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Abstract

Quantitative computed tomography—based finite element modeling technique is a promising clinical tool for the predic-
tion of bone strength. However, quantitative computed tomography—based finite element models were created from
image datasets with different image voxel sizes. The aim of this study was to investigate whether there is an influence of
image voxel size on the finite element models. In all 12 thoracolumbar vertebrae were scanned prior to autopsy (in situ)
using two different quantitative computed tomography scan protocols, which resulted in image datasets with two differ-
ent voxel sizes (0.29 X 0.29 X 1.3mm?> vs 0.18 X 0.18 X 0.6 mm°). Eight of them were scanned after autopsy (in vitro)
and the datasets were reconstructed with two voxel sizes (0.32 X 0.32 X 0.6 mm? vs. 0.18 X 0.18 X 0.3 mm?). Finite ele-
ment models with cuboid volume of interest extracted from the vertebral cancellous part were created and inhomoge-
neous bilinear bone properties were defined. Axial compression was simulated. No effect of voxel size was detected on
the apparent bone mineral density for both the in situ and in vitro cases. However, the apparent modulus and yield
strength showed significant differences in the two voxel size group pairs (in situ and in vitro). In conclusion, the image
voxel size may have to be considered when the finite element voxel modeling technique is used in clinical applications.
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of the material mapping procedure, the quality of such
FE models might be influenced by the image voxel size,
which is crucial for defining the anatomic structures.
Smaller voxels allow for a more detailed representation

Introduction

In recent years, finite element (FE) modeling technique
based on three-dimensional (3D) quantitative com-
puted tomography (QCT) data have showed great
potentials for clinical applications in the prediction of
bone strength."* Compared to the traditional dual-
energy X-ray absorptiometry (DXA) technique, the FE
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modeling approach has showed better predictions for
bone fracture.”® This is because that the FE models
have incorporated not only the 3D geometry of bone
but also the inhomogeneous distribution of the material
properties, which is implemented by mapping the CT
value—derived mechanical properties to the FE models.”
Different clinical CT scan protocols are currently avail-
able for scanning human vertebrae, and consequently
QCT-based FE models are generated from image data-
sets with different voxel sizes.""®” However, as a result
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of the geometry and material properties, but require
high radiation doses exposed to the patient.'” On the
other hand, larger voxels require lower radiation doses,
but cannot resolve smaller structures like single trabe-
cular at clinical QCT resolutions and consequently
could cause partial volume artifacts.'® When the FE
modeling technique is used in clinical applications, the
image voxel size and patient radiation dose need to be
balanced. However, if the influence of image voxel size
on the FE models is small and negligible, CT datasets
with larger voxel size can be considered to reduce the
patient radiation dose.

The aim of this study was to investigate the influence
of in situ/in vitro 3D QCT image voxel size on the FE
models of human vertebral cancellous bone.

Materials and methods

In situlin vitro QCT scans

Female cadavers were harvested from 35 female
patients with a mean age of 81.3 = 7.2 years (range: 65—
90 years). Within 7.2 = 3.1 days after death and prior to
autopsy, the cadavers were scanned on a clinical whole
body CT scanner (MXS8000; Philips, Best, The
Netherlands) referred as in situ scan in this article. The
in situ scans were performed using two protocols: a
standard protocol—120kV, 100mA s, field of view of
15cm, slice thickness of 1.3mm, scan range including
vertebrae from T6 to L4; and a high-resolution proto-
col—120kV, 360mA s, field of view of 9 cm, slice thick-
ness of 0.6mm, scan range only including T12 with
adjacent endplates of T11 and L1. The cadavers were
not repositioned in between the two scanning proce-
dures. The datasets from the standard protocol were
reconstructed with a voxel size of 0.29 X0.29 X 1.3
mm?>and those from the high-resolution protocol were
reconstructed with a voxel size of 0.18 X 0.18 X 0.6
mm>. A solid calibration phantom (QRM Bone
Density Calibration (BDC) phantom; QRM GmbH,
Mohrendorf, Germany), which has the density in terms
of hydroxyapatite (CaHA), was placed beneath the
cadavers.

After the in situ scan, the spinal segment from T10
to L1 was retrieved from each cadaver. Each segment
was wrapped into a towel moistened with physiological
salt solution, double-sealed in a plastic bag and kept
frozen below —20°C. On the day of in vitro scanning,
the specimens were surrounded by tissue-equivalent
bolus bags and scanned on a clinical CT scanner
(Sensation 64; Siemens, Erlangen, Germany) using
120kV, 360 mA s and slice thickness of 0.6 mm, referred
as in vitro scan in this article. The datasets were
reconstructed with voxel sizes of 0.32 X 0.32 X 0.6 mm’®
and 0.18X0.18 X0.3mm>. A calibration phantom
(Mindways, San Francisco, CA, USA), which has the
density in terms of dipotassium hydrogen phosphate
(K,HPO,), was placed beneath the specimens.

The thoracolumbar vertebra T12 was chosen for
investigation. Specimens with present T12 fractures or
pathologies were excluded. Out of the given vertebrae,
12 QCT datasets were remained for the in situ analysis,
8 of them remained for the in vitro analysis due to the
faults (damage during autopsy, non-consistent scan
protocol, etc.) in some specimens.

Density calibration between phantoms

As the relationship between the CaHA density and
bone mechanical properties was used in this article, the
K,HPOy density had to be converted to the CaHA den-
sity. To do this, the QRM BDC phantom was placed
on top of the Mindways phantom and the two phan-
toms were repeatedly scanned six times on the
Sensation 64 CT scanner using the in vitro scan proto-
col. The calculated CaHA and K,HPO, density values
were linearly correlated, and the regression intercept of
the CaHA and K,HPO, densities was assumed to be
0mgCaHA/cm?>. It is believed that the use of two cali-
bration phantoms should not influence the conclusions
made in this article, because no comparisons between
in situ and in vitro models were made in this article.

FE voxel model

Following the published procedures,'' the cuboid vol-
ume of interest (VOI) with the size of approximately
12.3mm X 12.3mm X 14.3mm, which was chosen to
cover the largest possible trabecular region within a
vertebral body, was cropped from the center of the ver-
tebral bodies (Avizo V5.0; Mercury Computer Systems,
Inc., Burlington, MA, USA). The FE voxel model was
created by converting each image voxel into a hexahe-
dral element (C3D8) (Figure 1) and then was refined
until convergent results were achieved (Figure 2).
Inhomogeneous, bilinear material properties were
assigned to the FE model.'? The behavior of the cuboid
VOI was investigated under the uniaxial compression
scenario, and the apparent modulus and yield strength
were output from the FE analysis (Abaqus V6.11;
Dassault Systems SIMULIA Ltd, Providence, RI,
USA).!!

Statistical analysis

All the data were checked for normality using the
Shapiro—Wilk test. The datasets were grouped into two
pairs: in situ and in vitro. A paired sample t-test was
used to compare the bone mineral density (BMD), the
FE calculated apparent modulus and yield strength
within each pair. The significance level was set to 95%
(e =0.05). A Bonferroni correction was used to
account for multiple comparisons. The Bonferroni-cor-
rected p-value was 0.05/2 = 0.025. Regression equa-
tions and coefficients of determination (R?) were
computed for the linear correlations of the apparent
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Figure I.

Generation of the finite element (FE) voxel model from the QCT dataset: (a) vertebral body with cuboid volume of

interest (VOI) (solid gray lines), (b) grayscale images of VOI extracted from the center of vertebral body and (c) corresponding FE

voxel model.

= 17600 N = 35200 N = 52800
(40x40x 11)  (40x40x22) (40x40x 33)

(a)
230

OOty
220 +

210 -

Modulus [MPa]

)
8

0 4 8 12 16 20
(b) Element number N (x 10%)

N =70400 = 140800 N=211200
(80x80x 11) (80x80x22) (80 x 80 x 33)
E 1.2 = > > o
2 11
£ 08
£ 06 -
g 04 -
= 02 -
o
= 0 S S S
0 4 8 12 16 20
©) Element number N (x 10%)

Figure 2. A representative mesh convergence study (the in situ low-resolution case): (a) illustration of the meshes from coarsest
(one—to-one mapping between image voxel and finite element) to finest, (b) convergence of the modulus and (c) convergence of the

yield strength of the cuboid volume of interest.

modulus and yield strength with the BMD. Quality of
the fit to the line y = x was given by the concordance
correlation coefficient (CCC)."

Results

The mean value = standard deviation (SD) for the lin-
ear regression slope between the two kinds of phantoms
was 091 £0.01, that 1is, BMD(CaHA)=0.91
BMD(K,HPO,).

No effect of image voxel size on the apparent BMD
was detected for the in situ pair (p = 0.126) and for the
in vitro pair (p = 0.114) (Figure 3). However, the voxel
size had a significant effect on the apparent modulus
and yield strength. Comparing values in the high- and
low-resolution pair, for the in situ case, the apparent
modulus was 197.17 =43.32MPa versus 209.67 =
50.80MPa (p =0.001) and the yield strength was
1.01 =0.27MPa versus 1.07 £0.34 MPa (p = 0.009),
and for the in vitro case, the apparent modulus
was 136.63 =46.63 MPa versus 149.87 = 45.49 MPa

(p < 0.001) and the yield strength was 0.64 = 0.28 MPa
versus 0.74 = 0.28 MPa (p < 0.001). Apparent modu-
lus and yield strength were linearly correlated in the
two resolution groups both for the in situ and in vitro
cases (Figures 4 and 5). Moderate agreement between
the two resolution groups was obtained (CCC = 0.93—
0.95), and the Bland—Altman plots showed there were
consistent biases and both the modulus and the yield
strength increased with the increasing voxel size
(Figures 4 and 95).

Discussion

In this study, first it is shown that the QCT image voxel
size had no effect on the apparent BMD. In this study,
within each in situ/in vitro comparison pair, the data-
sets were acquired with the same tube voltage, which is
a factor influencing the CT values and consequently the
BMD.'* Although in the in situ pair, the datasets were
acquired at different tube currents, a change in tube
current at a given tube voltage changes the image noise,
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Figure 3. Comparisons of the apparent BMDs averaged over the cuboid volume of interest in the low-resolution (LR) and high-
resolution (HR) measurement groups for the in situ (left) and in vitro (right) cases.
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Figure 4. Linear regression (solid line), concordance correlation coefficients (CCC) and Bland—Altman diagrams (average
difference + 1.96 standard deviation of the difference) of modulus and yield strength in high-resolution (HR; 0.18 X 0.18 X 0.6 mm?)

and low-resolution (LR; 0.29 X 0.29 X 1.3 mm®) groups for the in s

but not the mean BMD value obtained, for example, in
the trabecular compartment of a vertebra.'> Not sur-
prisingly, the difference in BMD within each pair was
not significant. Second, this study showed that there is
a significant effect of the QCT image voxel size on FE-
calculated apparent modulus and yield strength, which
is in agreement with previous publications.'®'®
However, these previous studies did not resemble the
clinical scenario, due to the facts that the micro-FE
models were investigated and some low-resolution
image datasets were obtained by numerically down-

itu case.

sampling the high-resolution images.'”'® Consequently,
their conclusions cannot be of direct clinical relevance.
To the authors’ knowledge, the study performed in this
article was the first to investigate the influence of QCT
voxel size on the FE models at the clinical resolution
level, although only high-resolution QCT images were
investigated. Nevertheless, an impact of voxel size on
the FE predictions was found. It should be noted that if
the image resolution in the low-resolution group was as
low as the cuboid size, then the model becomes homo-
geneous isotropic and the comparisons become between
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Figure 5. Linear regression (solid line), concordance correlation coefficients (CCC) and Bland—Altman diagrams of modulus and
yield strength in high-resolution (HR; 0.18 X 0.18 X 0.3 mm?) and low-resolution (LR; 0.32 X 0.32 X 0.6 mm?®) groups for the in vitro

case.

the homogeneous and heterogeneous isotropic FE
models. In this sense, the conclusion that increased
image voxel size leads to overestimation of elastic prop-
erties is in agreement with the published studies.'®>* It
should also be noted that for the in situ groups, differ-
ent voxel sizes were resulted from both different image
acquisition and different reconstruction parameters,
while for the in vitro groups, they only resulted from
different reconstruction parameters.

A few limitations in this article should be discussed.
First, a specific CT-to-elasticity relationship,'? which
was obtained from the vertebral body samples, was
used. It should be noted that the scan protocol in
Kopperdahl et al.'? is different as the ones used in this
article, which may cause some errors in the FE-derived
values.!! However, these errors were added to both the
high- and low-resolution groups, which could make
their effect negligible. Second, with the applied CT-to-
elasticity relationship, negative Young’s moduli are
reached for small BMD values. To avoid the occur-
rence of this situation, a threshold of 10mgCaHA /cm®
was applied to the CT-to-elasticity function. It is
worthy to mention that the aforementioned limitations

could be solved by applying the micromechanic-based
approaches to derive the CT-to-elasticity rela-
tions, 19:20:25-28

In conclusion, this study suggested that the 3D
QCT-based FE voxel models created from in situ/in
vitro image datasets with different voxel sizes would
give significantly different results. This study provided
important insights into the clinical applications of FE
modeling technique by implying that consistent QCT
image voxel size should be used when using the FE
models to predict the in vivo bone strength.
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