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Heterogeneity of Bone Microstructure in the Femoral Head in
Patients with Osteoporosis: an ex vivo HR-pQCT study

Ko Chibal2, Andrew J. Burghardt!, Makoto Osaki2, and Sharmila Majumdar?

IMusculoskeletal Quantitative Imaging Research Group, Department of Radiology and
Biomedical Imaging, University of California, San Francisco; San Francisco, CA USA

?Department of Orthopedic Surgery, Nagasaki University School of Medicine; Nagasaki, Japan

Abstract

Introduction—Trabecular bone in the femoral head has a complicated and heterogeneous
structure with few studies having analyzed heterogeneity in this structure quantitatively. We
analyze trabecular bone microstructure in the femoral head with osteoporosis (OP) using high
resolution peripheral quantitative CT (HR-pQCT) to investigate its regional characteristics.

Methods—Fifteen femoral heads extracted from female OP patients with femoral neck fracture
(85 + 7, 67-94 years) were scanned by HR- pQCT at 41 um voxel size. The femoral head was
segmented into 15 regions (3 longitudinal regions: superior, center, and inferior, and 5 axial
subregions: center, medial, lateral, anterior, posterior). Of these 15 regions, five were excluded
due to overlap with the fracture site, leaving a total of 10 regions of cancellous bone
microstructures to be quantitatively assessed using the following parameters: bone volume
fraction, trabecular thickness, number, separation, connectivity density, structure model index, and
degree and orientation of anisotropy. These parameters were compared among each region.

Results—Trabecular bone at the center, superior, and supero-posterior regions of the femoral
head had higher bone volume, trabecular number, thickness, narrower bone marrow spaces, higher
connectivity and anisotropy, and more plate-like structure. This plate-like structure ran supero-
inferiorly and antero-posteriorly at the superior and center regions. Bone volume at the anterior,
posterior, and medial regions was almost half of the central and superior regions.

Conclusion—Significant heterogeneity of the trabecular bone microstructure in the OP femoral
head was showed quantitatively in this study. These data offer new insight into bone
microstructural anatomy and may prove to provide useful information on clinical medicine such as
hip surgeries.
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Introduction

Methods

Materials

Imaging

Osteoporosis (OP) is one of the most common diseases in elderly people, with OP fractures
in this population playing a significant role in the reduction in activity of daily living (ADL).
In particular, patients with OP fractures at the proximal femur require surgery and a long
recovery process to resume normal activity with a decrease in their vital prognosis. (1,2)

The proximal femur has a unique morphology, with the trabecular bone having a
complicated and heterogeneous structure. Bone microstructure analysis has played an
important role in OP research. However, most of the previous studies regarding bone
microstructure in the OP proximal femur have only been performed on bone specimens
using micro CT. (3-6) In these studies, small bone samples were extracted from bone
specimens and their microstructure was analyzed. The whole bone microstructure in the OP
proximal femur is still not well-characterized.

High Resolution peripheral Quantitative CT (HR-pQCT) can image human peripheral
skeletal sites such as the distal radius and distal tibia at high resolution with a voxel size of
82 um, thus enabling /n vivo bone microstructure analysis. (7,8) HR-pQCT is also useful for
ex vivo bone microstructure analysis for larger bone specimens. (9—11) Bone specimens up
to 12.6 cm in diameter and 15 ¢cm in length can be scanned at a higher resolution with a
voxel size of 41 pm, allowing trabecular bone microstructure to be analyzed (Fig. 1).

Analyzing the microstructure in the OP femoral head may help obtain new information that
could prove to be clinically significant. For example, investigating regional features of bone
microstructure would provide more detail about the anatomy of the femoral head, which
would be useful information for surgical interventions such as osteosynthesis and
osteotomy. Moreover, cross-sectional analysis of the correlation between bone volume and
bone microstructure may provide insight into bone microstructural changes due to OP
development, and allow us to gain a better understanding of OP pathophysiology.

We analyzed bone microstructure in the femoral head extracted from patients with OP using
HR-pQCT with the following research questions in mind: (1) What are the features of bone
microstructure in each region of the OP femoral head, and (2) what is the correlation
between bone mass and bone microstructure in each region.

Fifteen Japanese OP patients with femoral neck fracture who had undergone femoral head
replacement at Nagasaki Yurino hospital and Nishi-lsahaya hospital participated in this
study (mean age 85 * 7 years, range 67-94 years, all female). Males, as well as patients who
had any sign of bone and joint diseases such as osteoarthritis and rheumatoid arthritis, or
who took medicines affecting bone metabolism were excluded from the study. The mean
height was 145 + 9 cm (130-160 cm), weight was 44.1 + 6.3 kg (35.0-52.0 kg), and BMI
was 21.0 = 3.0 kg/m? (17.6-25.0). Fifteen femoral head specimens were obtained during
surgery and stored in a freezer. The study protocol was approved by the ethics review board
of our institute and complied with the Declaration of Helsinki of 1975, revised in 2000.

Bone specimens were thawed gradually, put on the dedicated device with the posterior site
of the femoral head facing the CT gantry table, and fastened with Velcro. They were then
scanned by HR-pQCT (XtremeCT, Scanco Medical, Bruttisellen, Switzerland) with a voxel
size of 41 um using the following scan settings: x-ray tube voltage 60 kVp, tube current 900
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pAs, field of view 126 mm, matrix size 3072x3072, exposure time 300 ms, and number of
projections 1000. The spatial resolution was 88 pm. (12) Scan length was approximately 44
mm, resulting in 1070 slices and a 37 minute scan time.

Measurements

Using bone microstructure measurement software (TRI1/3D-BON, Ratoc System
Engineering, Japan), adjustment of the femoral head orientation, segmentation of the regions
of interest (ROI), and measurement of bone microstructural parameters in each region were
performed.

Orientations of all femoral heads were adjusted based on anatomical landmarks using the
principal compressive trabeculae and fovea capitis femoris (Fig. 2 A-C). In the multi-planar
reconstructed images, the femoral heads were rotated so the principal compressive
trabeculae were oriented along the supero-inferior axis in coronal and sagittal views, and the
fovea capitis femoris faced medially in the axial view.

The femoral head was divided into 15 regions (Fig. 2 A-C). In coronal and sagittal views,
the femoral head was divided into 3 equal regions (superior, center, and inferior). Then in
axial views, each region was subdivided into 5 sub-regions (center, medial, lateral, anterior,
posterior) by setting a square, with side lengths equal to 1/3 of the femoral head maximum
diameter, in the center and drawing 4 lines outward from the vertex.

A fixed threshold value was used for the binarization of the bone images in this study. From
the histogram of the cancellous bone region in 5 arbitrary specimens, the threshold between
bone and background was determined by discriminant analysis. Their mean threshold value
(340 mg/cm3) was used as the fixed threshold for the analysis of all specimens.

By filling bone marrow spaces in the binarized bone images, the entire bone region was
obtained. Then, by deleting the cortical shell (subchondral bone plate), the cancellous bone
region was extracted (Fig. 2 D). Based on the thickness of the cortical shell in the femoral
head ranging from approximately 100 to 700 pm, the cortical shell region was excluded
automatically by eroding the entire bone region 1 mm from the surface.

After manual deletion of the remaining bone fragments on the surface of the fracture line, a
contour containing the cancellous bone area was obtained automatically. By removing the
contour under the intact cortical shell, the fracture line was identified. Regions within a 2.5
mm margin from fracture line were automatically excluded from the measurement regions
(Fig. 2 D). Regions that consistently lost more than 1/2 of their volume were excluded from
further analysis. As a result, 5 common fracture regions (Cen-Lat, Inf-Cen, Inf -Lat, Inf -
Ant, Inf -Post) were not studied further. Thus, a total of 10 regions (Sup-Cen, Sup-Med,
Sup-Lat, Sup-Ant, Sup-Post, Cen-Cen, Cen-Med, Cen-Ant, Cen-Post, and Inf-Med), where
the bone volume was intact, were included in the statistical analysis (Fig. 2 E). One Cen-Pos
region and three Inf-Med regions from a total of 15 subjects were excluded from their
respective group because the fracture extended to these regions for these unusual cases
(Table 1).

The following trabecular bone microstructure parameters were measured in each ROI: bone
volume fraction (BV/TV) (%), trabecular thickness (Tb.Th) (um), trabecular number (Th.N)
(1/mm), trabecular separation (Tb.Sp) (Um), connectivity density (ConnD) (1/mm3),
structure model index (SMI), degree of anisotropy (DA), and orientation of anisotropy (MIL
axes: a-theta, a-phi, b-theta, and b-phi). (13)
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ConnD is a parameter of trabecular connectivity, where a higher value indicates greater
connectivity. (14) SMI is an index evaluating whether trabecular bone is rod-like or plate-
like; with O indicating a plate-like structure and 3 indicating a rod-like structure. (15)

DA and orientation of anisotropy were calculated by the mean intercept length (MIL)
method. (16) DA is determined by the ratio between the primary and tertiary axes of the
MIL ellipsoid (DA=a/c), with a higher value indicating higher anisotropy (Fig. 3 A).

Orientation of anisotropy is expressed by the orientation of the MIL primary axis in
coordinate space, which is defined as the angles between the MIL primary axis, and the z
and y axes (a-theta and a-phi) (Fig. 3 B). In this study, these angles were transformed into
the absolute value to draw focus on how much the trabecular bone ran along the direction of
the z (superio-inferior), y (antero-posterior), or x (medio-lateral) axes. For example, |a-theta]
=0 indicates the trabecular bone ran superio-inferiorly, |a-theta|=90 and |a-phi|=0 means the
trabecular bone ran antero-posteriorly, and |a-theta|=90 and |a-phi|=90 means the trabecular
bone ran medio-laterally. In instances where |a-theta| is around 45 and |a-phi|=0, the original
data was further examined to determine whether the trabecular bone ran from supero-
anterior to infero-posterior, or supero-posterior to infero-anterior.

In the plate-like structure, the orientation of the MIL secondary axis also has structural
importance. For example, |a-theta|=0, |b-theta|]=90, and |b-phi|=0 means the plate-like
trabeculae run superio-inferiorly and antero-posteriorly. |a-theta|=0, |b-theta|=90, and |b-phi|
=90 means the plate-like trabeculae run superio-inferiorly and medio-laterally.

Statistical analysis

Results

Statistical analysis was performed using SPSS ver.16.0 (SPSS, Chicago, IL, USA).
Microstructural parameters were compared among each region by ANOVA with a
Bonferonni correction to account for multiple comparisons. The correlations between BV/
TV and the other microstructural parameters were analyzed by Pearson's correlation
coefficient. For all analyses, the level of statistical significance was established at P < 0.01.

Regional Characteristics of Bone Microstructure

Metric parameters for bone microstructure in each region are presented in Table 1.
Significant regional differences were observed in all parameters, most notably in BV/TV
and Th.N. BV/TV was significantly higher in Cen-Cen, Sup-Cen, and Sup-Pos regions, and
lower in Sup-Med, Cen-Med, and Inf-Med regions (average 24.2, 21.0, 17.9, 9.8, 8.0, and
6.2 %, respectively, P<0.01). This is also shown as a bar graph in Fig. 4. The same tendency
was seen in Th.N (average 0.676, 0.669, 0.628, 0.351, 0.326, and 0.245 mm, respectively,
P<0.01). Th.Th was significantly the highest in the Cen-Cen region (average 261 um,
P<0.01). Th.Sp was higher in the Inf-Med region, and lower in the Cen-Cen and Sup-Pos
region (average 980, 667, and 665 um, respectively, P<0.01).

Table 2 shows non-metric bone microstructure parameters in each region. Conn.D was
significantly higher in Cen-Cen, Sup-Cen, and Sup-Pos regions, and lower in Sup-Med,
Cen-Med, and Inf-Med regions (average 1.82, 1.86, 2.05, 0.73, 0.75, and 0.43 mm,
respectively, P<0.01). The same tendency was seen in DA (average 2.34, 2.36, 1.96, 1.64,
1.31, and 1.48, respectively, P<0.01), which means trabecular bone has higher connectivity
and anisotropy in Cen-Cen, Sup-Cen, and Sup-Pos regions. SMI was significantly lower in
Cen-Cen, Sup-Cen, and Sup-Pos regions, and higher in Sup-Med, Cen-Med, and Inf-Med
regions (average 1.33, 1.59, 1.94, 2.57, 2.54, and 2.63, respectively, P<0.01), which means
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the trabeculae were moderately plate-like in Cen-Cen, Sup-Cen, and Sup-Pos regions, and
highly rod-like in the medial regions.

Orientations of the MIL primary axis (Ja-theta| and |a-phi|) and secondary axis (|b-theta| and |
b-phi|) represent orientations of trabecular anisotropy and plate-like structure, respectively
(Fig.3). Therefore, these parameters only have a specific meaning in regions where DA is
significantly higher and SMI is lower (Sup-Cen, Cen-Cen, and Sup-Pos region). In Sup-Cen
and Cen-Cen regions, |a-theta| was close to 0°, |b-theta| was close to 90°, and |b-phi| was
close to 0°, which means that the MIL primary axis ran along the z-axis (supero-inferiorly)
and the secondary axis ran along the y-axis (antero-posteriorly). The 3D images of
trabecular bone at the Sup-Cen region are demonstrated in Fig.5. In the Sup-Pos region, |a-
theta| was 33°, |a-phi| was close to 0°, |b-theta| was 58°, and |b-phi| was close to 0°,
indicating the MIL primary axis ran at a 33° angle with the z-axis from the supero-posterior
to infero-anterior direction in the y-z plane and the secondary axis ran with a 58° angle with
the z-axis from supero-anterior to infero-posterior in the y-z plane.

Correlation between Bone Volume and Bone Microstructure

Table 3 shows the correlation between BV/TV and other bone microstructure parameters in
each region. A positive correlation was found between BV/TV and Th.Th, Th.N, and
Conn.D, and negative correlation between BV/TV and Th.Sp and SMI in almost all regions
(JR| ranging from 0.69 to 0.98, P<0.01). BV/TV was negatively correlated with DA in Cen-
Cen, Sup-Ant, Sup-Cen, and Sup-Pos regions (R ranging from —0.64 to —0.80, P<0.01). As
shown in Fig. 6, patients with lower BV/TV had thinner Th.Th, lower Th.N, wider Th.Sp,
lower Conn.D, higher SMI (more rod-like), and higher DA.

Discussion

As far as we know, this is the first study analyzing regional characteristics of bone
microstructure in the femoral head in patients with osteoporotic hip fractures. Most of the
previous studies have analyzed bone microstructure in a part of the femoral head using
micro CT, HR-pQCT, clinical CT, and MRI. (3-5,9,17-18)

The heterogeneity of bone microstructure in the femoral head as showed in Table 1, 2, and
Figure 4 might be caused by a heterogeneous load distribution in the hip joint and the
proximal femur as previous reports have shown. The femoral head articulates with the
acetabulum across its superior and posterior surfaces, with the medial side facing the
acetabular fossa and the femoral head ligament, and the lateral side facing the joint capsule
and the gluteus minimus muscle. Therefore, higher weight bearing across the superior and
posterior surface of the hip joint would be expected to produce higher bone volume,
trabecular number, thickness, connectivity, anisotropy, and a plate-like structure at the
superior, supero-posterior, and central regions (Sup-Cen, Sup-Pos, and Cen-Cen) of the
femoral head, spanning the principal path for load transfer from the femoral head to the
femoral diaphysis. In contrast, lower weight bearing over the medial surface would be
expected to be associated with lower bone volume, trabecular number, connectivity,
anisotropy, and rod-like structure at medial regions (Sup-Med, Cen-Med, and Inf-Med).

Load distribution in the hip joint might also influence the orientation of anisotropy, resulting
in trabecular bone running supero-inferiorly in the superior and central regions (Sup-Cen
and Cen-Cen), and from the supero-posterior to infero-anterior direction in the supero-
posterior region (Sup-Pos) (Table 2).

Plate-like structures running supero-inferiorly (MIL primary axis) and antero-posteriorly
(MIL secondary axis) at the superior and center (Sup-Cen and Cen-Cen) regions might be
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caused by loading patterns in the hip joint (Fig. 5). Habitual movement of the hip joint
primarily consists of hip flexion-extension (e.g. walking, running, standing up, sitting down,
and walking up/down stairs). This loading pattern in the sagittal plane may be related to the
plate-like bone formation in the femoral head.

Bone microstructure in the femoral head is regulated by load distribution in not only the hip
joint but also the proximal femur. Trabecular bones in the proximal femur have been studied
by anatomic sections and macro radiographs, and their distribution has been classified into
five groups: the principal compressive group, the principal tensile group, the secondary
compressive group, the secondary tensile group, and the greater trochanter group. (19-21)
Those trabecular groups are distributed heterogeneously but adjusted properly to the load
distribution in the proximal femur according to Wolf's law. (22) The principal compressive
group runs from the superior aspect of the femoral head to the medial cortex of the femoral
neck, and is preserved preferentially while OP develops. The principal tensile group runs
from the medial region of the femoral head to the greater trochanter, intersecting with the
principal compressive group at the center of the femoral head. Those trabecular groups also
explain the bone microstructural features we observed by HR-pQCT.

These findings have potentially important implications for optimal screw positioning for
orthopedic procedures including osteosynthesis for hip fracture, and osteotomy for hip
deformity and osteoarthritis. Previously, the center of the femoral head has been considered
the ideal position for screw placement, with inaccurate screw insertion into the anterior
region of the femoral head increasing the risk for screw cut-out. (23,24) Our data supports
these conclusions, most notably in the BV/TV distribution throughout the femoral head with
the most central region (Cen-Cen region) being of highest value. Inaccurate screw insertions
occur occasionally due to poor lateral x-ray images in the operating room. If the screw is
inserted into the anterior or posterior parts of the femoral head (Cen-Ant and Cen-Pos
regions), where the BV/TV is almost half of the central part (Cen-Cen region), there may be
an increased risk for screw failure and the need for further corrective surgery (Table 1, Fig.
4). In the case of the medial region (Cen-Med), where the BV/TV is almost 1/3 of the central
region, screw insertion would be less likely to cause serious problems as the screw would be
likely achieve partial anchorage in the dense central region.

Individual differences of bone microstructure in the femoral head were also found across the
specimens studied here. In the case of BV/TV shown in table 1, the range of values across
subjects spanned more than + 50% of the mean, indicating some patients had highly fragile
bone microstructure even in high bone volume regions such as the central region. This
would be another issue to consider when evaluating patients for hip surgery.

As expected, lower bone volume was associated with smaller and fewer trabeculae, wider
bone marrow spaces, less trabecular connectivity, a more rod-like structure, and higher
anisotropy in almost all regions (Table 3, Fig. 6). Higher anisotropy might be caused by
selective bone loss in the process of OP development. Trabeculae perpendicular to the
loading direction may decrease disproportionately, while trabeculae parallel to the loading
direction are preserved, resulting in increased anisotropy.

Previously, osteoporotic changes of trabecular bone in the femoral head have been semi-
quantitatively evaluated by plain radiographs. Based on changes in the principal
compressive and tensile trabecular bones observed from an anterior-posterior view, the
degree of osteoporosis has been typically classified into six grades based on severity (Singh
Index). (21) As OP develops, bone is primarily lost in the principal tensile group, which runs
laterally from the femoral head to the greater trochanter, and subsequently bone loss occurs
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in the principal compressive group. This might explain why the degree of anisotropy
increases with OP progression in our study.

Clinical CT has enabled us to three-dimensionally evaluate quantitative parameters such as
bone mineral density, but this technology currently lacks the resolution needed to accurately
quantify trabecular bone microstructure. (25-26)

Stauber and Muller used micro CT to investigate age-related changes in trabecular bone
microstructure at 4 mm cube regions of cancellous bone samples extracted from the femoral
heads and lumber spine of human cadavers. (3) Cui et al also performed micro CT scan on 8
mm diameter cancellous bone extracted from the femoral head, neck, and trochanter of male
cadavers to analyze age-related changes and found that with regards to the femoral head,
BV/TV, Th.Th and Th.N decreased, and Th.Sp increased with aging. (4) Zhang et al
analyzed 5 mm diameter and 10 mm high cancellous bone cores extracted from the femoral
heads of osteoarthritis and OP patients using micro CT, and reported that OP patients
showed smaller BV/TV and Th.N, and greater SMI (more rod-like structure). (5) These
results support the findings of bone microstructural changes due to bone loss in our study.

Our study has some limitations. Fractured regions were excluded from the analysis because
the bone microstructure was destroyed making the regions unquantifiable. In addition, we
did not analyze regions where osteoporotic fractures are typically found, such as the femoral
neck and trochanter. This means our study did not contribute to the understanding of the
pathogenesis of these types of fractures. Moreover, we did not analyze cortical bone
structure and bone mineral density. This study was primarily concerned with the cancellous
bone microstructure of the femoral head, including its heterogeneity and associated
osteoporotic changes. Studies using cadavers with OP would be able to investigate a larger
area of bone microstructure in the proximal femur. Hansen et al studied bone microstructure
of the femoral head, neck, greater trochanter, and lessor trochanter using femur specimens
by HR-pQCT and compared them with compressive strength obtained by biomechanical
testing. This group scanned a 9.02 mm width center cross section of the femoral head, and
found higher BV/TV and Th.N values in the femoral head than seen in the femoral neck and
trochanter. (9)

The number of subjects was not large in this study (N=15) and therefore further studies with
a larger sample size would be needed to validate our results. Originally, we collected bone
specimens from 33 femoral heads, but after initial scanning 18 of them had to be excluded
because they had bony damages due to the operation. All of these bone specimens were
derived from OP patients with femoral neck fractures, and we did not have healthy controls
in this study. So, we were not able to reveal if the degree of microstructural heterogeneity in
the femoral head was specific for OP patients or even healthy controls have the same
tendency. This was a cross-sectional study using femoral head specimens, and our
assumptions on osteoporotic changes were based on this cross-sectional data. It is
impossible to perform HR-pQCT scanning on hip joints /n vivo. Future development and
increased spatial resolution in clinical CT and MRI would help solve this problem. (17, 18,
27, 28)

Orientation of the femoral heads were adjusted by the principal compressive trabeculae and
fovea capitis femoris, but the directions of these anatomical landmarks may vary slightly
across subjects as a result of natural morphological differences and the positioning of the
limb. Generally, the orientation of the principal compressive trabeculae is such that it
declines medially (10~30 degree) and anteriorly from the plumb line, which in turn depends
on the femoral neck shaft angle and femoral anteversion. The fovea capitis femoris faces
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medially, but may vary according to hip internal and external rotation (toe-in and toe-out
gait).

In conclusion, this study demonstrated the central, superior, and supero-posterior regions of
the femoral head had higher bone volume, trabecular number, connectivity, anisotropy, and
plate-like structure compared to the rest of the femoral head. These plate-like structures run
supero-inferiorly and antero-posteriorly at the superior and center of the femoral head. This
heterogeneous bone microstructure in the femoral head would be caused by heterogeneous
load distribution in the hip joint and the proximal femur.

The maximum difference of bone volume between individuals was more than two times.
Lower bone volume was related to less trabecular thickness, number, and connectivity,
wider bone marrow spaces, more rod-like structure, and higher anisotropy.

These quantitative data indicating regional and individual heterogeneities of the trabecular
bone microstructure in the OP femoral head provide new insight into bone microstructural
anatomy and may prove to be useful information on clinical medicine such as hip surgeries.
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Fig. 1.

3D image of the femoral head of 76 y.o. female patient with femoral neck fracture. Ex vivo
HR-pQCT allows high resolution images (pixel size 41 um, isotropic) of large bone
specimens (within 126 mm in diameter, 150 mm length) to be obtained.
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Fig. 2.

A-C, Multi-planar reconstructed images of the femoral head (A-C). Orientations of all
femoral head specimens were adjusted by anatomical landmarks: lining up the principal
compressive trabecular band (arrows) supero-inferiorly in the coronal and sagittal views (A,
B), and facing the fovea capitis femoris (arrow) medially in the axial view (C). The femoral
head was divided into 3 regions (Sup., Cen., and Inf.) (A, B), and then each region was sub-
divided into 5 regions (Cen., Med., Lat., Ant., and Post.) (C).

D-E, Overlaid images of CT axial view and ROIs (D) and 3D images of ROIs (E). Fracture
regions were excluded with a 2.5 mm margin (D). As a result, 5 regions (Cen-Lat, Inf-Cen,
Inf -Lat, Inf -Ant, Inf -Post) were not ultimately studied. Cancellous bone microstructure
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was measured in the 10 remaining regions (Sup-Cen, Sup-Med, Sup-Lat, Sup-Ant, Sup-Post,
Cen-Cen, Cen-Med, Cen-Ant, Cen-Post, and Inf-Med) (E).
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Fig. 3.

A-B, Anisotropy was calculated by the MIL method. Degree of anisotropy was defined as
the length of the primary axis / tertiary axis of the MIL ellipsoid (DA=a/c) (A). High DA
indicates high anisotropy. Orientation of anisotropy was defined as the absolute angle
between the MIL axis, z-axis (theta) and y axis (phi) in this study (B). a-theta=0 means the
bones are running supero-inferiorly, a-theta=90 indicates a horizontal orientation, a-phi=0
means the bones are running antero-posteriorly, and a-phi=90 means they run medio-
laterally. In plate-like bones, b-theta and b-phi also define the orientation of the plate
structure.
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Fig. 4.

A-C, Regional distribution of BV/TV. BV/TV was higher in Cen-Cen, Sup-Cen, and Sup-
Post regions. These regions would be weight bearing sites during standing and hip flex-
extension movements. BV/TV at Cen-Ant and Cen-Post regions, where fixation of the screw
for correcting a hip fracture may occasionally be improperly inserted, was almost half of
Cen-Cen region.
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Fig. 5.

A-D, Features of trabecular bone structure at the Sup-Cen region (A and B: its orientation,
C: AP view, D: Lat. view). Plate-like bone structure is predominantly observed in this region
(SMI is average 1.59) and tend to run supero-inferiorly and antero-posteriorly (DA is 2.36,
a-theta was 4.6, and b-phi was 9.3) (C, D). Weight bearing may indicate the need for the
supero-inferior plate-like sturdy structure in this region. In addition, daily hip flex-extension
movements (walk, sit down, stand up, etc.) might explain its antero-posterior orientation.
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A-B, 3D images at the Cen-Cen region of 2 cases (BV/TV: 32.3 and 13.6 %). Lower BV/
TV was related to lower Th.Th, Th.N, and Conn.D, and higher Th.Sp, SMI (more rod-like
structure), and DA. Due to OP progression and consistent with loss of bone connectivity, the

plate-like structures became more rod-like. An increase in anisotropy may be explained by

the loss of horizontal bone connectivity while vertical bone, which is more influence by
weight bearing, remains relatively stable.
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