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Abstract. The present research proposes a methodology to determine the strength of a spinal bone in
patients who suffer from prostate cancer using diagnostic imaging, with the purpose of verifying if
metastasis has occurred, and critical conditions have been reached. Advanced numerical methods
allow the modelling of anisotropic materials for different applications in biomedical engineering. The
computed tomography images (CAT) provide the information to create a 3D model of the bone, in
this case, the lumbar vertebra L5. Using segmentation software, it is possible to identify the
mechanical properties of the materials that form the bone and define anisotropic conditions. The 3D
anisotropic model is evaluated using finite element analysis (FEA), considering the appropriate
boundary conditions and its respective material properties, and compared with the reference case of
a healthy bone in an initial stage to assess the damage. Indicators based on the changes in stiffness of
the vertebra could provide evidence of the need for chirurgical intervention.

Introduction

Personalized medicine is one of the greatest challenges of engineering, once tools have been
developed to investigate the complexity of biological systems. Medical imaging (Ml), e.g.
Computerized Axial Tomography (CAT) and Magnetic Resonance Imaging (MRI), are important
since they represent a clear basis to promote the development of personalized medicine, based on the
profile of the individual and not on the disease [1], [2]. With MI, we can develop patient-specific
models that allow realistic numerical simulations to obtain more information relative to the patient
[3]-]6]. These patient-specific models can be used for the mechanical characterization of the bone
structure and to estimate the damage in scenarios such as, for example, implants, osteoporosis or bone
loss by metastasis [7], decreasing the risk of critical events for the patient, and allowing to schedule
treatments or surgical interventions that seek to improve the quality of life of the patient.

As primary tumours are diagnosed earlier, the detection of metastasis becomes more important and
more difficult [8]. Clinically, even in the presence of known spinal metastases, more than 1/3 of the
patients did not have back pain [9]. The principal cause of death is due to the spread of cancer to other
sites. Patients with advanced breast and prostate cancers almost always develop bone metastases [10].
Current measurement techniques for bone metastases are not accurate and can be very expensive.
Reports using bone scintigraphy (BS) show sensitives ranging between 62% and 89% [11], however,
recent research shows accuracy less than 50% [12]. Magnetic resonance imaging (MRI) is the most
accurate technique to detect bone metastases, sensitive has been evaluated around 90% [2], [7], [12].
Nevertheless, authors suggest the use of BS on the assumption that MRI would be costly, consumes
a lot of time and would be clinically involved [13].

Three-dimensional models can provide a lot of useful information that helps clinicians to determinate



the state of a bone or even an organ [6]. In the case of metastasis to vertebrae, based on stacks of
sagittal, coronal and axial slices from a CAT, it is possible to obtain a 3D model of the bone structures
using segmentation tools [3], [14]. Advances in software and hardware have made feasible to
manipulate such data on personal computers [15]. Then, numerical methods can be used to detect
changes in the bone and evaluate structural integrity [4], [5]. This methodology allows finding
structural changes in the vertebrae after the diagnosis of prostate cancer. These models would provide
information to assess the risk of collapse of the vertebrae, which would contribute to anticipate the
use of treatments that reduce the risk of suffering invalidating complications caused by fractures.

In this work, we use the segmentation software Mimics© to process the CAT image and generate the
3D model of a vertebra L5 affected by metastasis. Anisotropic material properties associated to the
bone are extracted from the CAT data [16]. Then, a finite element analysis (FEA) was performed
with the software Ansys© to verify the mechanical response of the bone structure. The 3D finite
element model can represent the irregular geometry and inhomogeneity of this tissue [17].
Physiological biomarkers are proposed to evaluate the risk of collapse of the vertebra as metastasis
progresses.

Methods

Computed axial tomography images are used to build a 3D model, the stack of images collected are
based on grey scale information (Hounsfield units). Two CATSs of the L5 vertebra of a patient are
analysed, corresponding to year 2009, with the healthy vertebra, and to year 2014, when the patient
had developed, by metastasis, a lytic lesion. The segmentation is done for CAT images with a slice
thickness of 2.50 mm and a slice increment of 2.00 mm. The CAT data is imported into Mimics
software, where geometrical details are defined and, then, meshed in 3-Matic to generate volumetric
mesh, Fig. 1. The maximum triangle edge length used is 1 mm, and flip threshold angle is 15.
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The volumetric mesh is imported into Mimics to map anisotropic properties. The relationship between
the Hounsfield value HU and the material apparent density p,,,, is assumed linear [16], the empirical
expression reads:

Papp = 1.22-HU + 47 [g/cm?]. (1)
An empirical expression is selected to assign an average Young modulus E to each element, relating
apparent density with elasticity modulus. Validation of different expressions was studied in previous
literature [18]. The relation used in this work reads:

E =0.63" pgyp™3® [MPal. 2)

The resulting volumetric and surface meshes are imported into Ansys to define the finite element
model, where boundary conditions were incorporated based on the load real conditions generated by



typical human body movements. The boundary conditions used in the FEA have been determined
from [19]. Lifting was the exercise taken as a reference to evaluate the different loads acting on the
lumbar L5. A total of 5 loads, forces and moments, were used. One force, F = [20; 1378; 405]N,
and one moment, M = [6,4; —0, 05; —1,3]N.m, due to the interaction with the intervertebral disc of
a ligamentous motion segment and the other three forces related to muscles, F;, = 84,85 N, F3, =
123 N, as shown in Fig. 2. A static analysis is performed considering a fixed support in the lower
zone of the bone. In structural health monitoring (SHM), a common indicator to assess damage is to
evaluate changes in the eigenvalues and eigenvectors of the structure [20]. We propose to extract
information from the stiffness matrix, trying to define biomarkers for bone damage.
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Figure 2. Loads applied over the lumbar L5.

Results

To determine changes on the mechanical properties of the vertebra, we extracted the stiffness matrix
of the domain generated with the mapped non-homogeneous properties. The sparse matrices are
compared in terms of their eigenvalues and L>-norms. We evaluated the six largest eigenvalues for
the two models and compare their percent difference, Table 1. We observe percent differences up to
13,43% for the second eigenvalue. The Lz-norm for the CAT from 2009 was 5.08E+04 and for 2014
was 4.68E+04, for a percent difference of 7,92%.

Table 1. Eigenvalues for the stiffness matrix for CAT models from 2009 and 2014.

2009 2014 % difference
50810,21 46783,04 -8,61
48967,56 43168,24 -13,43
44181,39 41838,73 -5,60
42713,13 41740,76 -2,33
42264,10 40350,57 -4,74
40127,65 39693,13 -1,09

To verify changes in geometry and occurrence of metastasis, stress and strain fields were analysed.
Different test points (Figs. 3, 4) were evaluated in both models to find possible stress concentrators
that could arise because of segmentation errors or because of bone degradation due to metastasis.
Also, density decrease because part of a normal ageing process, after age 35, mass bone losing will
be between 0,3% to 0,5% per year [21]. Regarding this, there is a zone were density could have
decreased dramatically, as shows Table 2, on the second point tested a stress variation of 159% was
found, which could be associated with a change in geometry due to mass bone loss or a degradation



of mineral bone density.
Table 2. Equivalent stress on different test points.

Equivalent Equivalent

stress 2009  stress 2014 Location (x, y, )

% difference

[MPa] [MPa] [m]
0,57 0,57 0.006129, 0.021090, -0.455290 0,12
0,63 1,63 0.003925, 0.076280, -0.441867 150,47
1,45 1,43 -0.035230, 0.041480, -0.437857 1,08
1,34 1,32 0.045381, 0.039486, -0.434435 1,46
6,54 5,02 -0.016158, 0.034375, -0.440238 9,41
7,56 7,04 0.026612, 0.037148, -0.439232 6,97

Figs. 3 and 4 show changes in strain distribution between the two vertebrae, where the second test
point, highlighted in red, is located where stress increases. This zone is called spinous process, and
agrees with the clinical assessment for metastasis in that area. This is not an area where metastasis
commonly begins, metastatic lesions had been found mostly in the vertebral frontal zone (body) [22].
Strain fields shows significant changes, the location of critical points changed and the distribution,
although similar in both cases, shows an increase of the strain values from 5,1E-3 to 5,8E-3.
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Figure 3. Equivalent strain field with test points for vertebra from 20009.
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Figure 4. Equivalent strain field with test points for vertebra from 2014.



To verify these critical points where a metastatic lesion had occurred, the initial models are evaluated.
We measure bone mineral density in different slices of the critical points. Where strain changes a
density loss of 15% is found. For the spinous process, where a critical increase of stress was found,
the loss of density was 25%. Density measures at random points indicate that the whole vertebra
suffered metastasis. This is the most typical case, diagnosed in the 61% of the patients with prostate
cancer [22].

Conclusions

A methodology to evaluate metastasis due to prostate cancer on lumbar vertebrae was presented.
Using 3D models and finite element analysis, we can evaluate the mechanical response of the model
and detect changes on bone structure. CAT images are used to create reliable models for such analysis,
however, a limited range of slice thickness must be used for this purpose [23]. A model with non-
homogeneous properties was implemented, each element of the mesh had a mean density and
strength, and a static analysis with boundary conditions associated to typical loads was developed.
Results showed a vertebra with a degradation of its mechanical properties on the whole domain, this
kind of lesions are the most typical due to prostate cancer.
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