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Introduction

Vertebral bone is composed of trabecular and cortical 
bone tissue, providing the vertebral body a structural 
resistance to different types of loads withheld throughout a 
lifetime. Trabecular bone has been shown to be distributed 

heterogeneously within the vertebral body, where some 
regions are denser than others like the pedicle area1, to 
provide such resistance. The constant change of loads 
accords the bone an anisotropic behaviour, consequently 
altering its mechanical properties2. Therefore, the bone 
mineral density (BMD) varies considerably between certain 
regions in the vertebral body3,4, between vertebral levels5, 
and even between individuals according to their age6,7, as the 
evolution of bone density degradation leads for example to 
osteoporosis. Several studies have reported mathematical 
relationships to relate BMD and mechanical properties 
of interest that act on the vertebrae, such as the Young’s 
modulus3,8-11. These relationships give an insight into better 
understanding the macro- and micro-structural behaviour of 
trabecular bone. Such understanding is particularly valuable 
to improve methods of screw fixation in spine surgery.

During spine surgery, instrumentation is needed to 
correct a deformity or treat a fracture where contoured 
rods are connected to pedicle screws. Pedicle screws need 
a proper purchase to sustain the loads exerted to correct 
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the deformity and maintain it during the time needed to 
fuse the spine. For a given screw diameter and length, the 
fixation strength depends on the quality of the trabecular 
bone12,13 and the thickness of the cortical bone traversed by 
the screw trajectory. The risk of pedicle screw failure has 
been reported in 0.8 to 27% of the cases14,15, with screw 
dimension and trajectory being important determinants16. 
Additionally, poor bone quality (as found with osteoporosis) 
contributes to screw plowing and poor anchoring, and thus 
screw fixation planning should be considered differently from 
healthy vertebrae13,17.

To improve pedicle screw anchorage during surgery, 
experimental testing of standard pull-out tests has been 
performed on cadaveric or foam specimens12,18,19, but 
these limit the very diverse representation of vertebral 
characteristics in the adult spine deformity population. As 
an alternative, finite element modeling (FEM) can provide 
detailed biomechanical analysis and numerically simulate 
pull-out tests to evaluate the performance of the screw/
vertebra interaction16,20-23. These models can be designed 
with a generic geometry and average mechanical properties, 
which intended to provide a realistic representation of the 
instrumentation simulation24-27.

The spine geometry for FEMs can be obtained via imaging 
modalities such as computer tomography (CT) by generating 
volumes of interest and modeling a mesh around the surfaces 
created28. Other modalities include quantitative computer 
tomography (qCT), where the grey values on the images are 
correlated with known phantom densities to estimate the 
volumetric bone density of human vertebrae11,29, and micro-
CT, where the properties of single bone human specimen 
can be analyzed at the sub-tissue level9,30,31, thus estimating 
mechanical properties. However, most of reported spine 
FEMs include only isotropic mechanical properties, limiting 
a realistic representation of the bone density variation. 
Moreover, CT or qCT requires correlating density and 
stiffness values with measured gray levels, a relatively long, 
complex, and expensive process in clinical practice. Also, 
these imaging techniques impose high levels of ionizing 
radiation on the patient32, which limits their clinical use.

We recently acquired an off-label version of a low-dose 
multi-energy imaging system with the capacity of acquiring 
simultaneously bi-planar (lateral and frontal) radiographs 
of a patient in a standing, physiological weight-bearing 
position. Two X-ray fan beam tubes are used along with 
respective photon-counting detectors to simultaneously 
acquire upright high-resolution images. This system 
uses a technology of dual-energy (DE) absorptiometry 
to modulate a low and high X-ray energy into the tissues. 
Following the Beer-Lambert’s law, bone and soft tissue can 
be visually separated according to their absorptiometry 
coefficients, which are energy dependent. Additionally, 
this system generates calibrated bone-targeted images 
which provide high-resolution information of the geometry 
and the value of bone mineral density of the vertebrae 
and pelvis. Estimation of the mechanical properties of 
trabecular bone can therefore be possible and thus be 

implemented into an existing vertebral finite element model 
to further study pedicle screw anchorage. The methodology 
to acquire said properties is the main purpose of this study 
as the dual-energy imaging system is a new prototype and 
its capabilities have yet to be exploited.

The objective of this study was to develop a methodology 
to improve the representation of the mechanical properties 
of the vertebral bone based on a new dual-energy imaging 
technology. An existing 3D vertebral finite element model will 
be used to evaluate the feasibility of this methodology and 
compare biomechanical parameters on pedicle screw fixation 
to previous studies.

Materials and Methods

Dual-energy radiographic images

As described previously, the dual-energy (DE) imaging 
system generates biplanar images of a standing patient. 
However, in order to have full control over the production of 
these images, in this feasibility assessment study we worked 
with a company-provided image simulator that generates 
synthetic biplanar radiographs in postero-anterior (PA) and 
lateral (LAT) view in DICOM format. The synthetic images 
have the same properties as the ones obtained directly from 
the imaging system.

The process to obtain the synthetic images through the 
image simulator depends on a previously acquired CT-scan of 
the spine of the patient. A calibration is done to mismatch the 
voxel values corresponding to bone tissue to pixel values in 
a planar image grid. To generate a realistic synthetic image, 
the acquisition parameters in the image simulator can be set 
similar to the DE imaging system such as the voltage, current, 
collimation filter, and more (Figure 1).

The image simulator can generate four different types 
of synthetic radiographs depending on the calibration 
parameters initially set: a contour-enhanced image, a 
polymethyl methacrylate (PMMA) calibrated image, an 
aluminum (AL) calibrated image, and a hydroxyapatite (HA) 
density calibrated image which simulates the bone mineral 
density of the acquired bone structures. Hydroxyapatite is a 
mineral found in calcium apatite which has similar properties 
to human bone mineral. The PMMA and aluminum calibrated 
images simulate respectively soft and bone tissue due to 
their similar absorptiometry coefficient. For both PMMA 
and aluminum calibrated images, the DICOM scale attribute 
is “mm of PMMA” and “mm of AL” respectively. For the 
hydroxyapatite calibrated images, this scale is “g/cm2” as 
the images are calibrated with the density of this mineral. 
The pixel intensity value for HA-calibrated radiographs is 
therefore shown in the unit of bone mineral density (g/cm2).

For this study, the radiographic images of the spine were 
generated from a test case derived from an open access 
CT scan from the dataset acquired by the Department of 
Radiology at the University of Washington and published 
online by the Department of Computing at Imperial 
College London (BioMedIA)33,34. The simulation acquisition 
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Figure 1. For the purpose of the feasibility study, the DE radiographic images were synthetically generated using available CT-scan from 
BioMedIA33,34, using the simulated image acquisition parameters shown above. Four sets of the DE radiographic images were generated 
to simulate the density of the acquired spine structures: 1) contour-enhanced image, 2) polymethyl methacrylate (PMMA) calibrated 
image (soft tissue), 3) aluminum (AL) calibrated image (bone tissue), and 4) hydroxyapatite (HA) density calibrated image.

Figure 2. Isotropic FEMs of L3. a) A homogeneous model with both cortical and trabecular bone elements. b) A heterogeneous model 
with trabecular elements divided into 8 subregions and a cortical bone layer. The trabecular bone subregions are named A through H as 
follows: A) trabecular superior-anterior, B) trabecular superior-central, C) trabecular superior-posterior, D) trabecular inferior-anterior, 
E) trabecular inferior-central, F) trabecular inferior-posterior, G) trabecular posterior elements, and H) trabecular pedicle region. c) 
Diagram of the four vertebral models of this study.
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parameters were 130 kV and 125 mA for X-ray tube voltage 
and current, respectively, with a 0.1 mm copper filter. Pixel 
size of the images was set at 0.1 mm.

Definition of the vertebral models

From the simulated DE radiographs, the HA-calibrated 
images were used in this study to estimate the mechanical 
properties of the test case (referred thereafter as mechanical 
properties from DE images) to build an analytic subject-
specific FEM. Moreover, a reference FEM was built, for 
comparison purposes, using published mechanical properties 

(referred thereafter as reference mechanical properties). For 
this feasibility study, the methodology was tested for the 3rd 
lumbar vertebra (L3), as the same vertebral FEM was used 
and validated in previous studies16,35.

Four isotropic FEMs of L3 were created with two 
different trabecular bone distributions derived from the 
DE radiographs or from published trabecular bone mineral 
density, thereafter estimating the mechanical properties 
using published mathematical equations36: 1) averaged 
(homogeneous) model and 2) derived from the subject-
specific images and averaged over small regions of interest 

Table 1. Estimated parameters from bi-planar dual-energy radiographs for the homogeneous model for: a) the trabecular bone, and b) the 
cortical bone. The estimated volumetric bone mineral density is shown in bold.

Parameters Lateral view Posteroanterior view Both views

a) Trabecular bone

Area (cm2) 12.636 15.907 -

Average pixel intensity (g/cm2) 1.040 1.329 -

Bone mineral content (g) 13.141 21.141 17.141

Depth (cm) 4.372 3.716 -

Volume (cm3) 55.248 59.105 57.176

Volumetric bone mineral density (g/cm3) 0.238 0.358 0.298

b) Cortical bone

Area (cm2) 5.902 4.729 -

Average pixel intensity (g/cm2) 1.157 1.474 -

Bone mineral content (g) 6.828 6.971 6.899

Depth (cortical thickness) (cm) 0.289 0.738 -

Volume (cm3) 1.706 3.490 2.598

Volumetric bone mineral density (g/cm3) 4.003 1.997 3.000

Table 2. Computed parameters from bi-planar dual-energy radiographs for the heterogeneous vertebral model. The estimated volumetric 
bone mineral density is shown in bold as average vBMD (average from the lateral and posteroanterior view).

Parameters Lateral view Posteroanterior view

Subregions of 
trabecular bone

A B C D E F G H Superior Inferior
Right 

pedicle
Left 

pedicle
Both 

pedicles

Area (cm2) 2.23 1.93 2.01 2.40 2.01 2.07 - 0.95 8.46 7.37 0.66 0.68 -

Average pixel 
intensity (g/cm2)

0.66 0.92 1.17 0.54 1.20 1.49 - 1.04 1.29 1.35 0.93 1.21 -

Bone mineral 
content (g)

1.46 1.77 2.36 1.29 2.41 3.08 - 0.98 10.89 9.96 0.62 0.48 0.69

Depth (cm) 4.37 4.37 4.37 4.37 4.37 4.37 - - 1.24 1.24 - - -

Volume (cm3) 9.73 8.45 8.78 10.50 8.80 9.03 - 0.77 10.48 9.12 0.76 0.78 0.77

Volumetric bone 
mineral density 
(g/cm3)

0.15 0.21 0.27 0.12 0.27 0.34 - 1.28 0.37 0.29 0.82 0.61 0.90

Average 
volumetric bone 
mineral density 
(g/cm3)

0.26 0.29 0.32 0.20 0.28 0.31 0.32 0.90
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(heterogeneous) model, as shown in Figure 2.
For the heterogeneous models, eight different 

subregions (A-H) were defined to differentiate the 
mechanical properties of the anterior and posterior 
parts of the vertebral body as well as the superior and 
inferior regions (Figure 2b), following the work of Zhao 
et al. (2009)37 and Wagnac et al. (2012)38. The posterior 
elements were also separated from the vertebral body, 
with two subregions in the pedicles. These subregions 
consider critical areas where BMD changes depending on 
the load transmission throughout the spine, such as the 
pedicle area and the anterior region of the vertebral body, 
which have high- and low-density values respectively3,4.

Estimation of volumetric bone mineral density

Estimation of volumetric bone mineral density from dual-
energy HA-calibrated radiographs

The pixel intensity values of the HA-calibrated radiographs 
obtained from the image simulator were defined as surface 
bone mineral density (g/cm2). The volumetric bone mineral 
density (vBMD) was computed in the trabecular region for the 
homogeneous model and the 8 regions of interest (ROI) for 
the heterogeneous model for each radiograph using ImageJ 
(ImageJ 1.53a, National Institutes of Health, USA, Maryland). 
The surface area and the average pixel intensity value within 

each ROI was computed using a measuring tool in ImageJ. 
Average pixel intensity was converted as HA mineral density 
(g/cm2) using the corresponding DICOM attributes.

From the surface area and calculated density, the 
analytic approach from Carter et al. (1992)39 was followed 
to estimate the volumetric bone mineral density (g/cm3), 
adding a 3D perspective into the estimation. Bone mineral 
content (BMC) was computed as BMC=A*BMD, where A is 
the surface area and BMD is the bone mineral density (or 
average pixel intensity value) from the selected ROI. Next, the 
depth of the ROI was estimated to assess a 3D perspective 
of the ROI’s shape. To simplify the process, the volumetric 
shape of the trabecular bone on the vertebral body ROI was 
assumed as a rectangular prism. From the LAT image, the 
length of the vertebral body was measured to estimate the 
PA view depth, and conversely for the PA image. For the 
pedicle region, the shape was assumed as a cylindrical prism. 
Afterwards, the volume was estimated as Volume=depth*A. 
Finally, the volumetric bone mineral density was estimated 

as vBMD=
volume
BMC .

This process was followed on both PA and LAT 
radiographic images for the homogeneous (Table 1) and 
for the heterogeneous (Table 2) models. The posterior 
elements’ parameters were estimated using the trabecular 
superior-posterior subregion since their densities are 
similar. The cortical bone vBMD was estimated by creating 

Figure 3. Mechanical properties of the four L3 vertebral models: a) homogeneous model from DE images, b) heterogeneous model from 
DE images, c) homogeneous reference model, and d) heterogeneous reference model. Values of volumetric bone mineral density (ρ, in 
g/cm3) and Young’s modulus (E, in MPa) are shown over each region for trabecular and cortical bone.
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a singular rectangular subregion around the outer edge of 
the vertebral body with a thickness of around 1 mm, and thus 
was considered homogeneous for all models.

Estimation of reference volumetric bone mineral density from 
published data

The volumetric bone density for the reference model 
(homogeneous and heterogeneous) was estimated from the 
reported work of Banse et al. (2001) (Table 3). Based on the 
reported 48 samples of 8 lumbar vertebrae, the average 
density values were applied to the entire trabecular bone of 
the vertebra. The average of all obtained volumetric bone 
mineral densities was used as the single value of volumetric 

bone mineral density for the homogeneous model. As for the 
heterogeneous model, an analogous approach of average by 
subregion was used.

Computation of the mechanical properties

The mechanical properties of cortical and trabecular bones 
were represented by a Johnson-Cook elastoplastic law40. 
The Young’s modulus (MPa) was defined from the vBMD 
according to the equation published by Keller et al. (1994) 
(Equation 1). Other mechanical properties, such as the 
Poisson’s ratio, the yield stress (MPa) the hardening modulus 
(MPa), the hardening exponent, the failure plastic strain, and 
the plasticity maximum stress (MPa), were obtained from 

Table 3. Mechanical properties computed from published data for the homogeneous and heterogeneous L3 vertebral reference model. 
Young’s modulus was estimated using Equation 1. The remaining mechanical properties were obtained from previous published data.

 Mechanical Properties

Homogeneous 
model

Heterogeneous model
References

 Trabecular 
bone

Cortical 
bone

Trabecular bone (subregions)

A B C D E F G H

Volumetric bone 
mineral density (g/cm3)

0.169 2.0 0.16 0.17 0.17 0.17 0.18 0.19 0.17 0.18
Trabecular: 3, 44;  

Cortical: 16

Young’s modulus (MPa) 62.23 2625 52.7 60.8 65.0 62.9 68.0 76.4 65.2 66.5
Trabecular: 36  

Cortical: 16

Poisson ratio 0.25 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.25 0.25
Homogeneous: 16;  
Heterogeneous: 38

Yield stress (MPa) 1.95 105 1.65 1.87 1.97 1.91 2.05 2.25 1.97 1.97
Homogeneous: 16;  
Heterogeneous: 56

Hardening modulus 
(MPa)

16.3 875 8.5 7 8.5 8.1 12.5 12.5 7 7

Homogeneous: 16;  
Heterogeneous: 38

Hardening exponent 1 1 1 1 1 1 1 1 1 1

Failure plastic strain 0.04 0.04 0.082 0.06 0.082 0.08 0.104 0.104 0.06 0.06

Plasticity maximum 
stress (MPa)

2.6 140 2.65 2.3 2.65 2.6 3.25 3.25 2.3 2.3

Table 4. Mechanical properties computed from dual-energy radiographs for the homogeneous and heterogeneous L3 model. Young’s 
modulus was estimated using Equation 1. The remaining mechanical properties were set from published data16,38,40,56.

Mechanical Properties

Homogeneous model Heterogeneous model

Trabecular 
bone

Cortical 
bone

Trabecular bone (subregions)

A B C D E F G H

Volumetric bone mineral density 
(g/cm3)

0.298 3.0 0.26 0.29 0.32 0.20 0.28 0.31 0.32 0.90

Young’s modulus (MPa) 184.67 2625 144.73 177.86 213.82 90.08 164.61 204.43 213.82 213.82

Poisson ratio 0.25 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.25 0.25

Yield stress (MPa) 1.92 105 1.65 1.87 1.97 1.91 2.05 2.25 1.97 1.97

Hardening modulus (MPa) 16.3 875 8.5 7 8.5 8.1 12.5 12.5 7 7

Hardening exponent 1 1 1 1 1 1 1 1 1 1

Failure plastic strain 0.04 0.04 0.082 0.06 0.082 0.08 0.104 0.104 0.06 0.06

Plasticity maximum stress (MPa) 2.6 140 2.65 2.3 2.65 2.6 3.25 3.25 2.3 2.3
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previous studies that used an inverse finite element method 
from experimental tests38,40,41.

E=1.89 vBMD1.92     (1)
Equation 1 was used to estimate the Young’s modulus 

for the homogeneous and heterogeneous models, from the 
trabecular vBMD of DE radiographs (Tables 1 and 2) and the 
trabecular vBMD was estimated from published data (Table 
3). Cortical bone’s mechanical properties were defined from 
the published literature. The mechanical properties computed 
from published data and derived from DE radiographs are 
shown in Tables 3 and 4, respectively, and in Figure 3.

Vertebral finite element model

The baseline FEM geometry of L3 used for all models in 
this study was first extracted from the SM2S (Spine Model 
for Safety and Surgery) model corresponding to a CT-scan of 
a healthy 32-year-old male volunteer in the 50th percentile 
with no back problems, which was previously developed within 
the framework of the iLab International Laboratory24,41-43. The 
model was then adapted with the properties of the tested case 
but maintained the baseline geometry of the model. It includes 
its vertebral body, the pedicles, and posterior elements. The 
cortical bone had a thickness varying between 1.0 to 1.5 mm, 
considering regional thickness44,45. Trabecular and cortical 
bone was meshed with 4 node tetrahedral elements whose 
characteristic size was 0.5 mm to 1 mm in the vicinity of the 
screws16,46,47. The mesh size and distribution on this model 
was tested for convergence in a previous study16. The FEM 
was generated using Hyperworks v2014 (Altair Engineering 
Inc., 2014, USA, Michigan).

The homogeneous L3 models had only the trabecular 
and cortical bone volumes. The heterogeneous L3 

models were modified so the trabecular bone boundaries 
were separated into the 8 subregions defined in section 
“Definition of vertebral models”. Figure 4 shows the 
resulting four vertebral FEMs.

Pedicle screw pull-out simulation

The pedicle screw used in this model was a 40-mm-long, 
6.5-mm-diameter cylindrical screw with a single evenly 
spaced thread (CD Horizon Legacy screw). The screw 
was modeled as a rigid body with 0.5 mm shell triangular 
elements. The screw was inserted into the right pedicle 
of the L3 FEM in a straight-forward trajectory (Figure 
4). A penalty-based contact was used at the bone-screw 
interface with a Coulomb-type friction coefficient of 0.2 
and a minimal gap of 0.03 mm16. Fixed boundary conditions 
were applied in the external nodes of the anterior portion of 
the vertebral body16. The screw head was constrained with 
a slide link condition so it would slide out without an off-
axis displacement during the simulation, which consisted 
of a displacement rate of 0.1 mm/ms to create axial load 
until the peak force was reached. The solver used for 
these quasi-static simulations was RADIOSS v2013 (Altair 
Engineering Inc., 2013, USA, Michigan).

From the pull-out simulations, three dependent 
parameters were post-processed to evaluate the 
performance of the pedicle screw fixation16: the peak pull-
out force (MPa), the bone-screw interface initial stiffness 
(N/mm) and the distribution of maximum stress in the 
bone around the screw (MPa). The peak-pull-out force 
was reported as the maximum pull-out force recorded 
in the force-displacement curve. The initial stiffness was 
calculated for the most linear initial part of the slope of 

Figure 4. Meshed models with homogeneous and heterogeneous distribution with pedicle screw inserted in the right pedicle. Tetrahedral 
elements are seen in the trabecular bone surfaces. A closed-up view of the meshing between the screw model and the trabecular bone 
is displayed. A schematic representation of the boundary conditions with a fixation on the anterior nodes of the vertebral body and an 
in-line constraint of the screw is shown in red. Displacement rate direction on the screw is shown on with a blue arrow.
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force-displacement curve. Finally, the maximum stress 

distribution was calculated as the Von Misses stress 

distribution using the HyperView v2013 tool (Altair 

Engineering Inc., 2013, USA, Michigan).

Results

For the four models tested, the maximum stress in the 
trabecular bone were located at the screw threads, distributed 

Figure 5. Von Misses stress distribution in the trabecular bone after the pedicle screw pull-out simulation for the four models. A color-
coded legend shows the maximum stress presented on the model elements, red as the maximum value to blue as the lowest value. 
Images were captured for each model at their own peak pull-out force, which is manifested at a different time for each one.

Figure 6. Force-displacement curves for all vertebral models. Models with properties derived from DE images (light grey) reach peak 
force at a smaller displacement, when compared to the reference (dark grey). Homogeneous models (HM) are shown in bold and 
heterogeneous models (HT) are shown with dashed lines.
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along the entire length of the screw (Figure 5). The maximum 
stress was quite similar between all four models and ranged 
between 2.57 MPa and 2.66 MPa.

However, the force-displacement curves and initial 
stiffness were quite different between the four models 
(Figures 6 and 7). The initial stiffnesses for the models 
based on DE images were 5262 N/mm and 4830 N/mm 
for the homogeneous and heterogenous representations 
of the trabecular bone, respectively, while for the reference 
models it was 2232 N/mm and 2314 N/mm. Therefore, the 
stiffness of the models based on DE images was 58% and 
52% higher than the homogeneous and heterogeneous 
reference models, respectively. The peak pull-out forces for 
the models based on DE images reached 418 N and 511 N for 
the homogeneous and heterogeneous models, respectively, 

while for the reference models, they were 28% lower (298 N 
and 371 N) (Figure 7).

The models based on DE images reached a peak pull-out 
force at a smaller simulated screw displacement than the 
reference models (0.1 mm vs. 0.15 mm, respectively) for the 
homogeneous models. The same tendency was seen for the 
heterogeneous models (0.14 mm vs. 0.2 mm).

Discussion

The novel DE imaging technology allowed to characterize 
the subject-specific mechanical properties, which had a 
clear impact on the simulation of screw pull-out vs. using 
published reference properties as done in most reported 
studies16,25,48. These differences are mostly seen in the 

Figure 7. Simulation results of pedicle screw pull-out for the homogeneous and heterogeneous models with properties derived from DE 
images (light grey) and reference models (dark grey). The increase in peak pull-out forces and initial stiffnesses are reported. There was 
no difference for the maximum stress values.
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peak pull-out force during pull-out simulation and the initial 
stiffness of the bone-screw interface. This can be explained 
by the fact that the vBMD values of the DE images were 
slightly higher than those of the reference models (Tables 1 
and 2), especially in the pedicle region where the vBMD is 3 
times higher than in the posterior regions. Consequently, the 
posterior elements, the pedicles and the posterior regions of 
the vertebral body of the heterogeneous models had higher 
Young’s modulus compared to the homogeneous models, 
which also contributed to higher pull-out force and stiffness. 
These differential properties cause the posterior subregions 
to provide better resistance at the first quarter of the pedicle 
screw length during simulated pull-out, as shown in 44, where 
it was found that the pedicle region contributes 80% of the 
bone-screw stiffness and 60% of the pull-out strength.

The observed relationship between bone density and 
resulting peak pull-out force is consistent with previous work 
reported, as well as the resulted screw pull-out forces which 
are found within reported value range12, where the same 
type and dimension of pedicle screw were used. The initial 
stiffness of the current study is also comparable to or slightly 
higher than the values reported from experimental49,50 and 
numerical16 pedicle screw pull-out tests, adding confidence 
to the model presented in this study.

A strength of the DE imaging system used in this study is 
to provide calibrated HA radiographs, which allows a more 
precise quantification of the local mechanical properties of 
vertebral bone, to be incorporated in the vertebral FEMs, to 
the author’s knowledge, a first study of its kind. Published 
studies have presented a similar work on estimating a 
heterogeneous representation of BMD distribution with 
single-image dual-energy X-ray absorptiometry (DXA)51-

53 and bi-planar radiography54,55, but have not focused 
on quantifying mechanical properties for orthopedic 
instrumentation fixation.

The methodology presented in this study has shown the 
feasibility to evaluate bone quality from human vertebrae 
using the DE imaging system and could potentially be used 
on other bone structures, such as the femur, pelvis, humerus, 
or the mandible. Using more robust algorithms, regions of 
interest can be selected on different bone structures on the 
bone-calibrated radiographs, allowing an estimation of the 
mechanical properties. Furthermore, the contour-enhanced 
images provided by the system allow detailed definition of the 
bone structure of interest and thus improves the selection of 
the bone’s geometry. This system could provide bone quality 
assessment with low-dose radiation (even lower than DXA) 
without compromising image resolution, an important factor 
when diagnosing bone disease, such as osteoporosis. Bone 
quality is a known parameter that affects screw fixation on 
spine instrumentation, and it is not usually considered in 
orthopedic surgical planning. The methodology shown in this 
study provides an insight into the capability of the DE imaging 
system to provide accurate representation of the bone 
mechanical properties and its use in numerical modelling, 
improving the decision-making for surgeons and decrease 
the risk of screw failure.

The limitations of this study include: 1) the need of manual 
identification of trabecular bone subregions to estimate the 
vBMD of vertebrae and therefore, the mechanical properties; 
2) the absence of population data of DE radiographic images 
and therefore statistical analysis; 3) a segmentation limited 
for the moment to 8 subregions. An automatic algorithm 
would allow rapid calculation of volumetric bone density 
from bi-planar radiographs, especially since they can be 
matched via stereography methods. For the heterogeneous 
model, the manual definition of subregions must be done 
beforehand; this can be a tedious definition knowing that 
each subregion can vary from one patient to another. Having 
an automatic method to estimate the mechanical properties 
of a vertebra, and even more so, of a section or the entire 
spine, would allow faster acquisition of these properties for 
multiple radiographies. However, the estimation of vBMD 
is a first attempt to model the bone density in 3D based on 
a pair of radiographs. It is limited to being projectional and 
combining the superimposition of data. Further studies 
involving 3D reconstruction of the spine whilst embedding 
the projected biplanar HA-radiographs into the vertebrae 
geometry would help to refine and document the accuracy of 
the vBMD estimation.

Although limited to one case and one trajectory of 
a screw, this feasibility study confirmed the credibility 
of an approach based on DE radiographs to generate a 
vertebral FEM with subject-specific mechanical properties 
adapted to comprehensively study pedicle screw fixation 
and demonstrated the value of taking them into account 
to simulate instrumentation performance. Now that such 
demonstration is established, the approach can be applied 
to more cases and other screw dimensions and trajectories, 
which will eventually lead to a better understanding of inter-
individual variations and to an appreciation of the importance 
of this tool for the design of better spinal instrumentation.

Conclusion

This study demonstrated the feasibility of vertebral FEM 
with subject-specific mechanical properties by exploiting the 
potential of low-dose bi-planar DE radiography. An increase 
on the biomechanical parameters measured during pull-
out tests were seen on subject-specific models compared 
to reference models, indicating an important difference 
on including realistic mechanical properties on numerical 
models.

The ability to better describe the heterogeneity of bone 
density distribution in a vertebral FEM provides a relevant 
perspective to improve the quality of FEMs for orthopaedic 
surgery planning.
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