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Abstract

Part Il of this 3-part series demonstrated 1-yr precision, standard error of the estimate, and 1-yr
least significant change for volumetric bone outcomes determined using peripheral (p) quantitative
computed tomography (QCT) and peripheral magnetic resonance imaging (pMRI) modalities in
vivo. However, no clinically relevant outcomes have been linked to these measures of change. This
study examined 97 women with mean age of 75 + 9 yr and body mass index of 26.84 + 4.77
kg/m2, demonstrating a lack of association between fragility fractures and standard deviation, least
significant change and standard error of the estimate-based unit differences in volumetric bone
outcomes derived from both pMRI and pQCT. Only cortical volumetric bone mineral density and
cortical thickness derived from high-resolution pQCT images were associated with an increased
odds for fractures. The same measures obtained by pQCT erred toward significance. Despite the
smaller 1-yr and short-term precision error for measures at the tibia vs the radius, the associations
with fractures observed at the radius were larger than at the tibia for high-resolution pQCT. Unit
differences in cortical thickness and cortical volumetric bone mineral density able to yield a 50%
increase in odds for fractures were quantified here and suggested as a reference for future power
computations.
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Introduction

The previous reports in this 3-part trimodality comparison highlighted the acceptable short-
term precision errors for volumetric bone outcomes derived from high-resolution (HR)
peripheral quantitative computed tomography (pQCT) followed by pQCT, and then 1.0 T
peripheral magnetic resonance images (PMRI) (REF1). In addition, the same pattern of
long-term precision error was demonstrated, whereas exclusion of individuals with a history
of fragility fractures or who were current antiresorptive users resulted in smaller long-term
precision error for pQCT and pMRI (REF2). With the exception of trabecular number
(Th.N), all apparent trabecular microstructural measurements were shown to be valid as
compared with HR-pQCT (REF1). However, the challenge associated with the
measurements of change detectability (standard error of the estimate [SEE]) and clinically
least significant change (LSC) is that there have been, so far, no associations drawn between
these statistics and an actual clinical endpoint. Consequently, it remains unknown to what
degree a given change in each volumetric outcome is associated with fragility fractures. The
classical method of describing sensitivity involves the measurement of change in response
per unit change in stimulus. This slope definition could be addressed by evaluating the
association between given unit changes in each volumetric bone outcome and corresponding
increases in the risk for fragility fractures. A base statistical model without any covariates
would best describe this measurement. Although a number of studies have reported odds
ratios (ORs) or hazard ratios (HRs) demonstrating the association between volumetric bone
outcomes and fragility fractures, most studies targeted the goal of estimating fracture risk
and not the goal of quantifying clinical sensitivity. An extrapolation of the magnitude of
change in volumetric bone outcome required to achieve a standardized effect size (i.e., 50%
increase in fracture risk) would be informative of the comparative clinical sensitivity across
different techniques.

Most studies measuring odds and risks for fractures do not actually relate change in bone
outcomes with fractures. Instead, the notion of change is represented by the associated
increased odds or risks per unit difference in the outcome (interpreted as a hypothetical
increase or decrease). Laib et al (1) demonstrated that each standard deviation (SD) increase
in HR-pQCT-derived trabecular spacing (Th.Sp), and decrease in Th.N was associated with
an age-adjusted increase of 1.85-2.03-fold in the odds for fractures. However, in a similar
cross-sectional analysis, Melton et al (2) did not see any association between volumetric
bone outcomes and prevalent fractures at the distal radius using HR-pQCT images. Although
not examined in terms of changes in SDs, MaclIn-tyre et al (3) showed that pQCT-derived
mean intertrabecular hole area greater than 2 SDs from the mean translated to a 5.4-fold
increase in the odds for fractures. One investigation by Boutry et al (4) reported a
significantly increased odds for fractures per SD difference in 11 of 13 volumetric bone
outcomes obtained from calcaneous scans on MRI. All the aforementioned studies only
quantified bone at a single point in time and adjusted for a number of covariates.

The present study therefore juxtaposed the clinical sensitivity of volumetric bone outcomes
derived from HR-pQCT, pQCT, and 1.0 T pMRI by quantifying the odds for fragility
fractures associated with each unit decrease or increase in volumetric bone measure
expressed as SD, LSC, or SEE units. This investigation also extrapolated these associations
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to determine the specific volumetric bone outcome values at which at least a 50% increase in
the odds for fragility fractures would be observed.

This trimodality comparison is presented as the final component of a 3-part series discussing
intermodality differences in technological limitations vs advantages in volumetric bone
imaging.

This observational cohort study quantified volumetric bone outcome values derived from
HR-pQCT, pQCT, and 1.0 T pMRI images, as well as retrospectively associated these
outcomes with a history of fragility fractures. All study procedures were completed within
3.5 yr. Women 50 yr and older enrolled in the Canadian Multicentre Osteoporosis Study
(CaMOS) and living within a 50 km radius of the Hamilton (Ontario, Canada) CaMOS site
were considered eligible to participate (N = 340). CaMOS is an ongoing prospective cohort
study of community-dwelling randomly selected women and men 25 yr and older at 9 major
Canadian cities. The main CaMOS objectives, methodology, and sampling framework are
described in detail elsewhere (5). Participants were randomly selected from all eligible
women from the Hamilton CaMOS cohort. Women with valid contraindications to MRI
(pacemaker, insulin pumps) were excluded. Those participants weighing above 250 Ibs were
excluded from HR-pQCT and 1.0 T pMRI procedures because of the weight limit of the
positioning chair. Women with self-reported tremors were also excluded to avoid significant
motion artifact.

Participants volunteered in the completion of a pQCT, HR-pQCT, and 1.0 T pMRI
ultradistal radius scan at baseline and at 1 yr follow-up. Repeated imaging was also
performed at the ultradistal tibia for pQCT and HR-pQCT. One-yr repeats of these imaging
procedures enabled the computation of long-term precision statistics with which fragility
fractures were associated. Details of each imaging procedure have been reported in part | of
this series. Because of limitations in the gantry diameter and depth, ultradistal tibia scans
were not completed using pMRI. A complete list of current medications including dose,
duration, and frequency, was collected at study visit. Information on medical conditions and
ascertained incident fragility fractures from the last 15 yr was obtained from the CaMOS
database. Fragility fractures were defined as nontraumatic fractures occurring as the result of
a fall from standing height or less, excluding any fractures of the skull, fingers, and toes.

All study procedures were overseen and approved by the St. Joseph’s Healthcare Research
Ethics Board in Hamilton and the University Health Network in Toronto (Ontario, Canada).

High-Resolution Peripheral Quantitative Computed Tomography

Scans were performed at the ultradistal radius and tibia at the standard regions of interest
(ROIs) using the same imaging parameters as previously described (REF1) for the HR-
pQCT (XtremeCT v1; Scanco Medical AG, Bassersdorf, Switzerland). After acquiring 110
transaxial computed tomographic slices at an isotropic voxel resolution of 82 pm, acceptable
quality images (grade 3 motion and below (6)) were semiautomatically segmented using
Scanco software (Scanco Medical AG, Bassersdorf, Switzerland) and computed for apparent
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microstructural outcomes (bone volume/total volume [BV/TV], Th.Sp, trabecular thickness
[Tb.Th], Th.N, cortical thickness [Ct.Th], integral, cortical, and trabecular volumetric bone
mineral density [vBMD], subscripts: i, ¢, tr). Hydroxyapatite rod phantoms were scanned
daily for quality control purposes.

Peripheral Quantitative Computed Tomography

Ultradistal radius and tibia scans were performed using an XCT2000 model pQCT (Stratec,
Pforzheim, Germany) at an ROI coinciding with that of HR-pQCT. Two slices, each 2.5

+ 0.3 mm thick, were obtained 11.5 mm and 16.5 mm proximal to the radial tilt midpoint;
and 24.5 mm and 29.5 mm proximal to the tibial end plate plateau, at an in-plane resolution
of 200 um (REF1). Hydroxyapatite phantoms were assessed on days in which scans were
obtained. Only images with no discontinuities in the cortical bone were accepted for image
analyses. Densitometric (vBMDj, vBMD,, vBMDy,) measures were computed using Stratec
v5.2.1 software (Stratec, Pforzheim, Germany); apparent trabecular microstructure (Th.Sp,
BV/TV, Th.N, Th.Th) and Ct.Th were computed with custom software package, pQCT
OsteoQ (Inglis Software Solutions, Inc, Hamilton, Ontario, Canada).

1.0 T Peripheral MRI

Ultradistal radius scans at the same 9.5 mm ROl as HR-pQCT were performedona 1.0 T
pMRI OrthOne scanner (GE Healthcare, Pittsburgh, PA, USA). A series of 20 slices in
tandem, each 1.0 mm thick, was prescribed perpendicular to the long axis of the radius using
a Tq-weighted spoiled 3D gradient recalled echo sequence (SPGR) yielding an in-plane
resolution of 195 um (REF1). A geometric phantom was assessed on days in which scans
were obtained. Only images that preserved sufficient sharpness and trabecular textural
pattern were accepted for image analyses. Trabecular apparent structural outcomes (Th.Sp,
BV/TV, Th.N, and Th.Th) were obtained from the central 18 slices using a custom-designed
software package, MRI OsteoQ (Inglis Software Solutions, Inc, Hamilton, Ontario, Canada)
on a per-slice basis and averaged to yield a final measure.

Volumetric Bone Outcome Computation

All volumetric bone outcomes were derived from equations previously reported for HR-
pQCT (7) and histomorphometry. The latter was based on Parfitt’s model of parallel plates
and derived from single slices (8)—hereon forward termed “model-dependent” outcomes.
The former was not based on Parfitt’s model, but on equations assuming analysis of a
volume.

Data Analyses

All long-term precision statistics including LSC and SEE were referenced from part Il of
this series (REF2). Analyses were performed on all baseline variables. Binary logistics
regression models were fit to volumetric bone outcome data derived from each modality,
reporting OR and corresponding 95% confidence intervals (Cls) expressed per unit SD,
LSC, or SEE increase or decrease in volumetric bone outcome—the directionality was
dependent on the expected increased odds for fractures. All models were examined with
only a single volumetric bone outcome as an exogenous variable. Secondary models
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included only age as a covariate. Significant (p < 0.05) or marginally significant associations
(0 < 0.10) were further examined by graphing the relationship between the magnitude of
volumetric bone outcome increase or decrease and the consequential increase in odds for
fragility fractures. A 50% increase in odds (OR: 1.5) for a fragility fracture was considered a
benchmark for clinical significance. 95% confidence intervals were estimated around each
OR of 1.5. Specific differences in volumetric bone outcome values achieving this benchmark
were reported by extrapolating based on logistic regression equations.

In total, 97 study participants completed at least 1 set of baseline procedures on 1 or more
imaging modalities. Among these participants, 59 of 97 (60.8%) who had a MRI, 32 of 56
(57.1%) who had a pQCT scan, and 40 of 68 (58.8%) who had a HR-pQCT scan—all
respectively had a history of fragility fractures. As described in part Il of this series, at least
59 participants completed 1 set of baseline and follow-up scans, allowing the calculation of
LSC and SEE values associated with each modality-specific volumetric bone outcome
(REF2). Women in the fractured group were older and were on antiresorptive therapy for a
longer duration than those who have not sustained a fragility fracture. All other
characteristics were balanced between fractured and nonfractured groups (Table 1). None of
the participants were on long-term glucocorticoid therapy, had undergone any organ
transplant, had primary or secondary hyper- or hypoparathyroidism, or had recently been
immobilized because of injury.

Clinical Sensitivity: Disease Odds

Neither pMRI images nor pQCT images yielded any bone outcomes that were significantly
associated with fragility fractures (Tables 2, 3 and 4). For HR-pQCT, decrease in Ct.Th by
an amount equivalent to the SD, LSC, or SEE at the radius and tibia was associated with
increases between 6% and 85% in the odds for a fragility fracture. Similarly, 1 SD, LSC, or
SEE unit decrease in cortical vBMD was associated with up to 3-fold increase in the odds
for a fragility fracture (Table 5). Although MRI did not generate any cortical measurements,
pQCT-derived Ct.Th at the radius and tibia both showed ORs over 1.10 with Cls erring
toward 1.00, but did not reach significance. The similar case was true for cortical vBMD at
the tibia but not at the radius (Tables 3 and 4). Radius and tibia differences in fracture odds
were apparent for most measures. For example, 1 unit decrease in the LSC for HR-pQCT-
derived Ct.Th was associated with a 45% increase in the odds for a fragility fracture at the
radius, but only 13% increase for Ct.Th obtained at the tibia.

Threshold for Yielding at Least 50% Increase in Odds for Fractures

For HR-pQCT, the amount of Ct.Th difference at the tibia that would translate to as much as
a 50% increase in the odds for fractures was exactly double the difference required at the
radius. For cortical vBMD, the magnitude of difference required to yield a 50% increase in
the odds for fractures was comparable between the radius and tibia (Table 6). Age appeared
to make little impact on the amount of difference in bone outcome measures required to
translate to an OR of 1.50 for fragility fractures. Although regression models were not
significant for pQCT-derived bone outcome measures, the magnitude of difference required
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for an OR of 1.50 was displayed for comparison, showing much larger differences required
to demonstrate a 50% increase in the odds for fractures than for HR-pQCT.

Discussion

Summary of Results

In the local cohort of women with mean age 75 £+ 9 yr and body mass index 26.84 + 4.77
kg/m2, neither pMRI nor pQCT yielded any volumetric bone outcomes that demonstrated an
increased odds for fragility fractures. However, pQCT did reveal evidence toward an OR
larger than 1.0 with Cls just undershooting 1.0. Both Ct.Th and cortical vBMD outcomes
were the primary candidates for fracture associations for HR-pQCT. ORs were largest when
expressed per unit SD difference in the volumetric bone outcome in question. This study
presented significant ORs even with a smaller sample size for HR-pQCT. Differences in
Ct.Th and cortical vBMD that were able to yield a 50% increase in odds for fractures were
treated as a benchmark for a clinically significant difference threshold.

Clinical Sensitivity: Odds for Fractures

The fact that neither pMRI nor pQCT yielded any bone outcomes that showed associations
with fractures could be due to the lack of statistical power given the larger 1-yr precision
error of measurements compared with HR-pQCT. Even with HR-pQCT, only Ct.Th and
vBMD, but not other volumetric bone outcomes, showed increases in odds for fragility
fractures. Although not significant, pQCT-derived Ct.Th and vBMD demonstrated a trend
toward increased odds for fractures per SD, LSC, or SEE unit decrease in Ct.Th, suggesting
that cortical measures bear an important effect size for fracture associations. Because of the
varying magnitudes of SD, SEE, and LSC units, the ORs yielded were noticeably different.
In particular, the detection limit measure, SEE, showed the lowest OR. Although LSC
comprises an element of precision error measured by root mean square SDs, expression of
odds per SD difference in the measurement across individuals generated a larger OR than
LSC, which accounts only for within-individual variation. The interpretation of the OR from
each case can be put into context: (1) increased odds for fractures per lowest unit change
detectable by the instrument (SEE), (2) increased odds for fractures per lowest unit of
intraindividual clinically meaningful change (LSC), and (3) increased odds for fractures per
standardized unit of interindividual variability (SD). Although the first contextual example
references a property of the machine (detection limit) and can be comparable across
individuals, it lacks a clinical rationale. Thus, translation of this knowledge into practice
may not immediately make sense to physicians and patients. Contextual example 2 provides
a clearer reference to the patient, but intraindividual change may be sensitive to cohort
effects. The LSC for different study populations may need to be quantified. The third
contextual example considers interindividual differences but when the population examined
becomes highly diverse, the meaning of the unit of SD may be more difficult to interpret.
Because LSC and SDs are simply population statistics with fixed values, the odds for
fractures for both scenarios could be compared in making the final interpretation of fracture
odds.

J Clin Densitom. Author manuscript; available in PMC 2016 November 02.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Wong et al.

Page 7

A number of studies have examined the association between volumetric bone apparent
microstructural outcomes and fractures using HR-pQCT at the radius (2,9-16) and tibia
(10,13-16). However, only few have investigated the same using either pQCT (3,17-19) or
MRI (1,20-23). Other studies determined the association between vBMD derived from
pQCT images and spinal (HRs or ORs: 1.1-1.9) (18,24-26), hip (HRs or ORs: 1.1-2.6)
(24,26,27), or wrist (ORs: 0.51-1.87) (3) fractures, but these studies did not examine
apparent bone microstructure. In general, 1 SD difference in apparent bone microstructural
outcomes derived from HR-pQCT, pQCT, or MRI were able to yield increased odds for
fractures between 1.32 and 5.38 at the ultradistal radius site, with an average OR across
studies for all bone outcomes of 2.24. ORs at the ultradistal tibia ranged from 1.28 to 3.70
with a mean of 1.65 across studies. These mean effect sizes were in the same order of
magnitude as ORs yielded from HR-pQCT volumetric bone microstructural outcomes
reported from the present study. However, caution must be taken in comparing ORs across
studies because of variable imaging conditions applied (most importantly: type of modality,
exact ROl localization, and resolution). One analysis by Cortet et al (22) in women (mean
age: 69 £ 10 yr) demonstrated significant associations between MRI-derived bone outcomes
and fractures, but acknowledged the fact that fewer outcomes were significant compared
with HR-pQCT performed on the same study participants. Majumdar et al (21) also
observed nonsignificant ORs for microstructural outcomes. However, when their ROl was
expanded from 1 to 3 cm, there were significant differences observed between fractured and
nonfractured groups. Sornay-Rendu et al (13) measured a larger OR for Ct.Th at the distal
radius compared with the present study using HR-pQCT. This larger effect size could be
explained by the fact that this group limited fractures to radiologically confirmed vertebral
fractures. With the exception of Th.N, all other bone outcomes that Szulc et al (14) and Sheu
et al (19) examined demonstrated ORs similar to those reported by HR-pQCT and pQCT at
both radius and tibia, although they focused on men.

Threshold for Yielding at Least 50% Increase in Odds for Fractures

This is the first report of using a binary logistic regression model to generate a clinically
significant value that corresponds with a fixed benchmark for clinical significance (50%
increased odds for fractures). The threshold difference in volumetric bone outcomes can be
easily interpreted and can be applied to future sample size calculations where the notion of
“desirable change” is often sought with limited guidance. This measurement further
addresses the limitation of the LSC, a distribution-based method that only interprets clinical
significance as effect sizes that are represented by values 1.96 SDs away from the mean,
adjusted by the number of measurements (28). Certainly, the limitations of a binary logistic
regression model extend to the interpretation of this 50% increased odds threshold for
representing change. For reflecting the error surrounding this threshold estimate, it is
advisable to report the 95% CI surrounding the targeted OR of 1.50. The choice of 50% was
arbitrary and could be advisable, as modeled by the Delphi method (29), by a panel of
experts after receipt of a larger study demonstrating prospective association between said
bone outcomes and fractures.
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Study Limitations

The OR computed from binary logistic regression analysis is based on cross-sectional data
and therefore is subject to questions about whether causation can be implied. However, when
the rate of events such as fragility fractures is low, the OR closely approximates the HR, a
statistic that estimates the risk of future fractures (30). It is possible that individuals who
have previously sustained a fragility fracture, depending on the anatomical location, may
suffer from reduced mobility, further leading to disuse osteoporosis. This condition may
most likely be relevant for individuals who have recently had a fracture rather than those
who experienced one a greater number of years ago. The present study did not adjust for
time since last fracture, which could have improved the gradient of risk estimated. Also,
fractures were not subcategorized into type, location, clinical, or subclinical. Although this
investigation focused on peripheral ROIs, their relevance to the location of major
osteoporotic fractures such as the hip and spine remain questioned.

Liu et al (31) showed a correlation between tibial integral vBMD obtained by HR-pQCT and
stiffness of the proximal femur (r=0.75). Similarly, vertebral stiffness was correlated with
trabecular vBMD of the distal radius (= 0.58). One study by Horikoshi et al (32) saw
trabecular and cortical vBMD correlations between the femoral neck and distal radius (r=
0.639, 0.517, and 0.351, respectively) using the XCT3000 model of pQCT. Despite the
smaller sample size used to examine odds for fractures in the local study sample, there were
no major model fit issues.

Recommendations

Although pQCT-derived volumetric bone outcomes previously demonstrated a high degree
of reproducibility and smaller 1-yr change compared with pMRI, its association with
fractures remains smaller than HR-pQCT-derived outcomes. It is recommended that HR-
pQCT be used primarily for studies requiring higher sensitivity to changes. Here, it was
demonstrated that Ct.Th and cortical vBMD were the most clinically relevant outcomes to
use. In fact, the data suggest that Ct.Th and vBMD measurements obtained at the radius may
be more sensitive than the same measurement at the tibia, in terms of any association with
fractures. However, the short- and long-term precision errors for radius measures are larger
than the tibia, necessitating larger sample sizes to observe the same effect. Caution must be
exercised when considering pQCT-derived volumetric bone outcomes for longitudinal
studies. When computing sample sizes for longitudinal studies, it is recommended that the
aforementioned difference thresholds yielding 50% increased odds for fractures be used. If
other magnitudes of fracture associations are desired, the graphs in Figs. 1 and 2 could be
used. As larger studies evaluating prospective fracture risk are performed, more accurate
thresholds for clinically significant change can be reported using the same methods.
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Odds for fragility fractures associated with different magnitudes of pQCT bone variable

differences. Odds ratios were computed from binary logistic regression models for different
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Odds for fragility fractures associated with different magnitudes of HR-pQCT bone. Odds
ratios were computed from binary logistic regression models for different values of Ct.Th
(top) and cortical vBMD (bottom) as obtained using HR-pQCT images of the radius (left)
and tibia (right). Dashed lines represent 95% confidence intervals. Black lines and points
represent base models, and gray lines and points represent models after adjustment for age.
Ct.Th, cortical thickness; HR-pQCT, high-resolution peripheral quantitative computed
tomography; vBMD, volumetric bone mineral density.
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Table 6

Changes in Bone Variables Required to Yield 50% Increase in Odds for Fractures

Modality Radius bone outcome

OR (95% Cl)

Difference in bone outcome

HR-pQCT Ct.Th
pQCT Ct.Th
HR-pQCT  vBMD,
pQCT VvBMD,
Age-adjusted values
HR-pQCT Ct.Th
pQCT Ct.Th
HR-pQCT  VBMD,
pQCT vBMD,

1.50 (1.05, 2.14)
1.50 (0.40, 5.66)
1.50 (1.04, 2.16)
1.50 (0.20, 11.52)

1.50 (1.00, 2.25)
1.50 (0.02, 132.07)
1.50 (0.98, 2.30)
1.50 (0.00, +N)

-0.114 mm
-0.301 mm
-42.50 mg/cm?3
-440.72 mg/cm3

—-0.126 mm
—0.956 mm
-47.70 mg/cm3

Modality Tibia bone outcome

OR (95% Cl)

Difference in bone outcome

HR-pQCT Ct.Th
pQCT Ct.Th
HR-pQCT  VBMD,
pQCT VvBMD,
Age-adjusted values
HR-pQCT  Ct.Th
pQCT Ct.Th
HR-pQCT VBMD,
pQCT VBMD,

1.50 (1.00, 2.26)
1.50 (0.54, 4.17)
1.50 (1.05, 2.14)
1.50 (0.95, 2.36)

1.50 (0.91, 2.47)
1.50 (0.30, 7.52)
1.50 (1.00, 2.26)
1.50 (0.78, 2.88)

—-0.228 mm
-0.327 mm
-38.99 mg/cm3
-81.91 mg/cm?

—0.265 mm
—0.490 mm
-41.76 mg/cm3

-110.48 mg/cm3
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Note: Logistic regression equations were used to extrapolate the magnitude of difference in Ct.Th and cortical vBMD required to yield an OR of
1.50 at the 95% confidence level for both pQCT and HR-pQCT. Values were reported separately for bone outcomes derived from the radius and
tibia as well as with and without adjustment for age. Bold indicates variables that were significant at the 95% confidence level in binary logistic

regression models. The symbol “—” indicates estimates that were not generated because of infinite Cls around the OR.

Abbr: Cl, confidence interval; OR, odds ratio; Ct.Th, cortical thickness; HR-pQCT, high-resolution peripheral quantitative computed tomography;
VBMDg, cortical volumetric bone mineral density.
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