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Abstract
We identified regions inside the proximal femur that are most strongly associated with hip fracture.
Bone densitometry based on such fracture-critical regions showed improved power in discriminating
fracture patients from controls.

Introduction—Hip fractures typically occur in lateral falls, with focal mechanical failure of the
sub-volumes of tissue in which the applied stress exceeds the strength. In this study, we describe a
new methodology to identify proximal femoral tissue elements with highest association with hip
fracture. We hypothesize that bone mineral density (BMD) measured in such sub-volumes
discriminates hip fracture risk better than BMD in standard anatomic regions such as the femoral
neck and trochanter.

Materials and Methods—We employed inter-subject registration to transform hip QCT images
of 37 patients with hip fractures and 38 age-matched controls into a voxel-based statistical atlas.
Within voxels, we performed t-tests between the two groups to identify the regions which differed
most. We then randomly divided the 75 scans into a training set and a test set. From the training set,
we derived a fracture-driven region of interest (ROI) based on association with fracture. In the test
set, we measured BMD in this ROI to determine fracture discrimination efficacy using ROC analysis.
Additionally, we compared the BMD distribution differences between the 29 patients with neck
fractures and the 8 patients with trochanteric fractures.

Results—By evaluating fracture discrimination power based on ROC analysis, the fracture-driven
ROI had an AUC (area under curve) of 0.92, while anatomic ROIs (including the entire proximal
femur, the femoral neck, trochanter and their cortical and trabecular compartments) had AUC values
between 0.78 and 0.87. We also observed that the neck fracture patients had lower BMD (p=0.014)
in a small region near the femoral neck and the femoral head, and patients with trochanteric fractures
had lower BMD in trochanteric regions such as in the internal calcar septum (p=0.006).
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Conclusions—We have identified the sub-volumes of proximal femoral tissue which have the
strongest association with hip fracture. The power to predict fracture can be improved, by focusing
on BMD measurements in the fracture-critical regions, rather than in standard ROIs.

Keywords
osteoporosis; proximal femur; QCT; image registration; statistical parametric mapping

Introduction
Hip fracture is the most serious clinical outcome associated with osteoporosis in the elderly
[7,23]. In aging, there is a lower rate of bone loss in primary load-bearing regions such as the
inferior femoral neck cortex and the principal load bearing trabecular bands. On the other hand,
regions that receive much lower load-bearing stimulus, such as the superior aspect of the
femoral neck, can undergo substantial bone loss and cortex thinning[22]. Hip fractures often
occur in lateral falls[13]. The impact forces during a fall differ greatly from the mechanical
loading in daily activities. The atrophied proximal femoral regions, unfortunately, may play
critical roles in hip fracture. For example, the compressive yielding in the superior aspect of
the femoral neck is expected to initiate fracture in sideway falls[8,22]. In this sense, the regions
of the hip which are most at risk for fall-related structural failure are those which receive the
least adaptive protection through mechanical loading in the activities of daily life. Bone mineral
density (BMD) measurements such as dual x-ray absorptiometry (DXA)[24] or volumetric
quantitative computed tomography (vQCT)[6] evaluate regions of interest that are defined with
respect to identifiable anatomic landmarks[2-4,9,19]. Regions such as the femoral neck,
integrate the superior and inferior cortex, although the former may be more sensitive as a
fracture risk estimator[5]. Although manufacturers have subdivided the DXA femoral neck
region of interest into superior and inferior halves, the selection of these regions is based on
sub-division of an existing ROI rather than on choosing a region which is specifically optimized
for fracture risk estimation.

In this study, we have sought to develop and test a technique to identify a proximal femoral
region of interest comprising elements of bone tissue with BMD values maximally associated
with hip fracture risk. To achieve this, we have retrospectively analyzed a cohort of Chinese
women described in two previous publications[9,18] which contained a group of women
imaged with QCT within 48 hours of an osteoporotic hip fracture and a group of locally
recruited age-matched controls. To generate the region of interest, we followed a statistical
parametric mapping (SPM) approach[14]. We utilized a previously-described inter-subject
image registration program[20] to generate a voxel-based statistical atlas comprising all of the
scans in the cohort, using one half of the cohort to identify the region and the other half to
independently test it. To demonstrate the efficacy of this new region of interest, we compared
its discriminatory power to BMD measured in standard anatomic regions quantified by our
QCT analysis. Additionally, we also applied our atlas technique to compare patients with neck
fractures and trochanteric fractures to identify their differences in bone mineral distribution.

Materials and Methods
Study subjects

Thirty-seven women with fractures of the hip aged 65 or older (weight: 58.7±10.8kg, height:
159.1± 5.05 cm, body mass index 23.1±3.93 kg/m2) were recruited from the emergency room,
Department of Traumatology and Orthopedic Surgery, Beijing Ji Shui Tan hospital. In order
to minimize changes in BMD and body composition factors due to the fracture, only those
subjects whose fractures had occurred within the last 48 hours were accepted into the study.
Potential hip fracture subjects were referred to the emergency room CT scanning service and
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to the study by their orthopaedic surgeons. If the patient was female and over 65 years old,
then the radiologist explained the study to the subject and asked the subject if she was willing
to participate in the study. If the subject agreed to participate, she was asked to sign the consent
form, fill out a questionnaire about the circumstances of fall and other information regarding
skeletal and other health conditions. Subjects were included in the study if they had experienced
a hip fracture which resulted from a low-energy fall from standing or sitting height, and prior
to the fracture, were fully ambulatory, community-dwelling adults. Subjects were excluded
from the study if they reported having the following medical conditions: previous fracture,
history of metastatic disease, hyper- or hypoparathryroidism, Cushing's syndrome, diabetes or
collagenosis. Subjects were excluded from the study if they had undergone treatment with
corticosteroids or osteoporosis medications including hormone replacement therapy or
bisphosponates. All scanning of fractured subjects was carried out prior to fixation of the
fracture. In addition to these subjects, thirty-eight women over 65 years old in good health
(weight: 62.2±10.2kg, height: 157.7±5.23 cm, body mass index 25.0±3.70 kg/m2) and with no
conditions affecting bone metabolism (established from the same questionnaire) were invited
from the surrounding community to participate in the study. The healthy controls contacted
the hospital in response to informational briefings held at two local senior community centers.
If they fit the inclusion and exclusion criteria of the study, they were invited to participate in
the study and upon their arrival at the hospital, provided informed consent. The study was
reviewed and approved by the Internal Review Boards of the Beijing Ji Shui Tan hospital and
the University of California, San Francisco. Informed Consents were obtained for all study
participants.

vQCT acqusitions
All QCT acquisitions utilized a GE CT Pro FII CT scanner (GE Medical Systems, Beijing,
China). Subjects were positioned supine on the CT table. An Image Analysis QCT calibration
phantom (Image Analysis, Columbia KY, USA) was placed under the subject between the hips.
The superior aspect of the helical scan was 5 mm above the acetabulum and the inferior limit
5 mm below the lesser trochanter. Scan parameters were 3 mm section thickness (pitch = 1),
120 kVp, 200 mAs, with an in-plane pixel size of 0.84 mm. The CT images were archived to
DICOM CD and forwarded to University of California, San Francisco for analysis.

For control subjects, the left hip was analyzed. For subjects with hip fractures, the software
analyzed the contralateral unfractured hip. When a right hip was analyzed, a left-right flipping
of the image was performed first.

Hip inter-subject registration
Inter-subject registration allows direct comparison of bone mineral densities at homologous
locations from difference scans. Although the methodology has been described previously
[20], it can be briefly summarized as follows. An illustration of inter-subject image registration
is shown in Fig. 1. The two images to be co-registered are the target image and the source
image. After the source scan is registered toward the target scan, it is resampled to create a
new image with the same dimensions as the target scan. As shown in Fig. 1, to determine the
grayscale value at each voxel of the resampled image, for instance (i, j, k), the transformation
derived from the registration is applied to calculate its homologous location, (x, y, z), in the
original source scan. The BMD value at (x, y, z) will then be used as the BMD value at (i,
j,k) in the resampled image. In this process, the BMD in the resampled image is not alternated
from the BMD in the original source image, unless the calculated (x, y, z) are non-integers (in
this case we used tri-linear interpolation to derive the BMD value at (x, y, z)). Once the BMD
value at (i, j,k) in the resampled image is obtained, it can be compared with the BMD at (i,
j,k) in the target scan. This provides us an approach to compare the BMD values of two scans
at the homologous locations, such as the tip of the lesser trochanter, as shown in this illustration.
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In this study, one scan was randomly selected to serve as the reference (target) scan (for this
particular study, it was one scan from the control group). All other scans, from fracture patients
and controls, were registered to this reference. The registration, as described in Ref. [20], was
divided into two steps: rigid and non-rigid registration.

Rigid registration
We applied a rigid registration technique that we previously developed[21] to automatically
align hip QCT scans. The rigid transformation includes 3 translations and 3 rotations. The
algorithm is based on maximizing normalized mutual information[27], using simplex
optimization under a multi-resolution scheme[21].

Non-rigid registration
We adapted a non-rigid registration technique originally developed for registering volumetric
brain MRI images at the Montreal Neurological Institute[10-12]. This automatic non-rigid
registration algorithm estimates local rigid transformations to achieve global non-rigid
registration. The adapted non-rigid registration algorithm and validation for hip QCT images
were previously described in Ref. [20].

Voxel-by-voxel statistical comparison between fracture patients and controls, and between
patients with neck fractures and trochanteric fractures

After all the scans were registered toward the reference scan, the scans of fracture and control
subjects were compared in the common hip space. For each voxel, we performed a two-sample
Student's t-test to obtain a t-statistic quantifying bone mineral density differences between
fracture patients and controls (or between patients with neck fractures and trochanteric
fractures). A higher t-statistic indicates a more detectable difference between the two groups
at that voxel. Combining the results of the statistical tests across all voxels resulted in a 3D t-
statistic map.

Hip fracture discrimination based on the fracture-driven ROI, and comparison against
anatomic ROIs

To test our hypothesis that fracture-critical regions can be used to improve hip fracture risk
prediction, we randomly partitioned the 75 scans (38 controls and 37 fractures) into two sets,
one for deriving the fracture-driven ROI (the training set) and the other for performing
independent fracture discrimination testing (the test set). The random partitioning was
performed in a stratified way so that the training set had 19 controls and 19 fractures, and the
remainder formed the test set.

After the voxel-by-voxel t-tests for scans from the training set, for each voxel, we checked the
statistical significance of BMD difference between the fracture patients and controls based on
p-values. Due to the large amount of tests performed (one t-test for each voxel), we used false
discovery rate (FDR) to provide correction for multiple comparisons [20]. FDR analysis
controls the proportion of false positives among the declared positives, i.e., voxels showing
statistical significance from t-tests. In our case this proportion was set to be no more than 5%.
Since FDR analysis showed statistical significance for almost all voxels inside the bone, to
limit the number of voxels, we applied a t-statistic threshold of 3.0 in order to select
approximately ten percent of voxels inside the proximal femur. Any voxels that had t-statistics
above the threshold were selected to define the fracture-driven region of interest, which we
refer to as the F-ROI. When applying the F-ROI to the scans from the test set, the F-ROI was
mapped directly to the transformed test scans since they were all in the same common hip
space. For scans in the test set, the average BMD in each subject's F-ROI was calculated, and
was used to try to discriminate fracture patients from controls. To evaluate the discriminatory
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power of the F-ROI, we carried out empirical receiver operating characteristic (ROC) analysis.
We also compared the discriminatory efficacy of the F-ROI against several other commonly
used anatomic ROIs, including the entire proximal femur, the femoral neck and the trochanter
and their cortical and trabecular compartments, as illustrated in Fig. 2. The neck and trochanter
ROIs were defined as described in [19]. The entire proximal femur ROI, instead, was the
manually drawn contour of the proximal femur. We calculated the BMDs in those anatomic
ROIs (after all the images were registered to the common hip space), and used them for fracture
discrimination as we did using the F-ROI.

Results
BMD differences between fracture patients and controls

The regional variation of bone mineral differences between the fracture patients and the
controls, as represented by the t-statistic map, is shown in Fig. 3. The bone mineral differences
were not uniformly distributed, instead, the main differences were primarily localized in three
sub-regions, as marked by I, II and III, inside the femoral head, the femoral neck and the
trochanter, respectively. Fig. 3 also shows a coronal section of the t-statistic map.

Hip fracture discrimination based on BMD of the fracture-driven region of interest
Based on the scans from the training set, we derived the t-statistic map, as shown in Fig. 4. It
differs, as expected, from the t-statistic map shown in Fig. 3, since only half of the total 75
subjects were used to form the training set. Based on the p-values of the t-tests, the FDR analysis
with a q-value of 0.05 showed that almost all voxels inside the proximal femur had statistically
significant BMD differences between the fracture patients and the controls (not shown). We
then selected the sub-regions from the t-statistic map with t-values over a threshold of 3.0 to
form the F-ROI. Fig. 5 shows one coronal section of such sub-regions overlayed on the QCT
image. The BMD in such sub-regions was used to discriminate hip fracture for the scans from
the test set.

To evaluate fracture discriminatory power using BMD in the F-ROI, we carried out ROC
analysis, and compared the performance against conventional methods based on BMDs
measured in anatomic ROIs. As examples, two ROC curves are shown in Fig. 6. We calculated
the AUC (area under curve) for each ROI, as tabulated in Table 1. The AUC for the F-ROI,
0.92, was higher than for any of the AUC values of the anatomic ROIs, which ranged between
0.78 and 0.87. We also calculated the specificities at the fixed sensitivity of 95% (i.e., the rate
that the fracture patients were not detected by the test was 5%). The F-ROI showed a higher
specificity at this fixed sensitivity than anatomic ROIs, with statistical significance observed
for ROIs including the integral, trabecular neck ROIs, the integral, cortical trochanter ROIs,
and the entire proximal femur.

Comparing neck fracture and trochanteric fracture
We also compared the QCT scans of the 29 patients with neck fractures against the 8 patients
with trochanteric fractures. As shown in Table 2, the patients with trochanteric fractures had
lower average femoral neck BMD and trochanter BMD. However, neither of these two BMD
differences was statistically significant (with p-values of 0.661 and 0.649, respectively). We
then performed SPM comparisons between the two types of fractures. In Fig. 7 (A), (B), (C),
three consecutive coronal sections are shown with the t-statistic map overlaid on the CT images.
The positive t-statistics (in warm red-yellow colors) indicate regions where the BMDs are
higher for neck fracture patients, while the negative t-values (in cold bluish colors) indicate
regions where the BMDs are lower for neck fracture patients. Fig. 7 shows that for most of the
regions, the patients with trochanteric fractures had lower BMDs. However, in the small bluish
region near the femoral neck and the femoral head (pointed at by arrow I in Fig. 7B), the patients
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with neck fractures had lower BMDs. We calculated the BMD in this blue region. The results
in Table 2 show that, the patients with neck fractures had lower BMD in this region of interest
compared to patients with trochanteric fractures (p-value = 0.014). In Fig. 7, most parts of the
trochanter show positive t-statistics (warm yellowish colors), such as in the bright yellowish
region (as pointed at by arrow II), which corresponds to the internal calcar septum (“thigh
spur”)[1]. To better illustrate this structure, one of the QCT sections in the axial view is shown
in Fig. 7 (D). In Fig. 7 (E), the t-statistic map is further overlaid. We segmented the internal
calcar septum, as shown in (F), and calculated the BMDs in this region for the patients. As
shown in Table 2, the patients with trochanteric fractures had lower internal calcar septum
BMD compared to patients with neck fractures (p = 0.006).

Computer execution time—For our image analysis, we used a Dell workstation with a
Pentium 4 processor, 2.4 Ghz CPU and 1.5Gb RAM. For image registration, the average CPU
time for registering a hip pair was 2.3 minutes for rigid registration, and 14.9 minutes for non-
rigid registration. The time used for atlas analysis to identify the fracture-critical regions and
to apply them for hip fracture discrimination was approximately one hour.

Discussion
We have applied inter-subject image registration and statistical atlas analysis to identify regions
of tissue comprised of clusters of voxels that are individually associated with hip fracture. The
results support the idea that the regions of tissue at high risk of fracture correspond to those
regions that are less stimulated mechanically during normal load bearing. This can be seen, for
example, in the femoral neck region in Fig. 3, where the voxels with high t-statistics are mainly
concentrated in the superior aspect of the neck, a region which is relatively unstimulated by
routine mechanical loading[22]. By splitting our cohort into two independent sets, a training
set and a test set, we have also showed that BMD measurement based on the fracture-driven
regions tended to show higher power to discriminate hip fracture. By focusing bone
densitometric measurement in such fracture- driven regions, our methods may lead to a higher
standard in clinical fracture risk prediction and drug efficacy monitoring.

In our voxel-based models, the highest t-statistics are localized mainly in three sub-regions
inside the femoral head, the femoral neck, and the trochanter. The femoral neck and the
trochanter are the locations of the two typical hip fracture types, i.e., neck fracture and
trochanteric fracture. Fig. 8 shows sample QCT images of fractured hips. Qualitatively, the
spatial distribution of t-statistics showed distinct clustering at clinically-observed femoral neck
and trochanteric fracture sites. Interestingly, the femoral head, although not a fracture site,
appears to show patterns that associate with hip fracture risk. In our earlier application of the
SPM analysis method to study proximal femoral bone loss associated with long-duration
spaceflight[20], it was observed that the accelerated bone loss also occurred in the femoral
head. These observations may indicate the value of including a femoral head region in QCT
densitometry analysis. Currently the femoral head is often ignored in densitometry analysis
[2-4,9,19] since the femoral head is difficult to be segmented due to the narrow spacing between
the femoral head and the acetabulum[15].

The results of our study also support the idea that the spatial distribution of tissue at high risk
for fracture may vary as a function of fracture type. When we carried out a statistical analysis
to delineate voxels differing between subjects with trochanteric and femoral neck fractures,
we observed that BMD measured in the cluster of voxels in ROI I (Fig. 7B) near the femoral
neck was significantly lower in subjects with femoral neck fractures, where ROI I corresponds
roughly to the clinical neck fracture site as shown in Fig. 8A. BMD measured in the trochanteric
cluster of voxels, particularly in ROI II (Fig. 7B), was lower in the subjects with trochanteric
fractures. Such trochanteric voxels also correspond roughly to the clinical trochanteric fracture
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site as shown in Fig. 8B. While this finding should be interpreted with caution due to small
sample size (n=8 subjects with trochanteric fractures), it does provide support for the overall
biologic plausibility of our approach.

For this fracture study, the voxel selection criteria for the fracture-driven region of interest (F-
ROI) differed from the spaceflight study[20] in that FDR analysis could not be employed. In
this study, almost all voxels inside the proximal femur showed statistical significance in BMD
difference between the fracture patients and the controls. In order to limit the number of voxels,
we applied a t-statistic threshold of 3.0 to select approximately ten percent of voxels inside the
proximal femur. We also tested different t-statistic thresholds to select more voxels (t=2.0, 2.5)
and less voxels (t=3.5, 4.0) to define the F-ROI, and no improvement of fracture prediction
was observed. We are currently developing a more sophisticated method based on a
permutation cluster test[28] to optimize the threshold determination and to take into account
other factors such as voxel cluster size.

Our inter-subject registration approach provides information which may enhance that provided
by finite element modeling (FEM) [17]. FEM utilizes the bone mineral density distribution
from the CT scan to estimate the bone material properties. In conjunction with approximations
of the applied load, the FEM technique estimates the whole bone strength and the spatial
distribution of stress and strain. Our methodology may be used to statistically analyze the
images generated by the FEM process. For example, this technique may be applied to an FEM
analysis of a pharmacologic intervention, thus shedding light on how the treatment affects the
spatial distributions of stress and strain.

In this study, we selected hip fracture to develop and test our methods. Hip fracture accounts
for 14% of the total incident fractures, and 72% of the total cost [7]. Our technique is easily
applicable to vertebrae and to other skeletal sites (such as forearm and tibia). And we expect
similar results can be observed, i.e., the regional BMD correlation to bone fracture is not
uniformly distributed inside the vertebrae and other skeletal sites. Our techniques can also be
generalized to other imaging modalities, such as magnetic resonance imaging (MRI).

The fundamental limitation of this overall approach is that registration inevitably introduces
errors due to mis-registration and data interpolation during image transformation. Such
registration errors can result in the loss of structural detail. Despite this, our image registration
approach produces images of sufficient quality to three-dimensionally compare bone images
from different subjects. Image registration, particularly non-rigid registration, has been a
rapidly developing technique in medical image processing. With higher imaging resolution
and optimized registration techniques, the effect of registration induced errors is likely to
diminish.

Although currently osteoporosis diagnosis and treatment decisions are largely based on bone
mineral density, and we expect our technique described in this paper to improve such decisions,
it is worth pointing out that BMD alone can not satisfactorily identify subjects at high risk of
fracture [25,26]. In 2008, the World Health Organization (WHO) introduced a new fracture
risk assessment tool, the FRAX [16], which integrates other clinical risk factors such as age,
gender, prior/parental fracture history, smoking status and alcohol use, etc.. Such clinical risk
factors should be taken into account when our technique described in this paper is used
clinically in order to achieve the best fracture risk diagnosis.

In summary, we have identified regions inside the proximal femur that show the strongest
association with hip fracture, and have demonstrated that bone mineral density measurement
based on such regions can improve the power to discriminate between hip fracture and control
subjects. Our voxel-based SPM analysis has also illustrated differences in BMD distribution
between patients with neck fracture as opposed to trochanteric fracture. We will continue to
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study these fracture-critical regions and their ability to predict hip fracture in a prospective
manner, and to characterize fracture-related features associated with ethnic, gender, age
differences, as well as to characterize changes due to disease, pharmacologic interventions,
and exercises. Our methods may also be used in conjunction with some functional
measurements, such as bone turnover markers, to understand the possible correlation between
such functional measurements and the 3D bone mineralization behavior.
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Fig. 1.
Registration establishes geometric correspondence between homologous locations in the target
(A0) and the source (B0) scans. The registered image (B1) is a resampled image of the source
image (B0). It has the same dimensions as the target image A1 (A1 is duplicated from A0 for
illustration clarity). For each voxel in B1, the grayscale BMD value is taken from the
corresponding location (determined by results from registration) in the original source image
B0. Notice that during the resampling, in the resampled image, the BMD value is not changed
from the corresponding BMD value in the original source image, unless the mapping points to
a location in the source image that has non-integer coordinates. For such a case, tri-linear
interpolation is applied to calculate the BMD value.
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Fig. 2.
Anatomic regions of interest. (A)-(C) are the neck integral, neck cortical and neck trabecular
ROIs, respectively. (D)-(F) are the trochanter integral, cortical and trabecular ROIs,
respectively. (G) is referred to as the “entire femur” in this paper.
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Fig. 3.
Top: t-statistic map illustrates regional bone mineral differences between 37 fracture patients
and 38 controls. This is a 3D surface rendering. Bottom: One coronal section of the t-statistic
map overlayed on the QCT image, where voxels with low t-statistics (lower than 3.5) are not
displayed in order to focus more on the regions with higher t-values.
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Fig. 4.
t-statistic map (3D surface rendering) derived with scans from the training set (19 fracture
patients and 19 controls).
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Fig. 5.
Fracture-driven region of interest (F-ROI), derived from the training set scans, overlaid on the
QCT scan (a coronal section).
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Fig. 6.
ROC curves. A ROC curve shows the true positive rate (sensitivity) versus false positive rate
(1-specificity) over a range of cut-off values. The area under each curve, i.e., the AUC value,
provides a measure of diagnostic accuracy when using the particular ROI for fracture prediction
purposes. In this figure, for clarity, only the two most extreme ROC curves are shown.
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Fig. 7.
Bone mineral differences between patients with neck fractures and trochanteric fractures (this
figure is best viewed in color). The upper panel shows three consecutive coronal QCT sections
overlaid by the corresponding t-statistic map. The t-statistics ranged from -3.7 to 4.2. For
clarity, voxels with t-statistics close to zero (-1.2 to 1.5) are not shown. In the small bluish
regions (indicated by arrow I), the patients with neck fractures had lower BMD values. In the
red-yellow regions, the patients with trochanteric fractures had lower BMD values. In
particular, the bright yellowish region, as indicated by arrow II in (B), corresponds to the
internal calcar septum, or “thigh spur”. To better illustrate the thigh spur structure, one section
in the axial view is shown in the bottom panel. (D) is the QCT image. (E) has the t-statistic
map overlaid. (F) highlights the segmented thigh spur.
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Fig. 8.
Sample QCT images (coronal sections) from patients with hip fractures. (A): neck fracture.
(B): trochanteric fracture. Arrows point to the fracture sites.
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Table 2
Comparing BMD differences between 29 patients with neck fractures and 8 patients with trochanteric fractures. For
patients with trochanteric fractures, the average BMDs in the femoral neck and the trochanter were both lower.
However, neither differed significantly (with p-values of 0.661 and 0.649, respectively). From the SPM-based
comparison, we selected two sub-regions, one near the femoral neck and the femoral head (ROI I, as indicated by arrow
I in Fig. 7B), and the other in the internal calcar septum (ROI II, as indicated by arrow II in Fig. 7B). The average
BMDs in these two regions were calculated, and the differences between the two fracture types were statistically
significant (with p-values of 0.014 and 0.006, respectively).

average BMD (g/cm3)
(neck fracture)

average BMD (g/cm3)
(troch. fracture) p-value

neck 0.196 0.183 0.661

trochanter 0.170 0.156 0.649

ROI I (a region near the neck/head) 0.072 0.101 0.014

ROI II (internal calcar septum) 0.516 0.409 0.006
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