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ABSTRACT
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Bone metastasis to the spine, pelvis or hip in patients with prostate cancer is a pathology that occurs in
approximately 80% of cases. Metastases in the spine can cause pain, instability and neurological injuries.
Therefore, it is relevant to evaluate when critical conditions have been reached and the structural integrity
of the bone is compromised. Numerical methods based on patient data, obtained through post-processing of
medical images, provide a tool to model the complexity of the biological tissue material. Computed axial
tomography (CT) together with segmentation tools allows the reconstruction of 3D bone models that include
mechanical properties, and that represents the anisotropic condition of bone structures. In this work, we
present the LS lumbar vertebra model of a patient affected by metastases and evaluate biomarkers to indicate
the level of damage, compared with the reference case of healthy bone in an initial stage.

RESUMEN

Palabras clave:

Datio 6seo

FEA basado en la imagen
Metastasis

Segmentacion osea
Vértebras

La metastasis 0sea a la columna vertebral, pelvis o cadera en pacientes con cancer de prostata es una
patologia que se presenta en aproximadamente el 80% de los casos. Las metastasis en la columna
vertebral pueden causar dolor, inestabilidad y lesiones neuroldgicas. Por lo tanto, es importante evaluar
cuando se han alcanzado las condiciones criticas y se ha comprometido la integridad estructural del
hueso. Los métodos numéricos basados en los datos de los pacientes, obtenidos mediante el post-
procesamiento de imagenes médicas, proporcionan una herramienta para modelar la complejidad
del material tisular bioldgico. La tomografia axial computarizada (TC) junto con herramientas de
segmentacion permite la reconstruccion de modelos 6seos en 3D que incluyen propiedades mecénicas,
y que representan el estado anisotropico de las estructuras dseas. En este trabajo se presenta el modelo
de vértebras lumbares L5 de un paciente afectado por metastasis y se evaltan los biomarcadores para
indicar el nivel de dafio, en comparacion con el caso de referencia de hueso sano en una fase inicial.

1. Introduction

cancer are considered, the prevalence rises to values
close to 70% [5], [6].

Primary tumors are diagnosed increasingly soon,
making the detection of metastases more important
and more difficult [1], [2]. Patients with advanced
breast and prostate cancer almost always develop
bone metastases [3], these being the two most
common types of cancer in men and women in
Colombia [4]. About 39% of patients with breast
or prostate cancer develop vertebral metastases, but
if patients with advanced status of these types of

On the other hand, advances in diagnostic medical
imaging techniques [7], segmentation algorithms
[8], [9], numerical methods for studying complex
biological systems [10], [11], and capacity Growing
computer equipment has marked the development
of personalized medicine, once tools have been
obtained to investigate the anatomical and functional
complexities of patients. Diagnostic techniques
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such as computed tomography (CT) and magnetic
resonance imaging (MRI) are important because
they promote the development of personalized
medicine based on the individual’s profile, and not
on the disease [12], [13]. With these techniques,
specific patient models can be developed that allow
realistic numerical simulations to obtain more
information regarding the patient [10], [14] - [16].
These patient-specific models can be used for the
mechanical characterization of bone structure and to
estimate damage in scenarios such as, for example,
implants, osteoporosis or bone loss due to metastasis
[6], reducing the risk of critical events and allowing
schedule treatments or surgical interventions that
seek to improve the patient’s quality of life.

Three-dimensional models can provide a wealth
of useful information that helps doctors determine
the state of a bone or even an organ [10]. In the
case of vertebra metastasis, it is possible to obtain
a 3D model of bone structures using segmentation
tools from the images of sagittal, coronal and axial
sections of a CT scan, [17], [18]. Subsequently,
numerical methods can be used to detect changes in
the bone and assess its structural integrity [15], [16].

This paper proposes a methodology to find changes
in the structural integrity of vertebrae after the
diagnosis of prostate cancer, using numerical models
that consider the anisotropic properties of bone
tissue. These models provide information to assess
the risk of vertebral collapse, which would help to
anticipate the use of treatments that reduce the risk
of invalidating complications caused by fractures.
First, we process the medical diagnostic image
of the CT scan using the segmentation software
Materialize Mimics v19 © to generate the 3D model
of an L5 vertebra affected by metastasis. Two stages
of the disease are compared, considering the first as
a healthy or reference vertebra. The properties of
the anisotropic material associated with bone [§],
[19] are defined from the information available in
the TACs. Then, a finite element analysis (FEA) is
performed with Ansys v18.1 © software to study the

mechanical response of the bone structure. The 3D
finite element model allows representing irregular
geometry and the lack of homogeneity of bone tissue
[20]. Finally, some physiological biomarkers are
proposed to assess the risk of collapse of the vertebra
before osteolytic, osteoblastic or mixed lesions as
metastasis progresses.

2. Materials and methods

The computerized axial tomography images are used
to construct the 3D model, the package of collected
images is based on grayscale information (Hounsfield
units). Two 3D models of a patient’s L5 vertebra
are analyzed: a model with the vertebra in the state
corresponding to the year 2009, with the healthy
vertebra, and the other with the vertebra evaluated
in 2014, when the patient had developed metastases.
Segmentation is performed for CT images with 2.50
mm thick layers and a step between 2.00 mm layers.
The TAC data is imported into the Mimics software,
where the geometric details are defined and then
exported to 3-Matic to generate a volumetric mesh,
see Figure 1.

Figure 1. Volumetric mesh created to evaluate each vertebra

The volumetric mesh is imported again into Mimics
to assign the anisotropic properties in each element.
The relationship between Hounsfield (HU) values
and apparent density p app, given in g/cm”3, it
is assumed linear [19], by means of empirical
expression:

Papp = 122 -HU +47 (1)
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For each element, an apparent Young’s module, E, is
assigned in MPa. Different models in the literature
relate density and elasticity in patient-specific studies
[19], [21]. The empirical expression that directly
relates Young’s module with apparent density is
written as [19]:

E=063" popp™®® (2
Themodels generated withtheirrespective volumetric
and surface elements are exported to Ansys, where
the boundary conditions are incorporated. Mesh
independence tests are performed and quadratic
tetrahedron meshes (TET10) with 52662 degrees
of freedom are chosen. Also, it is verified that the
elements have a skewness metric of less than 0.9.
Once the numerical models have been defined, it is
possible to verify whether the elastic properties of
the vertebra have changed. The most representative
loads in the lumbar vertebra L5 are those that
act on the intervertebral discs. For the present
investigation, a vertical distributed axial load Fz =
-319 N is applied in the models, as shown in Figure
2, [22]. Additionally, the vertebra has been fixed at
the bottom, modeling the interaction with the next
intervertebral disc.

The own values and the norm are considered as
biomarkers of the patient’s pathological process L,
of the stiffness matrix of the vertebrae, as well as
stress and strain values under typical loads.

Figure 2. Loads on the vertebra

3. Results and Discussion

To verify the changes in the mechanical properties
of the vertebra, the stiffness matrix of the domain
generated in the mapping of the non-homogeneous
properties was analyzed. The sparse matrix is
evaluated in terms of its eigenvalues and its norm L.
The first six eigenvalues were taken to compare the
two models, and the percentage difference between
them was calculated. The values obtained for the
vertebrae of 2009 and 2014 are reported in Table 1.
Thenorm L, for TAC 0f 2009 was 5.08E + 04 and that
of 2014 was 4.68E + 04 for a percentage difference
0f 7.92%. These values are higher than the estimated
bone loss of 2% for the 5-year period because the
relationship between density and biomarkers is not
linear. Likewise, the uncertainty associated with the
management of diagnostic images must be taken into
account. However, differences of up to 13.43% can
be observed, in the case of the second eigenvalue
[17] in Table 1.

To verify changes in geometry that imply the
presence of metastases, the stress and strain fields
were analyzed. Different test points were selected
in the body, spinous and transverse process, in
areas of high and low effort, (Figures 3 and 4) to
assess whether stress concentrators were generated
that could be caused by errors in the segmentation
process or by degradation bone due to metastasis. It
should be considered, however, the decrease in bone
density due to the natural passage of time, this loss of
bone mass is between 0.3% and 0.4% per year, after
35 years of age [23]. Considering this, an area was
found where the density could decrease dramatically,
as shown in Table 2. In the second point, analyzed in
the spinous process, a variation in the stress field of
126% was calculated, which is associated with high
loss of mass or alteration of bone mineral density.
Table 2 also shows percentage changes between 15
and 30%, associated with the annual loss of bone
mass within the period analyzed.

Figures 3 and 4 show the changes in the distribution
of deformation between the two vertebrae. Although
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Table I. Eigenvalues for the stiffness matrices taken from the TACs of 2009
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and 2014
2009. 2014. Difference %.
50810,21 | 46783,04 -8,61
48967,56 | 43168,24 -13.,43
44181,39 | 4183873 -5,60
42713,13 | 41740,76 -2,33
42264,10 | 40350,57 -4,74
40127,65 | 39693,13 -1,09

Table II. Equivalent effort of von Mises at the test points

Equivalent | Equivalent | Location Difference

effort 2009 | effort 2014 | (x,y,z) %

[MPa] [MPa] [mm] °
-1.9,

0,197 0,165 -145,19, 16,2
-1232.71
-1.8,

6,99¢-05 5,98¢-05 -84.48, 14,44
-1247.70
-46.47,

3,05¢-04 6,92¢-04 | -121.39, | 12688
-1220.77
35.46,

1,76e-03 1,24e-03 | -123.72, 29,55
-1217.12
25.21,

3,06e -02 2,58e-02 | -133.30, 15,69
-1219.76
16.63,

2,07e-02 2,69e-02 | -129.43, 29,95
-1221.05

Unit: mm/mm
Time: 1
25/09/20184:35 p. .

4,57de-10 Max
4,0638¢-10
3,5576e-10
3,04%4e-10
2,5411e-10
2,0329-10
1,5247e-10
1,0165¢-10
5,0825¢-11
2,5923e-15 Min’

Figure 3. Vertebra deformation field of 2009

one of the points evaluated shows a great difference
in the distribution of the efforts in one of the points,
in the others this difference is not negligible, this can

suppose an appearance of metastases over the entire
vertebra [24].

Unit: mm/mm
Tirme: 1
25/09/20184:38 p. .

6,3286e-10 Max
5,6254e-10
4,9223¢-10
4,2191e-10
3,5150e-10
2,8127e-10
2,1005¢-10
1,4063¢-10
7,032e-11
1.912e-15 Min

Figure 4. Vertebra deformation field of 2014

To verify whether a metastasis lesion has appeared,
the properties of the initial models were evaluated.
The bone mineral density of the different slices of the
critical points was measured. In the spinous process,
the back of the vertebra, a 25% decrease in density
was found and in general, over the entire vertebra
mass losses were found, this type of metastasis is
typical in 61% of patients with prostate cancer.

4. Conclusions

A methodology was evaluated to evaluate the
presence of metastases in the vertebrae of patients
suffering from prostate cancer. It was found that it
is possible to study the mechanical response of the
vertebrae models affected by cancer through 3D
analysis and the finite element method and detect
changes in bone composition to prevent validating
lesions. The images from the TAC are used to create
reliable models for this type of analysis, following
a segmentation process that allows the material
properties to be associated. A model with non-
homogeneous properties was implemented, where
each element of the mesh had a density, elastic
modulus and Poisson coefficient defined from the
diagnostic image. Static analysis was performed
with boundary conditions associated with typical
loads to assess the mechanical response of bone
tissue. The results showed that the vertebra suffered
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degradation in its mechanical properties in different
parts of its domain, this case of degradation is typical
when suffering from prostate cancer, and agrees
with the clinical analysis. Future work includes
the automation of the segmentation process and
diagnosis of failure scenarios.
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