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Abstract—The aim of this study was to develop a GST-based
methodology for accurately measuring the degree of trans-
verse isotropy in trabecular bone. Using femoral sub-regions
scanned in high-resolution peripheral QCT (HR-pQCT) and
clinical-level-resolution QCT, trabecular orientation was
evaluated using the mean intercept length (MIL) and the
gradient structure tensor (GST) on the HR-pQCT and QCT
data, respectively. The influence of local degree of transverse
isotropy (DTI) and bone mineral density (BMD) was incor-
porated into the investigation. In addition, a power based
model was derived, rendering a 1:1 relationship between GST
and MIL eigenvalues. A specific DTI threshold (D T1y,es) Was
found for each investigated size of region of interest (ROI),
above which the estimate of major trabecular direction of the
GST deviated no more than 30° from the gold standard MIL
in 95% of the remaining ROIs (mean error: 16°). An inverse
relationship between ROI size and DTIy,s was found for
discrete ranges of BMD. A novel methodology has been
developed, where transversal isotropic measures of trabecular
bone can be obtained from clinical QCT images for a given
ROI size, DT, es and power coefficient. Including DTI may
improve future clinical QCT finite-element predictions of
bone strength and diagnoses of bone disease.

Keywords—Human proximal femur, Structural anisotropy,
Clinical-level quantitative computed tomography, Fabric
tensors, Degree of transverse isotropy.

INTRODUCTION

Osteoporosis is characterised by low bone mass and
the structural deterioration of bone leading to an

Address correspondence to David Larsson, and Dieter H. Pahr,
Institute of Lightweight Design and Structural Biomechanics, Vienna
University of Technology, Gupfhausstrasse 27-29, 1040 Vienna,
Austria. Electronic mails: larsson.david@hotmail.se and pahr@ilsb.
tuwien.ac.at

0090-6964/14/0500-0950/0 © 2014 Biomedical Engineering Society

950

increased risk of bone fracture for the affected
patient.**® While the mechanical properties of human
trabecular bone are closely related to bone mineral
density (BMD),'>'® BMD alone does not accurately
assess the risk of fracture.”’” However, finite element
(FE) models based on quantitative computed tomog-
raphy (QCT) images are more accurate than BMD
data in predicting bone mechanical properties in vitro,°
as well as in simulating the mechanisms of bone
remodelling."*® FE model results have been well-cor-
related (R? = 0.80-0.87) to experimentally measured
values for femoral strength."*%” However, the corre-
lations between model and in vitro results are depen-
dent on the investigated loading scenario (R* = 0.80
for stance configuration, R* = 0.85 for side configu-
ration).® One explanation for the discrepancies
between model and experimental predictions may be
the lack of anisotropic information in models of tra-
becular bone.'*** Recent investigations on vertebral
bodies,!”!? the distal tibia,'* and the proximal femur?*
have shown improved correlations to bone strength
when structural anisotropy is included in FE models
compared to isotropy-based models. The increasing
demand for effective models to evaluate the risk of
fracture in vivo as well as the efficacy of clinical treat-
ments motivate the need for improved computational
models of bone.

The accuracy of structural anisotropy measure-
ments of trabecular bone is in part dependent on the
image resolution and whether or not segmented or
grey-level images are used. Several mathematical
models have been suggested to assess the anisotropy of
trabecular bone in QCT images.'*?**'3%3 When
segmented high-resolution data with voxel size less
than 100 um are available, the mean intercept length
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(MIL) method'® is considered the gold standard for the
estimation of bone anisotropy, where the spatial ori-
entation is derived from the number of phase changes
in a binarized image in relation to orientation. How-
ever, for low-resolution images like those generated
from clinical QCT, the MIL is not applicable'? and
alternative methods have been explored.*3!3%3%
While principal stress vectors have been used to esti-
mate the main direction of trabecular bone,*? the
accuracy of this approach has not been evaluated and
the method itself is computationally expensive. In
contrast, the gradient structure tensor (GST) is a
computationally efficient and robust method for mea-
suring structural anisotropy in CT images, where the
spatial orientation is derived from changes in grey-level
between neighbouring voxels.'> The GST-based fabric
tensor has been shown to successfully measure the
principal direction of femoral trabecular bone to
within 10° in 95% of uCT datasets when compared to
the MIL method.'***3!" The degree of anisotropy
between GST-based and MIL-based measurements has
also been well correlated in uCT data.'> When applied
to clinical-level CT, the accuracy of measurements of
the principal direction and degree of anisotropy
degraded'**’; however, the error in the principal
direction was shown to decrease with increasing degree
of transverse isotropy (DTI), with DTI calculated
according to Eq. (1) following the definition of Kersh
et al.,"> where 2; (i = 1, 3) represent the eigenvalues of
the tensor of interest (4; = 4> = 43). Note that the DTI
reflects the transversely isotropic nature of a structure,
with highly transversely isotropic structures experi-
encing large DTI values and vice versa.
24

DTI =
A+ 23

(1)

One possibility for improving computational pre-
dictions with minimal computational cost is to incor-
porate transversely isotropic parameters. We
hypothesised that a threshold of DTT exists and can be
used to distinguish in which specific regions of tra-
becular bone the principal main direction and DTI can
be accurately calculated.

The overall goal of this study was to investigate the
relationship between DTI and the accuracy of GST-
based predictions of structural anisotropy in clinical-
level QCT images of trabecular bone. The first specific
aim was to develop a relationship between the GST
and gold-standard MIL eigenvalues in order to achieve
a direct correspondence between these two measures.
The second specific aim was to investigate the sensi-
tivity of this relationship to the region-of-interest size
used to calculate the principal direction and DTI.
Varying-sized cubes were segmented from high reso-
lution-peripheral QCT (HR-pQCT) and clinical-level

QCT data of cadaveric femora and used to calculate
the MIL and GST tensors in each respective dataset.
The MIL-based measurements of the principal direc-
tion and DTI in HR-pQCT data were used as the gold
standard against which the GST-based measurements
were compared.

MATERIALS AND METHODS

Specimens and Image Processing

Twelve cadaveric proximal femora from seven male
and five female donors (average age = 75 & 9.38 years)
were scanned using three imaging modalities. First,
dual-energy X-ray absorptiometry (DXA) data were
acquired (Discovery QDR, Hologic Inc., USA) and used
to calculate the total areal BMD. Each specimen was
scanned with a calibration phantom (BDC Phantom,
QMR Gmbh, Germany)in a QCT scanner (Brilliance64,
Philips, Germany; intensity: 100 mA; voltage: 120 kV;
voxel size: 0.33 x 0.33 x 1 mm?; filter type: B (+0.5
enhancement). To avoid potential errors as a result of
differences in sample positioning, all samples were
qualitatively oriented with the femoral shaft parallel to
the axis of the QCT scanner. The QCT scans were re-
scaled to an  isotropic  voxel size  of
0.33 x 0.33 x 0.33 mm’. HR-pQCT data were also
acquired (Xtreme CT, Scanco, Switzerland; intensity:
900 pA; voltage: 60 kV; voxel size: 82 x 82 x 82 um?).
All scans were performed with the bones submerged in
0.9% NaCl solution to simulate the surrounding soft
tissues, and a vacuum procedure was used to remove
residual air bubbles.

Within both the QCT and HR-pQCT data, cubic
regions of interest (ROI) spanning a range of side
lengths (5, 7.5, 10 and 15 mm) were identified and
aligned (Fig. 1). Only those ROIs that were completely
within the trabecular region were used, based on
applying a QCT-mask of the cortical bone, acquired
using the procedure reported by Kang et al.'' The
registration of the two image sets was performed in the
following manner: The QCT-images were masked to
exclude the cortical bone. The cortical bone in the HR-
pQCT scans was similarly masked according to the
procedure reported by Pahr and Zysset.'® After
masking, a rigid transformation between the masked
sets of QCT and HR-pQCT images for each femur was
calculated with an image processing software
(Slicer3D®2%2! ), and used to align the femoral data
identified within the QCT to the femoral data of the
HR-pQCT data (thus subsequently aligning the set of
ROIs to each other, Fig. 1). In order to increase the
number of ROIs, the cropped cubes were allowed to
overlap by half the ROI size in all orthogonal spatial

directions.
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MIL and GST Calculations datasets using different fabric tensors (see Fig. 1). In
order to compute the MIL fabric tensor, the HR-

Th i isotropic directi Iculated i . LT
¢ main anisotropic direction was caicwated n pQCT images were first segmented and binarised into

each cubical ROI, and for each ROI size, in both
(b) HR-pQCT

(a) Clinical level QCT

Sample CT slice

(d)

Region of interest size

£
£
")

FIGURE 1. An illustrative description of the ROI size-cropping algorithm, with MIL and GST fabric tensor distributions visualized
as ellipsoids with marked axis directions (main direction in red) from the QCT and HR-pQCT-scan images respectively. (a-b)
Frontal sections of QCT and HR-pQCT registered images with corresponding cropped cubes in the femoral head. The red area
denotes the QCT trabecular bone masked area, the blue area the masked area in the HR-pQCT. (c) Spatial representation of GST
fabric tensor from the QCT model with decreasing ROI size (15 mm at the top, decreasing downwards). (d) Spatial representation of
MIL fabric tensor from the same region within the HR-pQCT model with decreasing ROI size (15 mm at the top, decreasing
downwards).
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values of zero and one. A Gaussian filter (¢ = 1.2;
r = 2 voxels) was applied to reduce high frequency
noise using a gradient-based segmentation technique.*
An optimal single-level threshold procedure was used
to obtain the final segmentation.?

The MIL fabric tensor of each cube was calculated
from the MIL distribution function®® based on the
fabric tensor, H, defined by Cowin,>'* and then nor-
malised resulting in a dimensionless MIL fabric tensor,
M (Eq. (2a)).*® The dimensionless MIL fabric tensor
was decomposed into corresponding orthonormal
eigenvectors (m’) and connected real-positive eigen-
values (m;) (i = 1, 3) (Egs. (2b), (2¢)). All calculations
were performed with a custom PYTHON-based soft-
ware program (Medtool 3.6, Technical University of
Vienna, Vienna, Austria).

3H
= () )
M = i:m,f(mi@)mi) (2b)
i=1
r(M) = i:mi =3, my > my > ms (2¢)

The GST was calculated in each clinical-level CT
ROI. The local gradient in each direction was calculated
for each voxel using a finite central difference scheme. A
convolution operation of the dyadic product of the local
gradient vectors was used to calculate the GST, K.*' To
allow for a comparison against the normalised MIL-
based tensor, the GST was normalised into a dimen-
sionless fabric tensor, G, as described by Kersh et al.'?
(Eq. (3a)). Similar to the MIL-based tensor, the eigen-
vectors and eigenvalues of the normalised GST were
calculated for each ROI (Egs. (3b), (3c)).

—1
6= X (3a)
tr(K7)
3 . .
G=) zlg®g) (3b)
i=1
3
r(G) :Zgi:?’» 8128283 (3c)

Calculations of the DTI and the Principal Anisotropic
Direction

Within each ROI evaluated, the eigenvector asso-
ciated with the largest eigenvalue was defined as the

main anisotropic direction. The main anisotropic
direction calculated from GST-fabric tensors was
compared against the reference MIL by calculating the
directional difference between the tensor eigenvectors
for each ROI size. Within each cropped cube, the DTI
was calculated according to Eq. (1).

Power Model Relating the MIL and GST

In order to allow a direct quantitative comparison
between the MIL-based tensors, M, and gradient-
based tensors, G, a power-based model was derived to
preserve the principal direction and the normalization
of the trace. The power coefficient, n, for this model
and an associated threshold DTI (DTly,..s) were
simultaneously derived.

R 3Gn

M = (G (4a)

~ 3g7

m; = —>— 4b
1r(g") (40)

First, the largest eigenvalue (m2; from Eq. (2¢) and g;
from Eq. (3c)) was associated with the main aniso-
tropic direction. A transverse eigenvalue was then
calculated as the normalized average of the second and
third eigenvalues (1, and m3, and g> and g5 in Egs. (2¢)
and (3c), respectively) to represent the transverse
direction for each tensor. A DTly..s was then calcu-
lated as the lowest DTI for which a maximum of 5% of
the total number of considered ROIs above the given
DTI had an angular difference greater than 30°
between MIL and GST principle eigenvector. The use
of 30° was determined in a preliminary study in which
angular differences of 10° and 20° were analysed. Only
a small number of cubes (0.1% for 10° and 1.1% for
20°) were able to pass this criterion, and therefore 30°
was used as the error margin for the prediction of the
main trabecular direction.

The main and transverse eigenvalues from the two
fabric tensors for all ROIs above DT, wWere com-
pared using a linear least-squares fit. The power coef-
ficient, n, was accepted if the linear correlation between
the eigenvalues of the ROIs above DT1,.s Was greater
than 0.96. If the linear correlation was less than 0.96,
the power coefficient was adjusted through an incre-
mental increase/decrease in power coefficient value
(depending on direction of change), a new DT/, es
value was calculated, and the eigenvalues for ROIs
above the new DTlIy.s value were again compared.
The power model was then applied to the related fabric
tensor eigenvectors (Eq. (4b)).

This analysis was repeated for all cropped ROI sizes
(5,7.5,10 and 15 mm) resulting in a different exponent
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value and associated DT1I,. for each cube size. The
sensitivity of the calculated power coefficient to chan-
ges in BMD (comparing local changes in dataset of up
to +£400 mg/cm?), gender (comparing groups of male/
female) and age (comparing local changes in dataset of
up to =18 years) was investigated.

All numerical calculations were performed using
custom MATLAB code (MATLAB R2012b, version
8.0, Mathworks, Natick, USA).

RESULTS

DTI Threshold

The specific threshold DTI was obtained by itera-
tively increasing a limiting DTI (Fig. 2a). The per-
centage of ROIs with an angular difference less than
30° increased with an increasing DTly,..s Vvalue
(Fig. 2b). Using the optimized power coefficient, n, a
correlation was achieved between the DTI computed
from the MIL and that computed from the GST
(Fig. 2¢). The number of cubes evaluated (those above
DTly,es) ranged from 544 cubes of ROI size 5 mm to
85 cubes of ROI size 15 mm (Table 1, Row 1).

The threshold value of the DTT associated with well-
aligned main trabecular direction vectors ranged from
1-33 to 1-58 across the different sized regions of interest
(Table 1, Row 2 and Fig. 3b). Smaller ROI sizes
required a higher DT1,s to accurately measure the
principal direction (p < 0-01, Table 1, Row 3). How-
ever, a larger proportion of the samples were able to be
accurately measured when a larger ROI size was used,
and the percentage of ROIs above the DTl e
increased with increasing ROI size (p < 0.01, Table 1,
Row 3).

Regardless of ROI size, the BMD in those trabec-
ular cubes with a DTI above DTl s was higher than

Well aligned Poorly aligned
(a) g ly alig

the average BMD of all ROIs (182 compared to
128 mg/cm?; see Table 1, Row 4-5).

When calculated for discrete ranges of BMD val-
ues of individual ROIs, the DT, decreased with
increasing BMD (p < 0.01). This trend was observed
for all ROI sizes (Fig. 4a). Linear relationships
between BMD and DTl were obtained using a
least square fit for each ROI size (Fig. 4b), with the
coefficient of determination (R?) for the linear fits
increasing from 0.73 for the biggest ROI of 15 mm to
0.94 for the ROI of 5 mm. As observed for the full set
of femora, within each BMD range the DTl s
generally increased with decreasing ROI size
(» <0.01).

Errors in Predictions of the Main Trabecular Direction
and DTI

The errors in the predictions of the main trabecular
direction were non-normally distributed (p < 0.01) and
are therefore presented as median + median absolute
deviation. The size of the ROI did not affect the
median error in the prediction of the main trabecular
direction when assessing ROIs above DT, (Fig. 5).
Though not significantly different (p = 0.12) when
assessing the full dataset, 15 mm ROIs resulted in the
smallest error in the main trabecular direction
(27 £ 15°), whereas the 5 mm ROIs had the largest
error (34 + 19°). In contrast, for the ROIs above
DTl s, the 5mm ROIs had the smallest error
(12 £ 6°) whereas the 15 mm ROIs the largest error
(16 £ 6°) (Table 1, Row 6-7). Therefore, the average
error in the main trabecular direction was 14 4+ 6° for
all ROI sizes above DT cs.

The correlation between the DTI measured using
the MIL-based fabric tensor and the GST increased
with increasing ROI size for all data analysed
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(a) DThyes Distribution of DTI against local angular difference between MIL and GST fabric tensor major eigenvectors

(ROI size = 10 mm). The fixed line at 30° denotes the given border between what was defined as well and poorly aligned local
regions. The dashed line illustrates the iterative process performed in order to compute a DThy,es. (b) Change in the percentage of
ROIs defined as well aligned as a threshold in DTI is applied. (c) Correlation between DTI originating from GST and MIL fabric
tensor, respectively (ROl size = 10 mm with n according to sought correlation between MIL and GST eigenvalues. Dashed line

indicates computed DThy,.s for given ROI size).
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TABLE 1. Numerical data for DTh,s and calibration coefficient n for all four ROl sizes as well as data for median angular
difference and coefficient of determination between DTl and “*"DTlI for the full set as well as for ROIs above the specific DThnres.

Row Region of interest size (mm) 5 7.5 10 15
1 Number of ROIs above DTlhpres 544 380 234 85
2 DThires 1.58 1.56 1.50 1.33
3 Percentage of ROls above DThnres 1 4 9 27
4 BMD range for ROIs above DTles (Mmg/cm?3) 216 = 114 187 £+ 86 177 £ 90 149 + 82
5 BMD range full set (mg/cm?) 125 + 100 123 + 99 126 + 100 139 + 100
6 Mean angular difference for ROIs above DThyes (°) 183+7 12+ 6 15+ 6 16 + 6
7 Mean angular difference full set (°) 34 £ 19 31 +£17 29 +£ 16 27 £ 15
8 R? correlation between G°7DTI and M:DTI for ROI above DThpres 0.72 0.75 0.77 0.74
9 R? correlation between DTl and MDTI full set 0.32 0.35 0.42 0.41
10 Power coefficient n 0.26 0.28 0.32 0.40
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FIGURE 3. Distribution of angular differences between MIL and GST in histogram form for ROl cube size 5 mm (a), 75 mm (b),
10 mm (c) and 15 mm (d), respectively. Light blue area denotes the full set of ROls, dark blue ROls above DThy,es. The grey shaded

area indicates the area of an angular difference of 30° or more (defined here as poorly aligned). In the upper right corner of each
figure, a sub-figure is added, providing a magnified view of the well aligned region and corresponding ROls.

(p = 0.04). R? increased from 0.32 for the smallest ROI correlation did not significantly change for different

of 5 mm to 0.42 and 0.41 for the 10 mm and 15 mm sized ROIs (p = 0.02), with R? ranging from 0.72 to
ROIs, respectively. In those regions above DTy, s, the 0.77 (Table 1, Row 8-9).
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FIGURE 4. (a) DThues for different ROl sizes when dividing dataset into slots of differently ranging BMD (most left column

representing regions with BMD of 0-50 mg/cm®, most right column representing regions with BMD above 350 mg/cm?®). (b) Linear

adaption of columns in (a) using a least square fit method.
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FIGURE 5. Median error in angular difference between GST
and MIL prediction of main trabecular direction for all ROls
(blue dashed set) and for ROIs above DTlys (red full set,
right bars).

Power Model Relating MIL and GST

The power coefficient, n, which resulted in a 1:1
correspondence of the GST and MIL for all regions
above the DTy, increased with increasing ROI size
(Table 1, Row 10). When increasing the ROI size from
5 mm to 15 mm cubes, the power coefficient increased
from 0.26 to 0.40 for the full dataset. Using cubes
above DTl the R® between the MIL and GST
transversal eigenvalues for all ROI sizes was greater
than 0.96. Within a given ROI size, the value of the
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power coefficient was not sensitive to changes in BMD
(£5% upon change of +400 mg/cm?), gender (£ 2%)
or age (£ 3% upon change in age of +18 years).

DISCUSSION

The purpose of this study was to develop and
evaluate a methodology for assessing the principal
direction of human trabecular bone from clinical-level
QCT images using the GST method. The assessment of
structural anisotropy in low-resolution images is ben-
eficial for a better understanding of bone mechanical
properties and to improve the prediction of fracture
load in FE analyses based on clinical images of bone.

The dependence of the correlation between the GST
and the gold standard MIL method on measurements
of the local DTI and ROI size was evaluated. Our re-
sults show that a DTy, value specifically calculated
for each investigated ROI size can be used to evaluate
the principal direction to within 30° in 95% of the
regions considered. Previous studies have evaluated the
ability of GST to assess directional anisot-
ropy,' 2293137 but few have applied the GST to clini-
cal-level CT data. Wolfram er al.’” presented results
from a single vertebra with 36 measurement points,
suggesting a good ability of the GST to assess the main
trabecular direction of bone in vertebral bodies.
Unfortunately, however, the ability of the GST to
accurately measure the fabric eigenvalues was poor.”’
Kersh ez al.'? compared the GST to a Sobel structure
tensor in assessing the directional anisotropy in
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54 mm cubes of femoral trabecular bone from several
donors. In their results, no significant difference
between the two methods was found in assessing the
main trabecular direction (median error = 28°).
However, these authors recommended using the GST
partly due to its computational efficiency and provided
some evidence that the GST can more accurately assess
regions with a high degree of anisotropy. The latter
suggestion was taken and developed into a full meth-
odology in the present study for future implementa-
tion.

We found an inverse relationship between the
DTlyesn and ROI size, where a decrease in region
dimension was related to an increase in DT/ esh.
However, the accuracy of measuring DTI decreased
with smaller region dimensions in the full dataset
(coefficients of determination for the 15 mm and 5 mm
cubes were 0-41 and 0-32, respectively). Overall, these
results may reflect the nature of the QCT images,
where the accuracy of the GST in estimating local
properties (such as DTI) decreases as the number of
evaluated voxels decreases (a change in local ROI
dimension from 15 to 5 mm equals a decrease in
evaluated voxels from 30,374 to 1125). The limited
accuracy of the GST fabric tensor in predicting the
anisotropic parameters for small ROI dimensions (i.e.,
5 mm cubes) is in agreement with previous findings.'?

When dividing the full dataset into segments of
different BMD, an inverse linear relationship was
obtained where values of higher BMD correlated with
lower values of DT1,.esn. Regions of low BMD include
not only fewer trabeculae but also trabeculae of re-
duced thickness (due to the direct relationship between
BMD and BV/TV), leading to a decreased ability to
assess the directional anisotropy of the specific cube
using the GST. When assessing discrete BMD values
for retrieved ROIs, the decreased DT/, e for cubes of
higher BMD will allow more regions to be assessed as
transversely isotropic as compared to using a global
DTl resh- In this study, regions with a local DTI above
DTl esn had increased BMD values and are, there-
fore, regions likely to contribute to femoral strength
because of the presence of more bone.

A 1:1 relationship between the GST and MIL
eigenvalues was found by introducing a calibrating
power coefficient n. The n-value was dependent on
cube size with a nearly linear relationship, and was
insensitive to BMD, gender and age. While the sample
size (n = 12) limits the statistical power, the dataset is
thought to be representative of a mean population.
The high average coefficient of determination
(R*> = 0:96) underlines the robustness of the proposed
model and the individual coefficients for each cube
size. To the best of our knowledge, this is the first
analytical relationship derived to relate the MIL and

GST fabric tensors using a power function, and allows
for the GST results to be integrated into existing MIL-
based material models.*? Attempts have been made by
others to analytically relate MIL and GST to each
other, proposing a linear relation between the two
using a re-defined MIL-tensor originating from low-
resolution images.”® However, in the present study, the
MIL was computed directly from high-resolution
images and the proposed power relation is only
applicable within ROIs above the introduced DT/ esh,
possibly explaining the discrepancy in result between
the studies.

There are a number of limitations associated with
the present study. First, a larger number of samples
should be analysed to generalize the obtained results to
a larger population as the specimens used here were
from an older population. Second, previous work has
shown that the detection of principal directions using
GST will be to some extent dependent on the aniso-
tropic resolution of the QCT scanner, and therefore on
the positioning of the samples.” To limit this effect, all
samples were positioned with similar orientation in the
scanner. However, further work is necessary to esti-
mate the sensitivity of the proposed method to scanner
anisotropic resolution. The methodology only assesses
the main direction of human femoral trabecular bone
whereas bone is generally considered anisotropic.
However, this study advances the state-of-the-art in
assessing directional anisotropy of human trabecular
bone from clinical-level CT images by providing a
method with which the main trabecular direction and
the DTI can be reliably calculated. Future work to-
wards integrating these measurements into the clinical
setting may provide a more accurate way of acquiring
the mechanical properties of bone and enabling a de-
tailed assessment of patient-specific fracture load and
failure location. The presented methodology is able to
assess regions with a sufficiently high DTI (on average
10%), and when doing so prediction errors of in
average 16° may occur. However, the inclusion of DTI
will likely advance the potential for accurately pre-
dicting the mechanical properties of trabecular bone
compared to isotropic models. This improvement may
have an important role considering the complex and
multi-directional loading the femur undergoes during
physiological activities (with the accuracy of isotropic
models being shown to vary with loading configura-
tion®). However, this speculation should be investi-
gated in future work by estimating the improvement of
computational methods such as Finite Element models
that could benefit from adding local anisotropic
information estimated from QCT scans. Importantly,
even though a large portion of the total bone mass may
not be assessed as transversely isotropic, regions of
higher BMD with a pre-dominant influence on the

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



958 LARSSON et al.

overall mechanical behaviour of the femur, are to a
large extent included by the method. This effect might
be even more pronounced in subjects experiencing low
BMD e.g., young age or extreme osteoporosis, where
regions of high BMD may have an even higher
mechanical influence.

Generally, the information provided by the within this
methodology added DTI, ROI and n-coefficient, may
provide a crucial addition to current FE-models when
assessing fracture risk, femoral strength or failure load.
This might be especially the case when investigating dif-
ferent load configurations such as stance and side falling.

In conclusion, a new methodology has been pre-
sented to assess the principal direction of trabecular
bone using the GST in clinical-level CT data of human
femoral trabecular bone. Good correlation between the
GST and MIL predictions can be achieved by selecting
a certain ROI size and an appropriate DT/ to dis-
tinguish regions where a reliable transverse isotropic
direction can be computed. The DT1y,.s can be calcu-
lated individually following a linear relationship for
BMD, allowing for more regions to be assessed as
transversely isotropic. Furthermore, a scaling parame-
ter n was presented to achieve a 1:1 relationship
between GST and MIL eigenvalues. Bone mechanical
properties depend not only on BMD but also on tra-
becular morphology, and these results provide a step
towards improving the predictions of femoral strength,
failure load within different loading configurations with
QCT-based FE models by providing a method for
including transversely isotropic material information.
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