 160.3 (155.7, 164.9) 170.8 (168.5, 173.2) 178.5(173.8,183.3)  <0.0001
MV2 160.9 (156.2, 156.7) 170.9 (168.5, 173.7) 176.9 (172.1, 181.8) <0.0001
MV + FNBMD3 162.9 (158.8, 167.0) 170.6 (168.5, 172.7) 176.0 (171.7, 180.2) <0.0001
Cortical vBMD (mg/cm?)
Base? 773.0 (765.3, 780.8) 797.3 (793.3, 801.3) 811.3(803.3,819.3)  <0.0001
MV2 775.0 (767.1, 783.0) 796.9 (792.9, 800.9) 812.3 (804.2, 820.4) <0.0001
MV + ENBMDS 776.3 (768.5, 784.1) 796.7 (792.8, 800.6) 811.7 (803.7,819.7)  <0.0001
Trabecular area (mm?)
Base'z 336.9 (329.5, 344.3) 335.6 (331.8, 339.4) 332.6 (325.0, 340.3) 0.43
MV2 341.5 (334.3, 348.8) 335.5(331.8,339.1) 327.2 (319.8, 334.6) 0.0081
MV + ENBMD? 340.9 (333.7, 348.1) 335.6 (331.9, 339.2) 327.5(320.1,334.9)  0.0127
Cortical area (mm?)
Base’ 60.9 (59.2, 62.5) 66.5 (65.7, 67.4) 68.9 (67.2, 70.5) <0.0001
2 62.0 (60.4, 63.7) 66.4 (65.5, 67.2) 68.0 (66.3, 69.7) <0.0001
MV + ENBMDS 62.5 (61.0, 64.1) 66.3 (65.5, 67.1) 67.8 (66.2, 69.3) <0.0001
Trabecular volume fraction, mm3
Base.l 0.222 (0.216, 0.229) 0.238 (0.235, 0.242) 0.249 (0.242, 0.256) <0.0001
MVZ 0.223 (0.216, 0.230) 0.238 (0.235, 0.242) 0.247 (0.240, 0.254) <0.0001
MV + ENBMD? 0.226 (0.220, 0.232) 0.238 (0.235, 0.241) 0.245 (0.239, 0.252)  <0.0001
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BMD Loss, Mean (95% confidence interval)
Parameters Accelerated Expected Maintained/Increased ~ © trend
(=10% decreased BMD)  (<10% decreased BMD) (=0 BMD change)
Trabecular number, mm™
Basel 1.35(1.32, 1.37) 1.40 (1.39, 1.42) 1.46 (1.43, 1.48) <0.0001
MV2 1.36 (1.33, 1.38) 1.41 (1.39, 1.42) 1.44 (1.42,1.47) <0.0001
MV + FNBMD3 1.36 (1.34, 1.39) 1.40 (1.39, 1.42) 1.44 (1.41, 1.46) <0.0001
Trabecular separation, (mm)
Basel 0.734 (0.717,0.752) 0.691 (0.681, 0.700) 0.658 (0.640, 0.676) <0.0001
MVZ 0.731 (0.713, 0.749) 0.690 (0.681, 0.699) 0.665 (0.646, 0.683) <0.0001
MV + FNBMD3 0.725 (0.709, 0.742) 0.691 (0.682, 0.699) 0.668 (0.651, 0.685) <0.0001
Trabecular thickness, mm
Basel 0.246 (0.244, 0.248) 0.247 (0.246, 0.248) 0.248 (0.246, 0.251) 0.20
MVZ 0.246 (0.244 (0.248) 0.247 (0.246, 0.248) 0.249 (0.247, 0.251) 0.10
MV + FNBMD3 0.247 (0.245, 0.249) 0.247 (0.246, 0.248) 0.248 (0.246, 0.251) 0.24
Cortical thickness (mm)
Basel 0.887 (0.861, 0.914) 0.965 (0.951, 0.978) 0.995 (0.968 1.022) <0.0001
MV2 0.895 (0.869, 0.922) 0.962 (0.949, 0.976) 0.993 (0.965, 1.020) <0.0001
MV + FNBMD3 0.903 (0.878, 0.928) 0.961 (0.948, 0.974) 0.989 (0.963, 1.015) <0.0001
Cortical porosity(%)
Basel 1.52 (1.42,1.61) 1.60 (1.55, 1.65) 1.61(1.51,1.71) 0.17
MVZ 1.52 (1.42, 1.62) 1.59 (1.54, 1.64) 1.61 (1.51, 1.71) 0.19
MV + FNBMD3 1.53(1.43, 1.63) 1.58 (1.54, 1.63) 1.61 (1.5, 1.71) 0.28
Estimated failure load (n)
Basel 4338.7 (4185.3, 4492.0) 4913.3 (4834.2,4992.5)  5198.3 (5040.3, 5356.3)  <0.0001
MVZ 4434.1 (4279.1, 4589.1) 4905.6 (4827.2,4984.0)  5106.4 (4947.8,5265.0) <0.0001
MV + FNBMD3 4499.3 (4364.0, 4634.6) 4896.2 (4827.8,4964.6)  5073.5(4935.1,5211.9) <0.0001

*
6 men on androgen deprivation therapy excluded.

'ZBase model adjusted for age, clinic and limb length.

Page 17

2Mu|tivariate (MV) models also adjusted for height, weight, health status, physical activity, difficulty with any instrumental activity of daily living
(IADL), alcohol consumption and a history of congestive heart failure (CHF) or diabetes.

3MV + Femoral Neck BMD at Year 7.
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Table 3:

Page 18

HR-pQCT parameters at the Distal Tibia across categories of bone mineral loss (BMD): Least square means

(95% confidence interval) i

Parameters

BMD Loss, Mean (95% confidence interval)

Accelerated

(<10% decreased BMD)

Expected

(<10% decreased BMD)

Maintained/Increased

(=0 BMD change)

P trend

Total vBMD (mg/cm?)

Base‘Z

MV2

MV + FNBMD3

258.4 (252.4, 264.4)
260.2 (254.1, 266.4)

263.8 (258.4, 269.2)

281.8 (278.7, 285.0)
281.6 (278.5, 248.8)

281.1 (278.3, 283.8)

293.5 (287.2, 299.8)
291.2 (284.7, 297.7)

289.4 (283.8, 295.1)

<0.0001

<0.0001

<0.0001

Total area (mm?)

Base‘Z

MVZ

MV + FNBMD‘?

897.9 (884.3, 911.5)
909.9 (897.2, 922.7)

909.5 (896.7, 922.3)

890.0 (882.9, 897.1)
890.3 (883.8, 896.9)

890.4 (883.9, 897.0)

899.0 (884.7, 913.3)
885.7 (872.3, 899.1)

885.9 (872.5, 899.4)

0.96

0.0106

0.0132

Trabecular vBMD (mg/cm?)

Base‘Z

MV2

MV + FNBMD3

176.3 (171.8, 180.7)
176.6 (172.1, 181.1)

179.2 (175.2, 183.2)

185.8 (183.5, 188.1)
185.9 (183.6, 188.2)

185.5 (183.5, 187.5)

189.6 (185.0, 194.3)
188.3 (183.5, 193.0)

187.0 (182.8, 191.2)

<0.0001

0.0005

0.0083

Cortical vBMD (mg/cm?3)

Base‘Z

MV2

MV + FNBMD3

748.2 (739.7, 756.7)
753.9 (745.3, 762.6)

756.0 (747.5, 764.4)

781.8 (777.4, 786.3)
780.9 (776.5, 785.3)

780.6 (776.3, 784.9)

805.8 (796.9, 814.7)
802.4 (793.3, 811.4)

801.4 (792.5, 810.3)

<0.0001

<0.0001

<0.0001

Trabecular area (mm?)

Base‘Z

MV2

MV + FNBMD3

778.9 (764.4, 793.3)
787.8 (773.9, 801.8)

785.9 (772.0, 799.8)

756.1 (748.5, 763.6)
756.7 (749.5, 763.8)

757.0 (749.9, 764.1)

757.6 (742.4, 772.8)
747.2 (732.5, 761.9)

748.2 (733.6, 762.7)

0.04

0.0001

0.0003

Cortical area (mm?2)

Base1

MVZ

MV + FNBMD3

125.2 (121.7, 128.6)
128.3 (124.8, 131.7)

129.8 (126.6, 133.0)

140.0 (138.2, 141.8)
139.8 (138.0, 141.6)

139.6 (137.9, 141.2)

147.5 (143.9, 151.2)
144.6 (141.0, 148.2)

143.8 (140.5, 147.2)

<0.0001

<0.0001

<0.0001

Trabecular volume fraction, mm?3

Basel

MVZ

0.257 (0.251, 0.263)

0.257 (0.251, 0.263)

0.269 (0.266, 0.273)

0.270 (0.267, 0.273)

0.275 (0.268, 0.281)

0.273 (0.266, 0.279)
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BMD Loss, Mean (95% confidence interval)

Parameters

Accelerated

(<10% decreased BMD)

Expected

(<10% decreased BMD)

Maintained/Increased

(=0 BMD change)

P trend

MV + FNBMD3

0.261 (0.255, 0.266)

0.269 (0.266, 0.272)

0.271 (0.265, 0.277)

0.0088

Trabecular number, mm™

Base‘Z

MV2

MV + FNBMD3

1.31 (1.28, 1.33)
1.31(1.29, 1.34)

1.33 (1.30, 1.35)

1.35 (1.34, 1.36)
1.35 (1.34, 1.36)

1.35 (1.34, 1.36)

1.37 (1.34, 1.39)
1.35 (1.33, 1.38)

1.35(1.32, 1.37)

0.0013

0.04

0.18

Trabecular separation, (mm)

Base‘Z

MV2

MV + FNBMD3

0.763 (0.745, 0.781)
0.760 (0.742, 0.779)

0.753 (0.736, 0.770)

0.725 (0.715, 0.734)
0.724 (0.715, 0.734)

0.726 (0.717, 0.734)

0.716 (0.697, 0.735)
0.726 (0.707, 0.745)

0.730 (0.712, 0.748)

0.0003

0.0104

0.0630

Trabecular thickness, mm

Basel

MVZ

MV + FNBMD3

0.272 (0.269, 0.274)
0.271 (0.268, 0.274)

0.272 (0.269, 0.275)

0.272 (0.271, 0.273)
0.272 (0.271, 0.274)

0.272 (0.271, 0.273)

0.273 (0.270, 0.275)
0.273 (0.271, 0.276)

0.273 (0.270, 0.276)

0.59

0.26

0.58

Cortical thickness (mm)

Base‘Z

MV2

MV + FNBMD3

1.36 (1.32, 1.39)
1.37 (1.34, 1.41)

1.39 (1.36, 1.42)

1.49 (1.47, 1.50)
1.48 (1.46, 1.50)

1.48 (1.46, 1.50)

1.54 (1.50, 1.58)
152 (1.48, 1.56)

1.51 (1.48, 1.55)

<0.0001

<0.0001

<0.0001

Cortical porosity(%)

Base‘Z

MV2

MV + FNBMD3

4.29 (4.10, 4.48)
4.26 (4.06, 4.45)

4.27 (4.07, 4.46)

4.27 (417, 4.37)
4.28 (4.18, 4.38)

4.28 (4.17, 4.38)

4.29 (4.08, 4.49)
4.32 (4.11, 4.53)

4.32(4.11, 452)

0.98

0.68

0.74

Estimated failure load (n)

Base’ 12300.1 (11972.1, 12628.1)
w2 12584.0 (12260.9, 12907.2)
MV + ENBMD? 12793.0 (12521.3, 13064.8)

13639.8 (13468.6, 13811.0)
13634.8 (13469.3, 13800.7)

13602.6 (13463.6, 13741.5)

14431.0 (14085.6, 14776.4)
14137.2 (13797.8, 14476.6)

14031.9 (13746.8, 14316.9)

<0.0001

<0.0001

<0.0001

*
6 men on androgen deprivation therapy excluded.

lBase model adjusted for age, clinic and limb length.

ZMuItivariate (MV) models also adjusted for height, weight, health status, physical activity, difficulty with any instrumental activity of daily living
(IADL), alcohol consumption and a history of congestive heart failure (CHF) or diabetes.

3MV + Femoral Neck BMD at Year 7.
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Table 4:

HR-pQCT parameters at the Diaphyseal Tibia across categories of bone mineral loss (BMD) least square
means (95% confidence interval)

BMD Loss, Mean (95% confidence interval)

Parameters Accelerated Expected Maintained/Increased P trend
(<10% decreased (<10% decreased (=0 BMD change)
BMD) BMD)

Total vBMD (mg/cm3)

Base‘z 704.1 (694.7, 713.4) 735.2 (730.4,740.1) 746.1 (736.3, 755.8) <0.0001

mvZ 705.1 (695.6, 714.6) 735.0 (730.1, 739.9) 744.7 (734.7, 754.7) <0.0001

MV + FNBMD3 708.9 (700.0, 717.8) 734.4(729.8, 739.0) 742.8 (733.4,752.2) <0.0001
Total area (mm?)

Base‘z 440.6 (434.6, 446.6) 439.2 (436.0, 442.3) 439.1 (432.9, 445.4) 0.74

v 445.7 (439.8, 451.5) 439.0 (436.0, 441.9) 434.4 (428.3, 440.5) 0.0098

MV + FNBMD3 446.3 (440.5, 452.1) 438.9 (435.9, 441.8) 434.1 (428.0, 440.1) 0.005

Cortical vBMD (mg/cm?3)

Ba361 993.7 (989.4, 997.9) 996.6 (994.4, 998.8) 999.9 (995.5, 1004.3) 0.045
MVZ 991.9 (987.8, 996.1) 996.7 (994.6, 998.8) 1002.0 (997.6, 1003.4) 0.001
MV + FNBMD3 992.9 (988.8, 997.0) 996.5 (994.5, 998.6) 1001.5 (997.2, 1005.8) 0.005

Cortical area (mm?2)

Basel 299.6 (294.9, 304.2) 314.2 (311.8, 316.7) 318.2 (313.3,323.1) <0.0001
MVZ 304.2 (299.7, 308.7) 313.9 (311.6, 316.2) 313.7 (309.0, 318.4) 0.004
MV + FNBMD3 306.1 (301.9, 310.3) 313.6 (311.4, 315.7) 312.7 (308.3, 317.1) 0.031

Cortical thickness (mm)

Base? 5.80 (5.70, 5.91) 6.21 (6.15, 6.26) 6.30 (6.19, 6.41) <0.0001
V2 5.86 (5.76, 5.97) 6.20 (6.14, 6.23) 6.24 (6.13, 6.35) <0.0001
MV + ENBMD? 5.91 (5.81, 6.00) 6.19 (6.14, 6.24) 6.22 (6.12, 6.32) <0.0001

Cortical porosity(%)

Base’ 2.27 (213, 2.42) 2.09 (2.01, 2.16) 1.95 (1.79, 2.10) 0.003
w2 2.24(2.10, 2.39) 2.09 (2.01,2.17) 1.96 (1.80, 2.12) 0.012
MV + ENBMD? 2.21(2.07, 2.36) 2.10 (2,02, 2.17) 1.98 (1.82, 2.13) 0.03

Estimated failure load (n)

Ba861 19202.9 (18892.3, 19513.5)  20236.9 (20074.2, 20399.6)  20462.4 (20135.8, 20789.0)  <0.0001
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BMD Loss, Mean (95% confidence interval)
Parameters Accelerated Expected Maintained/Increased
(<10% decreased (<10% decreased (=0 BMD change)
BMD) BMD)
MV2 19493.3 (19118.5,19798.1)  20214.7 (20058.2, 20371.2)  20186.1 (19866.5, 20505.8)
MV + FNBMD3 19629.8 (19348.8, 19910.7)  20194.3 (20050.3, 20338.3)  20115.0 (19820.8, 20409.2)

*
6 men on androgen deprivation therapy excluded.

1 . - .
Base model adjusted for age, clinic and limb length.
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Multivariate (MV) models also adjusted for height, weight, health status, physical activity, difficulty with any instrumental activity of daily living

(IADL), alcohol consumption and a history of congestive heart failure (CHF) or diabetes.

3MV + Femoral Neck BMD at Year 7.
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