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Introduction

Factors other than bone mineral density (BMD), such as trabecular
structure (TS) and cortical bone thinning (CBT), contribute to fracture.
We analyzed whether hip fracture cases could be differentiated from
controls without fracture using automated surrogate measurements of
TS and CBT obtained from radiographs of the proximal femur region
using novel imaging analysis technology (Figure 1).
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Figure 1. Example in which differences in extracted internal
bone structures can be visually discerned between a case that
did not fracture throughout the entire follow-up period (left) and a
case that did fracture (right).

Examples of such measurements include the number of internal bone
structures (micro-structure) in principal tensile regions and
measurement of the shaft and neck cortical bone thickness and width

(Figure 2).



Materials and Methods

Dataset

The analysis included 131 controls and 118 fracture cases with
available pelvic radiographs and total hip BMD measurements from a
subgroup of women that participated in the Study of Osteoporotic
Fractures (SOF). Control cases were selected from SOF patients that
did not fracture throughout the entire study follow-up period. Fracture
cases were selected from patients with baseline radiographs taken
close to the time of fracture. All cases were from four distinct U.S.
geographic clinical sites from that participated in the SOF. The
radiographs were taken an average 3 years before fracture occurred
and BMD measurements were taken an average 1.2 years before
fracture.

Principal
compression
group
Greater
h _— Femoral neck
trochanter width and cortical
P thickness
Principal i Ward's
tensile group Triangle
Femoral shaft width and /
cortical thickness
Micro-structure measurements Macro-structure measurements
Structure length, separation, thickness, and |Projected diameter, projected thickness,
connectivity cortical index

Figure 2. lllustration of regions and measurements of bone macro and micro
structure.
Image quality screening
The radiographic images were graded by a radiology technologist
and an image processing engineer in terms of patient positioning
(degree of rotation of the proximal femur as projected in the x-ray),
contrast of structures within the hip regions and presence of artifacts



(grid lines, skin folds, medical instrumentation). Figure 3 shows the
distribution of cases in terms of image quality and the participating
SOF clinical site. 44 cases were graded as unacceptable leaving 205
cases (108 controls and 97 fractures) for further analysis.
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Figure 3. Distribution of cases according to image quality grading
and participating clinical site.

Analysis of pelvic X-Rays

All images were processed with software and algorithms adapted for
left or right semi-automated hip region extraction. The current
analysis focused on the left hip and several different regions of
interest (ROIs) for the extraction of macro and micro-anatomical
measurements as illustrated in Figure 2. These measurements
captured properties of the general femur shape morphology and
internal structural morphology such as structure length, number and
orientation of trabecular patterns, etc. These measurements also
reflect differences between control and fracture cases not measured
by BMD as shown in the examples of Figure 4.

Optimization and performance evaluation

Macro and micro structure measurements were selected using a
stepwise approach focused on optimizing fracture versus control case
classification performance. The selected measurements were
combined into two separate micro and macro classification indexes
respectively using likelihood ratios. The classification performance of
each of these indices and in combination with body mass index (BMI)
and BMD was evaluated using receiver operating characteristic
(ROC) curves with a leave-one-out cross-validation scheme. Further
evaluation using a leave-k-out with k up to 15 cross-validation was



implemented combined with bootstrap sampling. This iterative
process sets aside an incremental number of cases (k) for testing of
the generalization capabilities of macro and micro structure indices
optimized using the rest of training set.

Control group sample— no fracture

Neck BMD = 0.547 g/cm2
Neck Trabecular Segment Length = 29.5
Neck Cortical Thickness =57.3

Fracture group sample

Neck BMD = 0.544 g/cm2
Neck Trabecular Segment Length = 22.6
Neck Cortical Thickness =45.3

Figure 4. Examples of control and fracture groups with matched femoral neck
BMD, one from the control group (left) and the other from the fracture group
(right). The trabecular pattern extracted from a non-fracture subject shows
much longer strands of principal tensile structures (yellow) than the sample
from the fracture group. The femoral neck cortex is thicker in the non-fracture

sample.



Results

The ROC curve for the combined macro and micro-structure
classification indices is shown in Figure 5. For comparison, the
classification performance of BMD measurements alone and BMD
combined with macro and micro structural indices are also shown.
The corresponding areas under the ROC curves (AUC) and mean
values with 25%, 50% and 75% percentiles for the parameters from
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Figure 5. ROC curves for leave-one-out cross-validation of BMD and
combined macro and micro structural classification indices.

control and fracture cases are summarized in the table below. Leave-
k-out cross-validation results in terms of ROC curves for k=1 to 15
are shown in Figure 6. The small drop in classification performance
from AUC=0.88 for k=1 to AUC=0.85 for k=15 indicates good
generalization performance of measurements obtained from this
particular dataset.
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Figure 6. Leave-k-out crossvalidation ROC curves for combined macro
and micro structural classification indices with k=1,...,15.
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Parameters Analyzed| Area Sensitivity at Control Cases Mean Fracture Cases Mean |p-value t-test for
Under | 80% Specificity Value Value difference in
ROC (%) (1st, 2nd and 3rd (1st, 2nd and 3rd means
Curve (%) guartiles) guartiles)
(Macro+Micro)+BMD 88 80 NA NA NA
(Macro+Micro) index | 86 76 (_1.18%% 105) m ey 232) <0.001
0.8 0.64
BMD 81 68 (0.72,0.80,0.89) (0.57,0.64,0.7) <0.001
. 3.17 -0.18
Macro index only 74 53 (-0.17.0.91,3.75) (-2.4,-0.8,0.74) 0.0252
. . -0.37 -5.74
Micro index only 73 52 (-2.86,-0.29,2.5) (-8.7,-3.57,-1.7) <0.001
26.48 24.85
BMI 60 28 (22026 229 K) (92224427 1\ 0.0046

Table 1. Summary of results for classification performance of different
combinations of measurements.

Conclusions

The combined macro and micro structural measurements had a
larger AUC than did BMD alone (86% vs. 81%, p-value<0.001). The



best performance (AUC=88%) was obtained when macro and micro
indexes were combined with BMD suggesting that BMD added
complementary information. Further optimization and generalization
verification of these results is needed using a broader population
sample since only prevalent controls were considered. Nonetheless,
these results indicate that this new technology has the potential of
improving the prediction of hip fracture risk based on classification of
macro and micro-structural measurements from standard pelvic
radiographs.



