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Abstract—Digital tomosynthesis (DTS) derived textural
parameters of human vertebral cancellous bone have been
previously correlated to the finite element (FE) stiffness and
3D microstructure. The objective of this study was to
optimize scanning configuration and use of multiple image
slices in the analysis, so that FE stiffness prediction using
DTS could be maximized. Forty vertebrae (T6, TS, T11, and
L3) from ten cadavers (63-90 years) were scanned using
microCT to obtain trabecular bone volume fraction (BV/TV)
and FE stiffness. The vertebrae were then scanned using DTS
anteroposteriorly (AP) and laterally (LM) while aligned
axially (0°), transversely (90°) or obliquely (23°) to the
superior—inferior axis of the vertebrae. From the serial DTS
images, fractal dimension (FD), mean intercept length (MIL)
and line fraction deviation (LFD) parameters were obtained
from a 2D-single mid-stack location and 3D-multi-image
stack. The DTS derived textural parameters were then
correlated with FE stiffness using linear regression models
within each scanning orientation. 3D-multi-image stack
models obtained from Transverse-LM scanning orientation
(90°) were most explanatory regardless of accounting for the
effects of BV/TV. Therefore, DTS scanning perpendicular to
the axis of the spine in an LM view is the preferred
configuration for prediction of vertebral cancellous bone
stiffness.

Keywords—Vertebral cancellous bone, Large scale finite
element modeling, Stiffness, Fractal dimension, Lacunarity,
Mean intercept length, Line fraction deviation, Cadaver
study.
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INTRODUCTION

Osteoporosis and osteopenia is a widespread meta-
bolic bone disease characterized by decreased bone
mass and poor bone quality affecting 54 million U.S.
adults age 50 and older.*> Vertebral fractures are
among the most common; one in every two elderly
women is expected to have at least one vertebral
fracture.”” Currently, bone mineral density (BMD)
remains the most widely used measure of bone quality
and fracture risk, but its ability to predict vertebral
strength and fracture has been limited.*!®!%2%3% Sey-
eral in vitro studies have shown that significant
improvements in prediction of bone strength can be
made by addition of cancellous bone microstructural
information into the fracture strength analy-
sis, 1:5-10,20.23,32 Clinically, however, access to the can-
cellous morphology or texture is limited by radiation
dosage or available to extremities only.'>'*1%:23:33

Digital tomosynthesis (DTS) is a relatively new
imaging modality that has a high in-plane resolution
(150-300 pum), but about 1/5th the exposure of a CT
exam, offering the possibility to examine vertebral bone
microstructure within clinically acceptable radiation
exposure levels (Fig. 1).7 Recently it was demonstrated
that 2D textural parameters of human vertebral trabec-
ular bone obtained from DTS can be used to predict 3D
microstructure and finite element (FE) stiffness of the
tissue.'! In that study, DTS parameters were obtained
from a single mid-coronal slice of the stack (out of 70
slices) that was acquired through anterior—posterior (AP)
projection using a scan orientation in which the motion of
the X-ray source—detector pair was transverse to the
superior—inferior (SI) axis. However, the extent to which
using a different scan and analysis configuration affects
the examined relationships is unknown.
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The primary aim of the current study, thus, was to
explore scan orientations parallel, transverse and ob-
lique to the axis of the spine in combination with AP
and lateral views, and using multiple DTS slices in the
analysis in an attempt to identify scan and analysis
conditions that offer maximum textural information to
predict cancellous bone stiffness.

METHODS

Subjects and Specimens

Following institutional approval, forty cadaveric
human vertebral bodies (T6, T8, T11, and L3) from
five male (age range 75 & 9.4 years) and five female (84
+ 4.6 years) were used. These donors were without
medical history of infectious diseases (e.g., HIV, hep-
atitis), metabolic diseases known to affect bone (e.g.,
diabetes, kidney failure), corticosteroid usage, spinal
surgery or a cause of death involving trauma.

Microcomputed Tomography (uCT) and 3D-
Stereological Analysis

All vertebrae were scanned and reconstructed at an
isotropic voxel size of 45 ym using an in-house uCT
system previously described.!'*” The largest possible
cubical volume of interest (VOI) consisting of only
cancellous bone was cropped from the reconstructed
images. The VOI was then segmented using an estab-
lished global thresholding method and bone volume
fraction (BV/TV) was calculated to be used as a
covariate in the analysis.'®!337

X-ray source

Linear uFE Modeling

Linear elastic FE models with isotropic element
properties were constructed from the cubical VOI
cropped out of the uCT images and solved for uniaxial
superior—inferior ~ compression  with  “free-end”
boundary conditions using custom software as de-
scribed previously.'®*” Models were simulated once
using heterogeneous tissue moduli where the modulus
values were scaled with uCT attenuation calibrated to
a reference included in scans''*' and once using a
homogenous tissue modulus of 5 GPa. In both types of
models, Poisson’s ratio was 0.3. Cancellous bone
stiffness was calculated from the reaction forces and
the uniaxial displacement for heterogeneous (£,) and
homogeneous (£;,) models.

Digital Tomosynthesis (DTS)

The same vertebral bodies were immersed in saline
in a custom made radiologically transparent housing
and scanned using DTS (Shimadzu Sonialvision Safire
II) in a similar manner reported previously.'' Six
scanning configurations were employed (Fig. 2) using
three scanning angles; vertebral bodies aligned axially
(0°), transversely (90°) or obliquely (23°) to the SI axis,
and two projection configurations; anterior—posterior
(AP) and lateral-medial (LM). The 23° oblique ori-
entation was included as a tradeoff between axial and
transverse orientations as patients can be positioned
diagonally on the scan table at this angle.

A cuboidal volume of interest (VOI) was cropped
from each reconstructed DTS image-stack to include
as much cancellous bone as possible (Fig. 3). The VOI
was determined as the largest cuboid of cancellous

FIGURE 1. Schematic illustration of the DTS geometry. The X-ray source and the digital detector move in a parallel path in
opposite directions acquiring a sequence of digital radiographs. Coronal (if AP view) or sagittal (if lateral view) slice images are
reconstructed from projection images using filtered backprojection.
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FIGURE 2. A set of coronal and sagittal slices from an L1 vertebra scanned at 0° (Axial), 23° (Oblique) and 90° (Transverse) to the
spinal axis in AP (anterior—posterior) and LM (lateral-medial) views. The arrows show the orientation in which the source-detector
pair moves in each scan configuration. Note the more prominent appearance of structures perpendicular to the scan orientation

(e.g., endplates in axial and the shell in transverse scans).

volume excluding endplates and the vertebral shell for
each vertebra. Each slice within the VOI was analyzed
individually using fractal, mean intercept length
(MIL)** and line fraction deviation (LFD)® analyses.
In the fractal analysis, fractal dimension (FD),* mean
lacunarity (4) and the slope of lacunarity vs. box size
relationship (S,) were calculated.”® In MIL and LFD
analyses, the mean (Av), standard deviation (SD),
maximum (Max) and degree of anisotropy (DA, ratio
of the principal measurements of MIL or LFD) were
recorded for each slice (Fig. 3).

For each stack, average (Av) and standard deviation
(SD) of FD, 4, S;, MIL.Max, MIL.Av, MIL.SD,
MIL.DA, LFD.Max, LFD.Av, LFD.SD and
LFD.DA recorded from each slice were calculated as a
representation of the 3D microstructural distribution
for each bone. Alternative 2D variables were recorded
from a single mid-coronal or mid-sagittal slice of each
stack for AP and LM views, respectively.'!

Statistical Analysis

Stepwise forward regression was used to construct
mixed multiple regression models and examine the
relationship between E, and DTS parameters. Al-
though a number of variables could be calculated from
the fractal, MIL and LFD analyses, correlations
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among them were expected. In order to prevent mul-
ticollinearity in the models, variation inflation factors
(VIF) were examined with all potential predictors in-
cluded and those causing a VIF >5 were eliminated
before multiple regression analyses (see legend of
Table 1).

In mixed model construction, the donor was treated
as a random effect to account for pseudo-replication,
E, as the outcome variable and the set of DTS vari-
ables as the effect variables (DTS-only models). In
order to examine the contribution of DTS derived
variables to E, independently from that of bone mass,
the modeling process was repeated by forcing BV/TV
as the first effect variable (BV/TV+ DTS models).
These models allowed us to examine the extent to
which DTS provides information that is additional to
bone mass. Separate models were constructed for dif-
ferent scanning orientations [axial (0°), transverse
(90°), oblique (23°)] and views [AP (coronal) and LM
(sagittal)] and for single-slice and stack measurements.

In order to isolate DTS variables associated with
microstructure from those that are associated with the
heterogeneous bone tissue mineral density, a third
group of models was constructed in the same manner
as above by forcing Ej as the first effect variable
(Ep+DTS models). These models allowed us to
examine the extent to which DTS variables contain
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FIGURE 3. Overview of DTS analysis. (a) The regions used for the analysis of cancellous bone are illustrated by the red and blue
lines for the LM and the AP image stacks, respectively. (b) Representative VOIs obtained from the coronal and (c) sagittal stacks.
(d) Extracted AP and LM VOIs were analyzed slice-by-slice using LFD, MIL and fractal methods. (e) Within-slice distribution of each
variable was analyzed to determine intra-slice Av, SD, Max and DA as well as inter-slice Av and SD. LFD is used as an example to

illustrate the nomenclature.

tissue mineral density information relevant to cancel-
lous bone stiffness after accounting for cancellous bone
microstructure.

Mixed models that were found to be significant were
rerun without the random effect to examine the extent
to which aggregate data behave similarly. Paradoxical
models, i.e., those in which significance of the effect is
lost or the estimates changed sign, were also elimi-
nated.

All mixed and nonmixed stepwise forward regres-
sion analyses were performed using custom scripts in
JMP (v12, SAS Institute, Cary, NC).

RESULTS

Four variables calculated from a single central slice
of a DTS stack and six variables calculated from the
entire stack caused multicollinearity (VIF > 5) for all
scan configurations and excluded from the variable set
(Table 1). Additional variables calculated from the
entire stack caused multicollinearity, but this depended
on the DTS scan configuration (Table 1). Stack
derived models were 2.9-10.7% more explanatory than
the corresponding single slice derived models within
the same scan configuration (Tables 2, 3). One excep-
tion was a BV/TV-included DTS model in the Axial-
AP configuration where the single slice derived model
was 10.3% more explanatory than the stack model.

However, only the first two predictor variables of this
model were significant when the random effect was
removed (Table 3).

Models constructed from Transverse scanning ori-
entation were generally more explanatory than those
from the Axial and Oblique orientations (by 2.3 and
7.5%, respectively) (Tables 2, 3). Models from Oblique
scans were the least explanatory and generally were less
reproducible with the aggregate data (Tables 2, 3).

Models from the LM view were more explanatory
than those from the AP view (Tables 2, 3; Fig. 4). In
the absence of BV/TV, stack derived models from LM
view and Transverse or Axial scan orientation were
comparable to BV/TV alone in their explanatory
capability (Rﬁdj: 0.828, 0.820 and 0.816, respectively).

Av(MIL.DA) and its single slice version, MIL.DA,
were the most frequently present DTS terms in Axial
and Transverse models, often partnered with addi-
tional fractal terms such as FD, S; and /. Interestingly,
the presence of MIL.DA and Av(MIL.DA) was per-
sistent in models that contained E; (Table 4), sug-
gesting that these variables contain gray-level
information. Contrary to all other significant DTS
parameters whose estimates maintained their sign from
model to model, the estimates of MIL.DA variables
were negative in models from the Axial orientation but
positive in models from the Transverse orientation

(Tables 2, 3, 4).
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TABLE 1. Initial set of DTS parameters included in stepwise regression (V).

Axial Oblique Transverse
DTS parameter Descriptions AP LM AP LM AP LM
Slice
FD Measure of complexity in graylevel texture y \/ J J J y
7 Measure of heterogeneity in the size of holes in graylevel texture v \ \ v v N
S; Slope lacunarity: rate of change in /. with size scale N \ \ Y v \/
LFD.Max Measure of maximum orientation in graylevel texture \ \/ ~ N N N
MIL.Av Measure of avg feature size in all directions in binarized texture v \ \ v \ N
MIL.DA Anisotropy in binarized texture v \ \ v \ N
LFD.DA Anisotropy in grayvalue texture—for completeness N \ \ N v «/
Stack
Av(FD) Interslice average of respective DTS parameters N \ \ v \ N
Av(}) S N L N
AV(S)) N N N J _ _
Av(LFD.Max) N N N N N N
AV(MIL.AV) \ N N N N N
Av(MIL.DA) v N N N J N
SD(FD) Interslice heterogeneity of respective DTS parameters N \ N V N N
SD(/) - N - N J -
SD(S)) N N - - N N
SD(LFD.Max) — - — - _ N
SD(MIL.DA) - N _ - _ N
SD(MIL.Av) N - — - — -
Av(LFD.DA) Intersliceslice average of LFD.DA - - - N N N
SD(LFD.DA) Interslice heterogeneity of respective DTS parameters y - \ v - -
SD(LFD.Av) - — N _ _ N
SD(LFD.SD) - - - - N -

The dashed cells indicate that the parameter was excluded from the analysis of that scan configuration based on a multicollinearity criterion of
VIF >5*. In addition, slice variables MIL.SD, LFD.SD, LFD.Av, MIL.Max and stack variables Av(MIL.SD), SD(MIL.SD), Av(LFD.SD),
Av(LFD.Av), Av(MIL.Max), SD(MIL.Max) were excluded from all models due to their contribution to multicollinearity (VIF >5).

*The variables were introduced in to the candidate predictor set (and presented in the table) in the order of increasing exploratory nature (Av,

SD and those calculated for completeness).

DISCUSSION

The primary aim of the current study was to
investigate the effects of DTS scanning orientation
(with respect to the spinal axis), imaging plane and use
of multiple image slices on models for predicting can-
cellous bone stiffness. Previous work'' has demon-
strated DTS derived parameters were strong correlates
of uCT derived microstructural parameters and FE
stiffness in vertebral cancellous bone. The current
study expanded on the previous study, which was
limited to the Transverse AP configuration and anal-
ysis of single slice images, by including single and
multiple slice analyses (thereby extending from 2D to
3D), AP and LM projections (coronal and sagittal),
and Axial (0°), Oblique (23°) and Transverse (90°) scan
orientations. In addition, in order to better simulate
soft tissues, vertebral bodies were submerged in phys-
iological saline during DTS scans. The radiopaque
fixture used during scans also allowed for accurate
positioning of the vertebrae with respect to the scan-
ning geometry. The current models from the Trans-
verse AP configuration included S; and Av(MIL.DA)
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for the DTS-only, and MIL.DA and Av(MIL.DA) for
the BV/TV+ DTS models as was the case in the pre-
vious study,'" while LFD.Max, LFD.SD or MIL.Av
did not appear in the current models. These results
suggest that S; and Av(MIL.DA) are relatively
reproducible while the latter three are sensitive to
positioning and the presence of soft tissue and thus
require better control during acquisition. However, S,
was not significant in the current study when the data
were aggregated, suggesting that, despite its repro-
ducibility, its association with bone stiffness is con-
founded by a stronger subject-to-subject variable.

In general, variables derived from images scanned in
the Transverse orientation provided more explanatory
models than those from Axial and Oblique orienta-
tions (Tables 2, 3). An exception to this was the Axial-
AP case from a single slice in the presence of BV/TV
(Table 3). However, when examined with the aggregate
data, only one of three DTS variables in this model
was significant. The model with the remaining variable
was not more explanatory than the corresponding
Transverse model. When used together with a measure
of bone mass (BV/TV), the predictor variables were
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TABLE 2. Summary of the most explanatory mixed multiple regression models of FE stiffness, constructed using DTS derived
parameters alone (DTS only) from one of three scan orientations (O) and two views (V).

o} \ Slice Stack
Axial AP NS NS
LM 0.713 (0.713) 0.820 (0.782)
[—] MIL.Av* (0.002) [—]1 Av(MIL.DA)* (0.0001)
[—] A* (0.008) [—]1 Av(FD)* (0.0007)
[-] FD* (0.02) [—]1 Av(MIL.Av) (0.004)
RMSE = 47.4 RMSE = 38.3
Oblique AP NS 0.688 (NS)
(-] Av(S)) (0.01)
RMSE = 50.0
LM 0.627 (0.627) 0.719 (0.627)
[—]1 Av(/)* (0.005)
[—] A* (0.02) [-]1 Av(FD) (0.01)
RMSE = 53.9 RMSE = 47.6
Transverse AP 0.702 (NS) 0.731 (0.731)
[-1S; (0.006) [+] Av(MIL.DA)* (0.001)
RMSE = 49.0 RMSE = 46.6
LM 0.748 (NS) 0.828 (0.767)

[+] MIL.DA (0.005)
[+] LFD.Max (0.02)
RMSE = 45.1

[+] Av(MIL.DA)* (0.0007)
[~] SD(LFD.Av) (0.02)
[-] Av(FD) (0.01)

RMSE = 37.7

Each cell shows Rgdj of the full model followed by the Rgdj of the reduced model containing variables that were also significant in the non-
mixed model (those shown by *). [+] shows the sign of the estimate for each significant parameter. p values are shown in parenthesis
following the variable name. RMSE = Root mean square error associated with the mixed model. NS means a statistically significant model

was not found for the respective configuration.

generally more reproducible with the aggregate data
for both Transverse and Axial orientations, with the
Transverse models still being more explanatory. While
the Transverse scan orientation appears to be prefer-
able, there is a caveat. The geometry of the current
DTS scanners is not suitable for positioning a patient
perpendicular to the axis of the source—detector mo-
tion, due to the moving parts of the system. It is pos-
sible to design a system that will accommodate the
Transverse scan orientation or implement the
tomosynthesis algorithm in a system that has a suit-
able scan geometry, however, this is not yet readily
available. Although slightly less explanatory than the
Transverse orientation (<9%), the Axially oriented
scan configuration offers a reasonable alternative as
this is the default configuration in the current scanners.

Models derived from the LM view were generally
more explanatory than those derived from the AP view
(Tables 2, 3). This may be attributable to a larger
volume of interest available for analysis in the LM
view (5-17% for slice and stack, respectively), pro-
viding a more accurate assessment of the cancellous
bone. It is also possible that, due to the anisotropic
resolution of the DTS system, LM and AP views
capture different aspects of the bone structure.”
Sagittal planes are imaged in greater detail in the LM
view providing a more complete sampling of the
structure in the antero-posterior direction, whereas

coronal planes are imaged in greater detail in the AP
view providing a more complete sampling of the
structure in the lateral-medial direction. The relatively
better association of the variables from the LM view
with cancellous bone stiffness suggests that the orga-
nization of trabecular structure in the sagittal plane of
a vertebra is important in the determination of verte-
bral cancellous bone stiffness. Although the AP view is
most widely utilized for DTS scans in the clinical set-
ting, there is no difficulty in positioning the patient in
the DTS system for acquisition of images in the LM
view, as the person simply lies down on their side in
this view. Future studies should determine if additional
radiation exposure is necessary and acceptable for the
DTS scans with LM view.

Perhaps not too surprisingly, variables derived from
the stack resulted in more explanatory models for
cancellous bone stiffness than those derived from a
single central slice. (An exception is the Axial scan in
AP view, as discussed above in the comparison between
scan orientations.) Morphological heterogeneity has
been found to contribute cancellous bone stiffness
independently from average morphology*®*® and it is
likely that heterogeneity of bone morphology is rep-
resented better when the whole stack is utilized.
However, in a majority of cases, the stack models in-
cluded the “Av” rather than the “SD” of a DTS
variable, suggesting that using multiple slices increases
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TABLE 3. Summary of the most explanatory mixed multiple regression models of FE stiffness, constructed by forcing bone
volume fraction as the first term (BV/TV + DTS) followed by DTS derived parameters from one of three scan orientations (O) and two

views (V).
0} \ Slice Stack
Axial AP 0.915 (0.838) 0.812 (0.812)
[+] BVTV* (0.0001) [+] BVTV* (0.0001)
[—]1 MIL.DA* (0.0007) [-]1 Av(MIL.DA)* (0.02)
[-]1S; (0.0004)
[—]4(0.02)
RMSE = 25.7 RMSE = 35.3
LM 0.842 (0.842) 0.912 (0.912)
[+] BVTV* (0.0001) [+] BVTV* (0.0001)
[—]1 MIL.DA* (0.02) [-]1 Av(MIL.DA)* (0.0001)
RMSE = 33.7 [-] Av(FD)* (0.005)
RMSE = 25.5
Oblique AP 0.816 (0.816) 0.858 (0.816)
[+] BVTV* (0.0001) [+] BVTV* (0.0001)
RMSE = 36.2 [-]1 Av(S;) (0.03)
RMSE = 32.7
LM 0.816 (0.816) 0.860 (0.816)
[+] BVTV* (0.0001) [+] BVTV* (0.0001)
RMSE = 36.2 [—1 Av(2)* (0.01)
[-]1 Av(FD) (0.03)
RMSE = 32.0
Transverse AP 0.874 (0.874) 0.904 (0.904)
[+] BVTV* (0.0001) [+] BVTV* (0.0001)
[+] MIL.DA* (0.001) [+] Av(MIL.DA)* (0.0001)
RMSE = 30.5 RMSE = 26.2
LM 0.893 (0.893) 0.931 (0.931)

[+] BVTV* (0.0001)
[+] MIL.DA* (0.0006)
[—] FD* (0.02)
RMSE = 28.0

[+] BVTV (0.0001)

[+] Av(MIL.DA)* (0.0001)
[+] Av(MIL.Av)* (0.03)
RMSE = 22.6

Each cell shows R%; of the full model followed by the RZ;

of the reduced model containing variables that were also significant in the non-

mixed model (those shown by *). [+] shows the sign of the estimate for each significant parameter. p values are shown in parenthesis

following the variable name. RMSE = Root mean square error associated with the mixed model.

the accuracy of the average measurement, rather than
providing additional measures of texture heterogene-
ity. However, it must be noted that fractal variables,
the average of which appears in the models, represent
the complexity and the heterogeneity of texture. As
such, it seems that heterogeneity of bone texture is
captured best by measuring in separate planes (where
resolution is high) and averaging over the volume
(where resolution is low due to slice thickness but
provides a sufficient repetition of the in-plane mea-
surement) in a DTS system.

When variables from DTS were used alone, the
success of models in predicting bone stiffness was
modest compared to BV/TV alone. BV/TV was used as
a reference bone density measure for cancellous bone
in this study; however, it should be noted that it is only
moderately correlated to clinical bone density.”” The
relative ability of DTS derived variables to predict
stiffness of the cancellous core may be higher when
compared to clinical BMD measures. Nonetheless,
when used together with BV/TV, DTS derived vari-
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ables contributed to cancellous bone stiffness inde-
pendently from BV/TV and increased the explained
variability by up to 11%. As such, DTS appears suit-
able for complementing bone mass measurements.

A persistent presence of MIL.DA (single slice or
stack average) was noted in the models, especially
when used together with BV/TV. MIL.DA is the ratio
of two principal MILs and represents the degree of
anisotropy in the image pattern. Degree of anisotropy
is a well-known morphological parameter associated
with mechanical properties of cancellous bone.”!”-31:%
More recently, it was reported that BV/TV and fabric
anisotropy, a form of anisotropy derived from MILs,
are two most important predictors of human cancel-
lous bone stiffness.'® It was reported that anisotropy
explains approximately an additional 10% in cancel-
lous bone stiffness beyond BV/TV in that uCT study,
coincidentally mirroring the finding of the current
study.

Interestingly, MIL.DA (single slice or stack aver-
age) was significant in stiffness models in which stiff-
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FIGURE 4. (a) Measured vs predicted E, using the image
stack from the transverse orientation in LM view (E, = 1676
BV/TV + 14 Av(MIL.Av) + 293 Av(MIL.DA) - 583). (b) Measured
vs predicted E, using the image stack from the transverse
orientation in AP view (E, = 1730 BV/TV + 283 Av(MIL.DA) —
502). For illustration of prediction error, the identity line (solid)
and the root mean square error (RMSE) are shown.

ness from homogenous models were forced. Consid-
ering that the homogenous models should account for
all the microstructural information, this result suggests
that MIL.DA contains information, albeit small, on
the gray level distribution within the structure and
possibly on the bone material. Since MIL.DA is cal-
culated from binarized images, it is not a gray level
parameter per se, but it can be affected by the intensity
distributions during the binarization process. In order
to illustrate this effect, we simulated cancellous bone
with fixed trabecular microstructure but with increas-
ing levels of gray values representing increasing levels
of trabecular tissue mineralization, together with a
fixed level of Gaussian noise (Fig. 5). Application of
the MIL procedures to the simulated images indicated

TABLE 4. Summary of the mixed multiple regression models

of heterogeneous FE stiffness for three DTS scan orientations

(O) and two views (V), with homogeneous FE stiffness (E)

forced as the first term so as to isolate microstructure from
material level information.

(0] \ Slice Stack

Axial AP 0.980 0.983

[+] E.* (0.0001)

[~] Av(MIL.DA)* (0.008)
[-1Av(S;) (0.02)

[+] E.* (0.0001)
[—] MIL.DA* (0.04)

LM 0.981 0.980

[+] E.* (0.0001) [+] E.* (0.0001)

[—-] MIL.DA (0.03)  [~] Av(MIL.DA)* (0.02)
Oblique AP 0.978 0.981

[+] E»* (0.0001) [+] En* (0.0001)
[-1 Av(S;) (0.04)
LM 0.978 0.982
[+] Ev* (0.0001) [+] Ex* (0.0001)
[+] Av(MIL.DA)* (0.02)
[—]1 SD(FD) (0.02)
Transverse AP 0.986 0.987
[+] Ev* (0.0001)
[+] MIL.DA* (0.02) [+] En* (0.0001)
[-1S; (0.03) [+] Av(MIL.DA)* (0.0001)
LM 0.986 0.989
[+] E»* (0.0001) [+] Ex* (0.0001)
[+] MIL.DA* (0.0001) [+] Av(MIL.DA)* (0.0001)

Each cell shows R%; of the model followed by the significant effect
variable. [+] shows the sign of the estimate for each significant
parameter. p values are shown in parenthesis following the variable
name. Effect variables that remained significant in the matching
non-mixed models are also shown (*).

that increasing bone to background contrast with
increasing levels of mineralization affects the segmen-
tation and binarization of the image, which subse-
quently resulted in an increase in MIL.DA. As such,
MIL.DA appears to represent the level of mineraliza-
tion, in addition to structural information, in this
analysis. Alternatively, MIL.DA may be correlated to
another property of the tissue that affects stiffness, but
not examined in the current study. If true, biological
mechanisms underlying such correlation would be of
interest in future studies.

Although MIL.DA (slice or stack average) was
consistently present in the models, it was also the only
DTS parameter whose sign was different between
Transverse and Axial models (Tables 2, 3). Because
MIL.DA is calculated as the ratio of the first and the
third principal MIL values, this cannot be explained
simply by how the coordinate system is set in a given
plane. However, it may be attributable to the orien-
tation dependent sensitivity of the DTS system®*
(Fig. 2), meaning that increasing MIL.DA may indi-
cate increased orientation in the SI direction for
Transverse scans but increased orientation in the
transverse directions for Axial scans. This is more so if
bone mass is fixed, i.e, more orientation in one direc-
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Simulated trabecular Histogram and
Otsu threshold

bone radiograph

Increasing trabecular TMD
Increasing mean grayvalue

Threshold Mean
TMD,

_~

Binarized

. MIL ellipse
image

Increasing MIL.DA

i
!"":!

Change in the binarized microstructure

Background Trabecular

noise bone

FIGURE 5. Simulation to illustrate the potential effect of tissue mineral density (TMD) on the binarization of a 2D projection and,
subsequently, on the calculated MIL anisotropy. The underlying microstructure was kept constant while the gray level was varied.
As the simulated TMD increased the binarized images became more anisotropic or, conversely, anisotropy is reduced with

increasing overlap between background and bone graylevels.

tion would be associated with lack of orientation in
other directions. Because increasing uniaxial stiffness
of cancellous bone would be largely associated with
increased orientation of trabeculae in the SI direction,
measurements of MIL.DA from both Axial and
Transverse scans could correlate with stiffness but with
a different sign. However, this remains a speculation to
be substantiated in future studies.

The limitations of the current study include its ex-
ploratory approach in the construction of the predic-
tive models. Commonly, MIL is used to derive an
average value (representing feature thickness) or cal-
culate anisotropy while LFD is used to calculate a
maximum value representing orientation. Both meth-
ods calculate variables in various directions in the
plane of analysis, giving a distribution of values for
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each plane. In an attempt to capture additional infor-
mation from each distribution and to calculate com-
parable variables between analyses, we included
additional variables (such as MIL.Max and LFD.DA)
in the set. In addition, the methods of MIL, LFD and
fractal analysis have been used previously but typically
with single images such as from a radiogram. Our
utilization of a stack introduced additional variables
that represent the slice to slice heterogeneity in the
texture (SD variables), further increasing the number
of candidate predictor variables. By using VIFs and
comparing mixed model results to those from aggre-
gate data, we eliminated the paradoxical models and
those with multicollinearity. However, further verifi-
cation may be necessary by use of an independent set
of data in future work.
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The current study was focused on a portion of the
cancellous bone within a vertebra rather than the
whole vertebra. However, this was a necessary step as
the image analysis methods used in the current study
are for examining cancellous bone texture alone. Once
the capability of DTS to characterize cancellous bone
is determined, additional approaches can be built on
this foundation to extend DTS based techniques to
cover whole vertebrae.

Finite element calculated cancellous bone stiffness,
rather than experimentally determined strength, was
used as the primary outcome. The computational
nature of the work allowed us to study cancellous
microstructure in isolation. This way, the vertebrae
were left intact for future whole vertebra mechanical
studies. Considering that human vertebral cancellous
bone stiffness and strength are strongly correlated'®
and that large scale FE calculation of cancellous bone
stiffness is highly accurate,” the use of FE stiffness in
the current study is reasonable for the stated advan-
tages.

In summary, we examined three scanning directions
(Axial, Oblique, Perpendicular) in two views (AP,
LM), giving a total of six DTS configurations and the
use of slice (2D) and stack (3D) images from each
configuration for the most explanatory models pre-
dicting FE stiffness of vertebral cancellous bone. In
general, models associated with the Transverse scan-
ning orientation and the LM view utilizing stack
parameters provided more explanatory models than
their respective alternatives. DTS derived variables
increased explained variability in cancellous bone
stiffness by up to 11.5% beyond that explained by BV/
TV alone. MIL.DA frequently appeared in the models
and possibly provided material in addition to
microstructural information. The current results are
expected to inform future studies aiming at improving
the assessment of vertebral bone quality and fracture
risk in the clinical environment.
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