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Abstract

We investigated the associations of 3-D geometric measures and volumetric BMD (vBMD) of the
proximal femur assessed by quantitative computed tomography (QCT) with hip fracture risk
among elderly men.

Prospective case-cohort design nested within the Osteoporotic Fractures in Men Study (MrOS)
cohort. QCT scans of 230 men (65 with confirmed hip fractures) were evaluated with Mindways’
QCTPRO-BIT software. Measures that are indicative of bone strength for the femoral neck (FN)
and for the trochanteric region (TR) were defined. Bending strength measures were estimated by
minimum section modulus, buckling strength by buckling ratio and a local thinning index (LTT).
Integral and trabecular vBMD measures were also derived. Areal BMD (aBMD) of the total
proximal femur from DXA is presented for comparison. Associations of skeletal measures with
incident hip fracture were estimated with hazard ratios (HR) per standard deviation and their 95%
confidence intervals (Cl) from Cox proportional hazard regression models with adjustment for
age, BMI, site and aBMD.

Men with hip fractures were older than men without fracture (77.1+6.0 years vs. 73.3£5.7 years,
p<0.01). Age, BMI and site adjusted HRs were significant for all measures except TR_LTI. Total
femural BMD by DXA (HR=4.9, 95%Cl: 2.5,9.9), and QCT (HR=5.5, 95%Cl: 2.5,11.7), showed
the strongest association followed by QCT FN integral vBMD (HR=3.6, 95%CI:1.8,6.9). In
models that additionally included aBMD, FN buckling ratio (HR=1.9, 95%CI:1.1,3.2) and
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trabecular vBMD of the TR (HR=2.0, 95%CIl:1.2,3.4) remained associated with hip fracture risk,
independent of aBMD.

QCT derived 3-D geometric indices of instability of the proximal femur were significantly
associated with incident hip fractures, independent of DXA aBMD. Buckling of the FN is a
relevant failure mode not entirely captured by DXA. Further research to study these relationships
in women is warranted.

Keywords
Osteoporosis; men; hip fracture; QCT; fracture risk; volumetric bone fragility analysis

Introduction

Improved prediction of hip fracture risk and better understanding of relevant failure modes
remain two key goals for the diagnosis and treatment of osteoporosis. The three hip fracture
failure modes are; a) insufficiency towards bending forces, b) insufficiency towards torsional
forces and c) local buckling failure in the case of excessive cortical thinning. Areal BMD
(aBMD) as measured with Dual-X-ray absorptiometry (DXA) is a strong indicator for
femoral strength as shown in cadaver studies as well as for clinical hip fracture risk (1-6).
Still, the majority of hip fractures occur in subjects in whom hip aBMD is not severely
reduced (6,7). Quantitative computed tomography (QCT) can be used to identify and
measure geometric features of the proximal femur in three dimensions that have potential to
be related to bone strength (8).

The MrOS study group has used femoral QCT to measure femur morphology, volumetric
bone mineral density (BMD), bone strength estimated by finite element (FE) analysis and to
detect the surrounding soft tissue (9—14). Smaller cross-sectional area, smaller cortical
volume, lower trabecular vBMD, and low load-to-strength ratio of the proximal femur all
were associated with increased hip fracture risk (9,12) independent of aBMD. However,
measures that characterize the strength of specific subregions of bone compartments, such as
bending, buckling and torsion, are critical for fragility in regard to relevant failure modes.
Only the polar moment of inertia as a cross sectional QCT strength indicator has been
examined in relation to fracture risk (13). To date assessment of bending and buckling have
been limited to two-dimensional assessments derived from DXA. For example, hip structure
analysis (HSA) (15-18), has shown that the defined buckling and bending strength
indicators contribute to fracture risk assessment (18).

In comparison to HSA, the 3D QCT assessment of femoral geometry allows to investigate
femoral strength indicators in more depth, with the option of determining cortical structure
in quadrants of the femoral neck (FN) and the trochanteric region (TR). Thus QCT allows
the detection of enhanced focal cortical thinning of the bone cross section which is of
considerable interest because it may directly influence buckling and bending strength (18-
20). In this study we defined a buckling strength measure derived from QCT data to detect
local cortical thinning of quadrants of the femural cross section at the TR and FN, the local
thinning index, and tested its performance along with other QCT based structural and
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densitometry measures of fragility. The investigation includes measures of severe cortical
thinning in subcompartments of the femoral neck (FN) and the trochanteric region (TR),
reflecting indicators of strength in the buckling and the bending mode.

We examined the association between these QCT measures of femoral structure and incident
hip fracture in a population of older men from the MrOS cohort (21). We also tested whether
these associations are independent of other factors associated with fracture, including aBMD
as measured by DXA, age, and body mass index (BMI).

Materials and Methods

Subjects

The MrOS Study enrolled 5994 participants from March 2000 through April 2002 as has
been previously described (10,21,22). The recruitment occurred at six U.S. academic
medical centers in Birmingham AL, Minneapolis MN, Palo Alto CA, Pittsburgh PA,
Portland OR, and San Diego CA. Eligible participants were at least 65 years of age, able to
walk without assistance from another person, and had not had bilateral hip replacement
surgery. All men enrolled in the MrOS cohort provided written informed consent, completed
the baseline self-administered questionnaire, and attended the baseline visit at their local site
at which skeletal, anthropometric, and other measures were obtained. As described in the
earlier MROS publications, the first 650 participants enrolled at each site, and all men from
minority backgrounds were referred for QCT scans of the hip and lumbar spine (8, 11). 3786
men referred, 1 refused, and 122 were ineligible for a hip scan because of hip replacement.
Ultimately, hip QCT scans of 3663 participants were acquired (61% of the MrOS cohort).
Details regarding acquisition of the baseline QCT scans have been described (9). Briefly, the
pelvic region was scanned from just above the femoral head to 3.5 cm below the lesser
trochanter. The settings of the scanner were 80 kVp, 280 mAs, 3-mm slice thickness, and
512 x 512 matrix with the use of the spiral reconstruction mode. The effective radiation dose
associated with this protocol was on the order of 1 mSv or less. A calibration phantom
(Image Analysis, Columbia, KY, USA) containing known hydroxyapatite concentrations
was included with the participant in every scan. Of the 3663 hip scans, 102 (2.8%) were lost
or corrupted during transfer to the central processing site, leaving 3561 available for
analysis. Men with a history of hip replacement were ineligible for hip scans. We used a
case-cohort sampling design nested within the MrOS study. The randomly selected cohort
has already been shown to have similar baseline characteristics as the main MROS cohort
(12). In this study QCT scans of 310 men were evaluated (age 74.3 * 6 years; 90 fracture
cases). A thorough data quality check of the QCT scans was performed (see below). Scans
for 80 men were excluded from this analysis because their quality was insufficient for the
bone segmentation algorithms required of our image processing. 59 patients were excluded
due to beam hardening artifacts and consecutive failure in bone segmentation and hip axis
definition. Scans for the 230 remaining men included 65 hip fracture cases.

QCT assessment

All QCT scans were obtained at baseline in MrOS (10,11) using a standardized protocol that
specified scanning the pelvic region from the femoral head to 3.5 cm below the lesser
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trochanter at settings of 80 kVp, 280 mA, 3-mm slice thickness, and 512 x 512 matrix in
spiral reconstruction mode. Scanner models used at the sites were GE ProSpeed
(Birmingham), GE HiSpeed Advantage (Minneapolis), Phillips MX-8000 (Palo Alto),
Siemens Somatom Plus 4 (Pittsburgh), Phillips CT-Twin and Toshiba Acquilion (Portland),
and Picker PQ-5000 (San Diego). Calibration standards with known hydroxyapatite
concentrations (0 mg/cm3, 75 mg/cm3, 150 mg/cm?3; /mage Analysis®) placed underneath
the men were used in each scan for calibration of the scan.

Measurement of quadrants of the femoral cross section and estimation of their structural
instability and strength was made using the QCT Pro Bone Investigational Toolkit (BIT,
Mindways, Austin Texas) based on a modified version of Mindways’ “CTXA Hip Exam
Analysis” protocol. Each measure is described in detail below. Men were considered to be
eligible if DXA and QCT images were free of artifacts and met all criteria for a valid density
calibration as defined by the Mindways software. The skeletal assessments were performed
without operator knowledge of hip fracture status.

Femoral neck VOI

The femoral neck axis was located automatically via the “optimize FN axis” option of the
BIT software. Along this axis the mid femoral neck volume and the proximal trochanteric
volume were defined (Figure 1). The FN Volume of Interest (VOI) of 1.5 cm width was
placed manually flanking the trochanter major (comparable with DXA femoral neck box
placement on Hologic devices). 11 slices of 1mm thickness each were analyzed. Optimal
threshold levels for bone segmentation were identified in a subset of 20 men from the MROS
study population. In the visual control of the cortical bone surface of this subgroup at
different threshold levels, the cortex threshold of 300 mg/cc was found to be optimal at the
femoral neck and a cortex threshold of 250 mg/cc at the trochanteric area. These thresholds
allowed accurate automatic cortical segmentation, almost completely avoiding gaps in the
segmented cortex even in regions of severe cortical thinning (gaps had no more than one
voxel missing). QCT-BIT measurements were performed fully automatically based on a
script that was designed for this study.

Trochanteric VOI

In order to identify the level of lowest strength for the trochanteric region we had to evaluate
two different trochanteric subregions: (i) for buckling ratio the cross section angulated to be
in plane with the intertrochanteric line and the femoral neck was the largest, thus also
showing the highest results for buckling ratio; (ii) for the section modulus the plane that
comes close to be perpendicular to the femoral shaft is the plane with the smallest cross
section and thus in this plane bending strength (Z) is minimal.

Thus, for measures at the TR, a first VOI of 1.0 cm width was manually placed at the
maximum cross sectional area of the TR, approximately 1 mm distal of the intertrochanteric
line along the axis defined for FN measures (figure 1). A second VOI of the same width was
aligned manually along a line bisecting the femoral axis and the axis of the diaphysis in
order to detect TR regions with lowest values of bending strength indicators. It was anchored
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next to the endosteal surface of the linea terminalis at the distal TR. QCT-BIT measurements
again were performed automatically based on a script that was designed for this study.

BMD and 3-D geometric measures:

DXA total hip and femoral neck aBMD measures of the proximal femur and integral QCT
vBMD measures of the entire proximal femur were provided from earlier datasets (9). These
had all been performed with the same DXA models (4500 W, Hologic, Waltham, MA, USA.
All vBMD and structure measures from the FN and TR region were derived from Mindways
QCT measurements using the QCTPRO Bone Investigation Toolkit BIT software
(Mindways, Austin, Texas).

The section modulus (Z) has been shown to be a relevant structural measure for bending
strength as is the buckling ratio (BR) a measure for strength against forces leading to
buckling (23). Z is inversely related to stresses exerted by maximum bending loads. QCT as
a 3-D measurement allows the evaluation of Z along the strongest (Zmax) and weakest axis
(Zmin). When Zmax and Zmin are both considered, they reflect measures related to strength
in torsion of the structure. Z is defined as Z=CSMI/r where CSMI (Cross Sectional Moment
of Inertia) measures the mass distribution relative to the geometric center (calculated by the
Mindways software) and r is the maximal distance from the geometric centre to the
periosteal surface for Zmax, or the corresponding periosteal distance in the respective
orthogonal direction for Zmin. BR is a measure of cortical instability as a result of excessive
cortical thinning. BR relates the cortical thickness to the width of the femoral neck and is
defined as BR=r/ct, where ris the radius and ctthe corresponding cortical thickness. The
bone is considered to be vulnerable to the failure mode of buckling when this ratio exceeds
10:1, i.e. BR >10 (24). The results of the 11 slices at the TR and FN were averaged for the
data evaluation.

For quadrant analysis of buckling ratio at the weakest FN and TR regions, the cross section
was subdivided into 16 sections. This permitted the definition and analysis of quadrants
comprised of four adjacent sections each. The BR of the quadrant with the highest focal BR
(i.e. r/ct of a quadrant) was defined as local thinning index. All 3D-geometric measures were
defined prior to the analysis of the image data.

The image quality assurance, prior to any attempt of analysis, detected failure of cortical
bone segmentation in QCTpro software. Here, cases were excluded if inappropriate
delineation in the depiction of the segmented cortical bone was seen in the direct comparison
of the CT data. Inappropriate delineation of the cortical bone surface was defined as the
detection of soft tissue as cortical bone in bone segmentation which could be clearly
separated from bone (see supplementary image files Fig. S1-4). As the failure of appropriate
bone segmentation and geometric analysis could be associated to operator failure due to
inadequate rotation or definition of the soft tissue threshold, we analyzed critical datasets a
second time. In the case of persistence of the segmentation error the exclusion criteria were
a) based on the visual analysis of the QCTpro BIT analysis sheet which shows how the
automatic setting of measurement points for the structural and densitometric data for each
reformatted slice was set and b) based on a statistical distribution of the results for all
primary outcome variables. If only single slices showed artifacts, these were listed and
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excluded from statistical analysis. In the statistical outlier analysis all data were reanalyzed
if they fell outside of the 95% confidence interval. If errors could be detected the dataset was
excluded from the analysis, else these were kept in the dataset. The primary reason for all
data exclusions were beam hardening artifacts (n=59), associated to the low application
dose, anatomy and patient positioning. In 9 cases the software reported problems in the bone
structural analysis without detectable image problems, most likely due to the phantom
calibration. Due to the slow acquisition of the scanners used, 8 subjects showed movement
artefacts that prohibited cross sectional image analysis with BIT. In 3 subjects the scan range
was to short, which led to a misplacement of the FN axis. 1 patient was excluded due to
severe sclerotic changes of the proximal femora. JMP 9.0.1 Software (SAS Institute Inc.,
Cary, NC, USA) was used for testing the analysis technique on 20 men as well as for the
outlier analysis.

Statistical Analysis

Results:

Hazard ratios (HR) and 95% confidence intervals (Cl) per standard deviation of the BMD or
QCT strength indicators were estimated with Cox proportional hazards models. Prentice
weights were used to account for the case-cohort sampling design (25). Multivariate models
were adjusted for age, BMI and study enrollment site (to account for scanner variation).
Further DXA aBMD adjusted models were provided. Harrells C statistics was used to
evaluate risk prediction models for hip fracture (26).

With a mean age of 73.3 + 5.7 years, the subcohort sample was comparable in age to the
main MrQOS cohort of the 5994 men (73.7 £ 5.9 years) (9). At baseline, the men who
subsequently experienced hip fractures were older than men who remained fracture free
(77.1 £ 6.0 years vs. 73.3 £ 5.7 years, p<0.01, Table 1). All 3D- geometric measures and
densitometric data showed significantly smaller baseline values on average in men who went
on to have a hip fracture compared to men who did not experience hip fracture during follow
up. We did not note significant differences of baseline parameters between patients who
were and were not excluded from the analysis.

Table 2 shows correlations of the 3D- geometric measures with anthropometric and
densitometric data. For the femoral neck (Table 2a) bending measures correlated most
strongly with DXA aBMD results, whereas buckling ratio correlated best with the QCT-
based vBMD. For the trochanter (Table 2b) bending measures again correlated most strongly
with DXA aBMD results while weaker correlations were observed for buckling ratio versus
aBMD or vBMD results. For both the femoral and the trochanteric area, the measures of
bending, but less so for buckling, were associated with height or weight. Both, bending and
buckling measures showed the expected age related decline in strength indicators at the
femoral neck and the trochanter. LTI showed correlations very similar to buckling ratio (data
not shown).

Table 3 lists hazard ratios for all variables evaluated. After adjusting for age, BMI and site,
all variables remained significant except TR LTI. DXA aBMD and QCT vBMD of the
proximal femur provided the highest hazard ratios overall (HR=4.9, 95% ClI: 2.5,9.9 and
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HR=5.4, 95% CI: 2.5,11.7). Among single QCT measures of the FN and TR, FN vBMD was
the single predictor with the highest HR. Among the strength related measures at the FN, BR
provided the highest HR, with slightly lower HRs for Zmin and LTI. In a sensitivity analysis
the a priori defined LTI of the superolateral cortex was superior to local thinning indices
derived for other quadrants at the FN and TR. At the trochanteric region, trabecular vBMD
appeared to be the strongest predictor. Among the strength related measures, Zmin appeared
to be strongest here. After additional adjustment for FN aBMD, FN BR (HR=1.9, 95% ClI:
1.1,3.2) remained an independent predictor. TR trabecular vBMD (HR=2.0, 95% ClI:
1.2,3.4) also contributed independently of aBBMD. Replacement of the adjustment for aBBMD
with vBMD showed comparable results for the structural parameters.

Table 4 shows Harrells C statistics used in order to compare the hip fracture association of
QCT measures to DXA. The single parameters with the highest Harrells C values of 0.81
each, adjusted for age, site and BMI, were DXA aBMD and QCT vBMD of the proximal
femur. The structural QCT variables BR and FN Zmin of the FN provided an area under the
curve of up to 0.79. The highest Harrells C in a multivariate model combing QCT measures
with BMD showed Harrells C statistic of 0.82 for DXA aBMD and FN BR or QCT vBMD
with FN BR and FN Zmin.

Discussion:

In this study we investigated the associations of QCT measures indicative for geometrical
bone instability and strength in key locations of the proximal femur as well as trabecular and
cortical volumetric BMD (vBMD) of the proximal femur assessed by quantitative computed
tomography (QCT) with hip fracture risk among elderly men. All measures were
individually associated with fractures, but, although we did not test for significance of the
differences, none were as strongly associated as was aBMD of the proximal femur measured
by DXA or QCT. This may not be surprising, since each measure reflects a specific fragility
characteristic relevant specific failure mode which may be relevant only for a fraction of
fracture cases. BMD on the other hand can be interpreted as a summation measure of
fragility relevant for a broader range of impacting loads and therefore it is a more robust
overall measure of fragility. Indeed, the observation that some of the strength related
measures were associated with fractures independent of BMD suggests that the specific
failure modes they reflect have independent predictive value.

As reported in earlier QCT studies for men and women (27), the indicator for bending
failure (Zmin) was correlated with aBMD. Despite a similar correlation with aBMD, BR
showed an association with fracture risk independent of aBMD, indicating that this index
captures fragility aspects that may be related to the relevant failure mode of buckling not
entirely reflected in aBBMD. Comparable to earlier DXA hip strength analyses (18), BR
turned out to be the strongest structural parameter with regard to predictive value at the FN,
specifically after adjustment for aBBMD. However, as buckling ratio comprises the measures
of cross sectional area as well as cortical thickness, it appears that the magnitude of fracture
association was lower than it has been reported for cortical thickness alone (13).
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The trochanteric fracture risk is known to be strongly associated with low bone mass
(28,29). Therefore, it was to be expected that the trabecular vBMD would be a strong
predictor. Still the best multivariate model of QCT values at the TR additionally included the
bending strength indicator (Zmin) whereas the buckling ratio as an index influenced by
cortical thickness and cross sectional area, did not contribute independently. In this regard
the measure related to local bending strength performed stronger than it has been reported
for polar cross sectional moment of inertia by Yang and colleagues, that was not
significantly associated with hip fractures (13)

Recent studies that investigated QCT bone density and bone morphology as indicators of
fracture risk in women yielded AUC values for hip fracture prediction that were comparable
to the results of our study, both for single variables as well as for multivariate models
(30,31). As described in those studies in women, we found in men that both cortical and
trabecular parameters are associated with hip fracture risk (9). Further, as described by Yang
and colleagues for women (32), and also in our study on men, multivariate regression
models showed that QCT-derived measures indicative for bone strength are independently
associated with hip fracture risk. However, consistent with these previous reports, our QCT-
derived measures did not improve prediction of fracture compared to total hip a BMD.

Cortical bone reduction in the superolateral aspect of the femoral neck has been described to
be of particular interest in hip fracture risk assessment (2,19,33). Our findings that buckling
is of particular relevance in the femoral neck region in men may help to assess the etiology
of hip fractures and to permit a more specific evaluation of the effect of treatment. However,
unlike in women (19,34), and comparable to the reports by Yang (13), the prevalence of
cortical thinning in this population of men was low (average BR 6.4). In earlier
investigations, focal thinning of the superolateral cortex of the femoral neck was
hypothesized to be strongly associated with osteoporotic fractures in elderly women (19,20).
Despite the association of LTI with fracture risk, these local effects could not be confirmed
to be statistically significant in this cohort of men and global cortical thickness of the cross
section measured by BR proved to be a stronger predictor than the LTI. Still, in an
exploratory sensitivity analysis, our a priori defined LTI of the superolateral cortex was
superior to local thinning indices derived for other quadrants at the FN and TR. This may
indicate that the superolateral part of the cortex indeed is relevant in terms of fragility.
Therefore it would be of particular interest to compare performance of local thinning indices
with regard to fracture prediction in women and in men with severe osteoporosis in order to
investigate, if buckling failure is a gender issue. Further, subcompartment specific QCT
structural analyses may be very useful in studying differences between femur morphology of
men suffering cervical fractures compared to those suffering trochanteric fractures.
Structural differences relevant for these two fracture types are well established (28,29,35,36)
and validation of failure mode specific diagnostic tools, such as QCT structural analysis,
may improve risk and therapy assessment.

QCT investigations of bone geometry have strengths and limitations. In terms of strengths,
most importantly, they allow testing of whether a specific quadrant or a specific failure mode
is of particular relevance for hip fracture risk. Discrete local changes induced by drug
therapy can be tested as to what extent they reduce the risks of buckling at the femoral neck
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or bending at the trochanter. The method tested in this study and the measures derived can
be used in such an assessment. In terms of limitations, an index tailored to be particularly
sensitive to a specific failure type may be less optimal to reflect overall hip fracture risk
under a variety of unpredictable loading conditions. Indeed, we observed that BMD as an
integrated index showed substantially stronger predictive power when used as a single risk
index. Unlike QCT vBMD, which is independent of bone geometry, DXA aBMD increases
with increased bone size, as does bone strength, and thus one could argue that this size
dependency may strengthen its predictive power. However, at least for total femur
measurements, our data do not support this argument, since QCT vBMD total hip performs
at least as good as DXA aBMD total hip. The disadvantage of more specific strength
measures may be overcome by combinations of several (of our) strength related measures, as
suggested by the results of our multivariate models. In summary, QCT-derived estimates of
bone strength examined here were less strongly associated with fracture risk than BMD.
However, the QCT based measures of BR were independently associated with hip fracture
risk after adjustment for BMD, suggesting they captured unique information about fracture.
Although the increase of AUC was negligible just as it has been reported for vBMD
measurements of the entire study population (8), these findings should be verified in
additional populations.

In their latest position development conference, the ISCD recommends not to use buckling
ratio (and other geometric measures) assessed by DXA for hip fracture risk assessment or
treatment indications (37,38).0ur study does not contradict the ISCD position statement.
These statements are designed to guide clinicians and those may be misled in their
assessment of a patient’s risk status by being able to choose from many potential predictors
of risk. When picking the variable indicating the highest risk, a large number of false
positive risk estimates may be expected simply due to chance. The ISCD guidance is very
helpful here to point the doctor to the most robust variable(s). Our study, however, serves an
entirely different purpose: we would like to unravel the factors that contribute to bone
structural fragility. It is conceivable that there are multiple contributing factors and only once
these have been established they can potentially be combined into a single measure of risk.
In this paper we mostly work on the identification stage and in this setting we had to
investigate multiple variables. Our multivariate models give first indications how these
multiple potential predictors differ and whether any of them contributes complementing
information. BR showed contributions to fracture risk independent of aBMD which may
indicate some relevance of buckling as a failure mode in osteoporotic fractures. Still, at this
stage inclusion of BR did not significantly increase overall predictive power. Whether BR
may have a role in the context of QCT based assessments requires further study. In this
context it remains to be tested whether BR remains predictive after adjustment for cortical
thickness or volume which were not measured in this study.

Despite its strong performance in hip fracture risk prediction, DXA also has intrinsic
limitations. For example, many patients with hip fracture do not have markedly low levels of
aBMD (6,39). As an alternative method in the detection of bone strength associated
measures, QCT provides insight into bone geometry and more specific data about bone
density in the cortical and trabecular compartments. The potential to analyze quadrants of
the bone cross section may point to different areas of focal fragility, which may improve
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personalized risk assessment for some patients (20) and it may also help to assess treatment
effects in more detail (23). However, one has to note that QCT fails to improve risk
prediction compared to DXA. The limited correlation of DXA and QCT results (e.g. table
2b) indicates that these techniques will in part identify different patients to be at high risk
with none of the techniques offering superior overall predictive power.

Our study has some limitations. In general, QCT segmentation of the cortex may fail in
cases of suboptimal resolution or artifacts. Accuracy and precision of the measurements
might be effected significantly by the segmentation thresholds and the VVOI definition.
Especially in the TR, the axis for the positioning of the VOI is less evident than at the FN
and thus might be defined with a lower precision. For the adapted QCT protocols we used
CT-scanners with suboptimal performance compared to today’s technological standards.
Therefore, the presence of artifacts resulted in a high rate of exclusions from analysis
(~26%) and the segmented cortical bone included subcortical bone tissue due to partial
volume effects. Thus, the evaluation of several of our 3-D geometric measures, most
importantly local thinning, was hampered by partial volume effects and could likely be
improved by better image resolution (40) which would be at the expense of higher radiation
exposure (41). Furthermore, the CT data acquisition with 80 kVp led to a considerable
image noise in many cases, resulting in a higher variability of CT measures. The trochanteric
and cervical fractures were analyzed jointly although intracapsular and trochanteric fractures
are considered to have different pathophysiology (42). Thus it may be worth while
identifying predictors of strength specific to these different types of fractures. Once
identified, one could recombine fracture type specific risk into an overall risk of hip fracture.
Improved image processing for better delineation of the cortex (43) may also yield improved
estimates of the measures proposed and tested here. However, it requires resolution in the
micron range to detect further relevant cortical structural impairments such as focal porosity
or micro-cracks, which cannot be provided with regular QCT measurements (44). All
procedures have their estimation error due to reproducibility of positioning and the
measurement procedure which are not provided for our QCT methods. Buckling ratio is an
established measure in biomechanics but the subsection index may require further
refinement and needs further testing in independent samples. Moreover, soft tissue thickness
measures and soft tissue analyses that can be integrated in clinical QCT evaluation may
additionally improve the prediction of fracture risk (45).

In conclusion, while areal BMD as assessed by DXA was found to be most highly
associated with hip fracture risk in men, we showed that QCT derived 3-D geometric
measures as indicators of hip strength remain associated with hip fracture risk after
adjustment for BMD. Although combined models of risk were not significantly stronger
than those based on age, BMI and site adjusted BMD alone, these QCT-based measurements
may permit insight into the biomechanics of fracture. Further research to study these
relationships in women is warranted.
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Figure 1:
Definition of the volumes of interest for structural bone analysis at the FN and TR as defined

with QCTpro software in the volume depiction of the proximal femur. Corresponding Cross
sectional image data used for structural analysis of the FN (Fig.1a), Buckling strength in the
TR (Fig.1b) and bending strength as well as densitometry in the TR (Fig. 1c).
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TR quadrant LTI

FN quadrant LTI

A

Fig. 2:

Dgpiction of the cortical bone in the cross sectional slices of the FN and the TR as defined
with QCTpro in the process of the image analysis. The upper quadrants of the TR and FN
showed the highest LTI in a preceding statistical analysis on 20 men and were used to define
the volume of local cortical thinning.
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Baseline characteristics of men who remained fracture free (control group) compared to men who experienced
a hip fracture during follow up. TH = total hip, FN= femoral neck, TR= trochanteric region, BMI= body mass
index, vBMD = volumetric bone mineral density derived by quantitative computed tomography, Zmin= the

bending strength index minimal section modulus, LTI = local thinning index.

No hip fractureN= 165 Hip fracture cases N= 65

Mean SD Mean SD p

Age [years] 73.3 5.7 77.1 6.0 <0.01
Height [cm] 1747 7.8 173.8 6.1 0.38

Weight [Kg] 83.5 12.9 79.2 12.4 0.02

BMI [kg/m?] 273 34 26.2 38 0.03

TH BMD integral [g/em®] ~ 0.28 0.04 0.23 0.05 <0.01
FN Zmin [cm?] 1.8 0.42 1.6 0.32 <0.01
FN Buckling Ratio 5.2 1.3 6.8 1.9 <0.01
FN LTI 14.8 5.9 20.2 6.8 <0.01
FN vBMD integral [g/cm?] ~ 0.29 0.05 0.24 0.05 <0.01
TR Zmin [cm?] 4.97 077 452 0.64 <0.01
TR Buckling Ratio 10.4 2.0 117 24 <0.01
TRLTI 29.4 13.3 35.6 15.2 <0.01
TR VBMD trab. [g/cm?] 0.11 0.03 0.07 0.04 <0.01

p value for comparison of means

*
LTI and BR are unitless
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Spearman Correlations between the various 3-D geometric measures in the femoral neck region and

characteristics of men

Table 2a.

Zmin Bucklingratio  Femoral neck vBMD integral [g/cm?)]

R p Ry p (R) p
Age [years] -025 <001 029 <001 -021 <0.01
Height [cm] 038 <001 0.12 007 -0.04 <0.59
Weight [kg] 041 <001 -012 007 021 <0.01
BMI 0.24 <0.01 -021 <0.01 0.27 <0.01
Femoral neck aBMD 0.58 <0.01 -0.64 <0.01 0.69 <0.01
Total hip aBMD 0.56 <0.01 -059 <0.01 0.66 <0.01
Femoral neck vBMD integral [g/cm®]  0.47 <0.01 -0.79 <0.01
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Spearman Correlations between the various 3-D geometric measures in the trochanteric region and

characteristics of men

Table 2b.

Zmin Bucklingratio  Femoral neck vBMD integral [g/cm?)]

R p Ry p (R) p
Age [years] -022 <001 025 <001 -021 <0.01
Height [cm] 043 <001 -004 059 -0.04 <0.01
Weight [kg] 048 <001 -021 <001 021 <0.01
BMI 0.28 <0.01 -021 <0.01 0.27 <0.01
Femoral neck aBMD 0.53 <0.01 -0.43 <0.01 0.69 <0.01
Total hip aBMD 0.58 <0.01 -045 <0.01 0.66 <0.01
Femoral neck vBMD integral [g/cm®]  0.43 <0.01 -042 <001

R, Spearmen correlation coefficient
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Table 3.

Hazard Ratios and 95% confidence intervals for incident hip fracture per SD increment in the skeletal

* Aok
1

measure. The aBMD adjusted models were adjusted for aBMD total.
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Model
. . Age, BMI, siteand ;
. Age, BMI and site Age, BMI, siteand : Age, BMI, siteand
Unadjusted adjusted aBM D adjusted VBMD integral vBMD FN adjusted
adjusted
DXA aBMD total 5.4(3.1,95) | 4925, 99) 21(10,4.7) 3.1(L5, 65)
[g/cm?]
FN Zmin [cm?] 23(16,32) | 2.0(13,3.0) 1.0 (0.7, 1.6) 1.3(08,2.1) 1.5 (1.0, 2.4)
FN Buckling Ratio 3.0(1.9,45) | 2.9(19,46) 1.9(11,3.2) 1.8(1.0,3.0) 1.9(1.0,3.7)
FN LTI 25(1.8,35) | 2.2(14,32) 1.4 (0.9, 2.3) 1.4(08,2.3) 1.4 (0.8-2.4)
FN VBMD integral 40(23,7.0) | 36(1.8,6.9) 2.0 (1.0, 4.0) 0.7 (0.2, 2.1)
[g/em?]
TR Zmin [cm?] 2.3(16,33) | 2.0(14,3.0) 0.9 (05, 1.6) 12(0.7,1.9) 1.6 (1.0, 2.5)
TR Buckling Ratio 16(12,21) | 1.6(1L1,23) 1.3(0.8, 2.0) 15(1.0,2.3) 1.7(12,2.4)
TRLTI 14(11,18) | 1.3(0.9,18) 1.2(0.8, 1.8) 1.0(07,1.6) 1.2(0.8,18)
TR vBMD trab
[mglom] 33(2053) | 32(1.9,5.4) 20(1.2,3.4) 1,2 (0.6, 2.5) 1.9(1.0,3.7)

95% Cls shown in parentheses

*
Fracture risk increased per SD decrease of Z, vBMD, aBMD, and per SD increase in BR as well as LTI n=230 for both femoral neck and
trochanteric group

*:

*
LTI and BR are unit-less.
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Page 20

Age, BMI and site adjusted models for hip fracture association. Harrels C for the single parameters DXA
aBMD and QCT vBMD of the proximal femur. ROC model of 3-D geometric measures at the FN and TR.

HarrellsC  HR (95% Cl)

J Bone Miner Res. Author manuscript; available in PMC 2020 November 19.

DXA aBMD total hip 0.81 4.9(25,9.9)
QCT vBMD total hip 0.81 5.4 (2.5,11.7)
QCT vBMD FN 0.78 3.6(1.8,6.9)
FN BR 0.79 2.6 (1.6,4.1)
+ FN_ZMIN 1.6(1.1,25)
TR_BR 0.75 1.3(0.9,1.9)
+TR_ZMIN 1.7 (1.2, 2.6)
QCT vBMD total hip 0.81 3.8(1.7,8.5)
+FN BR 1.8(1.1,3.1)
DXA aBMD total hip 0.82 3.3(1.6,6.7)
+FN BR 1.9(1.1,3.2)
QCT vBMD total hip 0.81 5.0 (2.3,10.7)
+ FN Zmin 1.3(0.8,2.1)
DXA aBMD total hip 0.81 4.8(2.2,10.5)
+ FN Zmin 1.1(0.7, 1.6)
QCT vBMD total hip 0.81 51(2.3,11.2)
+ TR_Zmin 1.2(0.7,1.9)
DXA aBMD total hip 0.81 5.3(2.1,13.2)
+ TR_Zmin 0.9 (0.5,1.6)
QCT vBMD total hip 0.81 4.2(1.9,9.3)
+ TR vBMD trab 1.4 (0.8, 2.6)
DXA aBMD total hip 0.81 3.8(19,7.7)
+ TR vBMD trab 2.0(1.2,3.4)
QCT vBMD total hip 0.82 3.6 (1.6, 8.0)
+FN BR 1.7 (1.0, 3.0)
+ FN Zmin 1.3(0.8,2.1)
DXA aBMD total hip 0.81 3.1(14,6.8)
+FN BR 1.9(1.1,3.3)
+FN Zmin 1.1(0.7,1.9)
QCT vBMD total hip 0.81 5.2(0.9,2.8)
+TRBR 15(1.1,24)
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HarrellsC  HR (95% ClI)
+ TR Zmin 0.9 (0.6, 1.6)
DXA aBMD total hip 0.81 50 (2.1, 11.8)
+TRBR 1.3(0.8,2.1)
+ TR Zmin 0.8 (0.5, 1.4)
QCT vBMD total hip 0.82 2.9(1.2,6.9)
+FNBR 1.6 (0.9, 2.8)
+FN Zmin 1.3(0.8,2.2)
+ TR vBMD trab 1.3(0.7, 2.6)
DXA aBMD total hip 0.81 2.6(1.1,5.9)
+FNBR 1.7 (0.9, 2.9)
+FN Zmin 1.3(0.7,2.2)
+ TR vBMD trab 1.8 (1.0, 3.4)
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