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Abstract
Background: An accurate knowledge of prostate lesions relocation during biopsy is of great importance
to prevent mispositioning of the needle and thus reduce the chance of faulty biopsy results (false
negatives). Prostate lesions are visible in magnetic resonance images (MRI) but it is di�cult for the
practitioner to locate them at the time of performing a transrectal ultrasound (TRUS) guided biopsy. In
this study, we present a new methodology that predicts both prostate deformation and lesion migration
during the biopsy.

Methods: A thee-dimensional (3-D) anatomy model of the pelvic region, based on medical images, is
constructed. A �nite element (FE) simulation of the organs motion and deformation as a result of the
pressure exerted by the TRUS probe was carried out using the code_aster open source software. Initial
positions of potential prostate lesions prior to biopsy are taken into consideration and the �nal location
of each lesion is targeted in the FE simulation output.

Results: Our 3-D FE simulations show that the effect of the pressure exerted by the TRUS probe is twofold
as the prostate experiences both a motion (in the absolute frame of reference) and a deformation of its
original shape. We targeted the relocation of �ve small prostate lesions when the TRUS probe exerts a
force of 30 N on the rectum inner wall. The distance traveled by these lesions ranged between 5.6 and
13.9 mm. Moreover, we showed that as a result of the deformation of the prostate the resulting lesion
migration might be very di�cult to predict if the biopsy practitioner has to rely exclusively on a visual
comparison of axial or sagittal prostate slices taken from MRI and TRUS images.

Conclusions: The preliminary results presented here show that our new methodology can be of great help
for improving the prediction of cancerous lesions location when a TRUS guided biopsy is performed.
Moreover, the new methodology is completely developed on open source software, which means that its
implementation would be affordable even for healthcare providers with small budgets.

1. Background
Cancer sets up a massive burden on societies and Prostate Cancer (PCa) is the tumor with the highest
incidence in men in the UE and third in mortality in men [1]. In 2018, approximately 1.3 million of PCa new
cases were registered (representing around 7.1% of total cancer cases) and almost 359,000 deaths were
associated to PCa cancer all around the world [2, 3]. Prostate cancer incidence and mortality rate increase
with age, being the average age of diagnosis 66 years old [4].

Prostate is located in the center and lower part of the pelvis, just beneath the bladder with which it is in
contact. The puborectalis and pubococcygeus muscles of the levator ani muscle along with other pelvic
�oor muscles provide primary support to the prostate (see Fig. 1). PCa typically arises in the peripheral
zone of the gland and can extend to a signi�cant size before involving other organs of the male
genitourinary system [5]. Certain prostate lesions that are missed by PSAscreening can be detected
through a DRE test [6]. Urologists typically use PSA and DRE tests to screen for prostate cancer. If
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prostate cancer is suspected, as it is the case when values of PSA above 4.0 ng/ml are obtained, a
transrectal ultrasound (TRUS) scan is usually performed [7, 8]. TRUS allows radiologists to determine the
size, shape and glandular structure of the prostate [9].

Cancerous prostate tissue is stiffer than benign and normal tissue [10, 11, 12], however, manual palpation
of cancerous lesions can be di�cult when the elastic properties of unhealthy tissue are similar to those
of a healthy one [13]. Furthermore, a DRE test does not provide any statistical or numerical information,
and therefore its effectiveness depends on the skills and expertise of the physician. The transrectal
ultrasound (TRUS) guided biopsy is commonly used in clinical practice to diagnose prostate lesions
because it is a safe and e�cient procedure [14]. It consists in the insertion of a needle through the rectum
wall and towards the prostate to obtain a sample of potentially cancerous tissues. The procedure is
conducted using ultrasound images that are obtained by an endorectal probe. The pressure of the TRUS
probe on the rectum wall results in motions and deformations of the surrounding pelvic organs, including
the prostate itself.

The motion and deformation of the prostate during TRUS guided biopsy makes it di�cult to know in
advance the location of potential prostate lesions. Actually when using this procedure practitioners can
only expect to know rough estimations for the lesions locations. Consequently, multiple biopsy samples
are required in order to target one single lesion [15], but an increase in the number of biopsy samples can
augment undesirable associated complications such as rectal bleeding, hematospermia (blood in
semen), hematuria (blood in urine), and infections [16]. In the last few years there has been a tendency to
include information from magnetic resonance images (MRI) to guide the prostate biopsy process. As MRI
gets more and more sensitive in the detection of small lesions, sampling those small lesions becomes
increasingly dependent upon the targeting accuracy of the practitioner [17]. In attempting to address this
weak point several commercial platforms for guided biopsies have been launched into the market.
According to Warlick et al. [18] guided biopsy platforms that include MRI images can be classi�ed into
the following three categories: MRI-compatible prostate biopsy systems, MRI-TRUS fusion biopsy
systems and Robotic in-bore MRI biopsy systems. All these platforms have their pros and cons and none
of them seems to be a de�nitive solution for the exact location of lesions inside the prostate during
guided biopsy[18]. Fusion biopsy is dependent upon registration and it is very challenging to achieve
accurate registration due to the large appearance difference between TRUS and magnetic resonance
images. Moreover, the integration of several different technologies and devices into a platform is a costly
process and consequently the acquisition of one of these commercial guided biopsy platforms is not
affordable for all healthcare providers.

Several previous studies aimed to improve the accuracy of prostate lesions location during a TRUS
guided biopsy. Different perspectives were applied in these studies. Some authors [19, 20, 21] proposed
statistical and biomechanical methods to investigate the prostate deformation under different ultrasound
probe insertion conditions. In particular, Wang et al. [19] provided patient-speci�c biomechanical
parameters, acquired from ultrasound elastography, for the prostate transitional (TZ) and peripheral (PZ)
zones for a data set with twelve patients. Other authors [20, 21] used �nite element (FE) based statistical
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motion models (SMM) to estimate the shape adopted by a prostate when it was deformed because of
TRUS probe pressure. Baratha et al. [22] proposed a deformable image registration system based on a
biomechanical 3-D FE modeling with linear elastic properties for the prostate. Marchal et al. [23]
implemented a discrete modeling method to simulate the displacement and deformation of the prostate
due to both internal interactions between organs and external interactions between organs and surgical
tools, such as the needle. Other studies [24, 25, 26], performed in the context of prostate radiotherapy,
provided also interesting information on how to address the challenging problem of motion and
deformation of prostate.

In this study we present an alternative methodology that can improve accuracy in the location of prostate
lesions during a TRUS guided biopsy. Our methodology is entirely based on open source software and
therefore it can be implemented with a comparatively low cost. The main goals of this study are:

The integration of an accurate and realistic 3-D geometry of the pelvis region with the constitutive
properties of the tissues involved into a FE model.

The use this FE model to simulate the biomechanical response of prostate to the pressure applied by
the TRUS probe on the rectum wall during a TRUS guided biopsy.

The prediction of the actual location of prostate lesions during a TRUS guided biopsy.

2. Methods
The geometry model of the male pelvis region used in the current study is shown in Fig. 1. It is a realistic
model that includes pelvic bones (hip and sacrum bones), pelvic muscles (obturator internus, obturador
externus, iliococcygeous, pubococcygeous, puborectalis and vesical muscles), anus, rectum, bladder and
the prostate transitional zone (TZ) and peripheral zone (PZ). Our geometry model is based on
computerized tomography (CT) images available in the BodyParts3D database for anatomy [27]. This
dictionary-type anatomical database provided (3-D) triangular surface meshes for each of the individual
elements involved in our male pelvis model. These surface meshes were conveniently re�ned and
modi�ed (undesirable intersections of adjacent elements were removed) using home-made software
together with CGAL libraries [28] to obtain physically consistent meshes. The consistent surface meshes,
with a total of 180,766 triangles, were then uploaded into the Gmsh open source software [29] where 3-D
tetrahedral volume meshes were obtained and optimized using the Netgen algorithm. These volume
meshes were �nally compounded into a single computational mesh consisting of 655,355 tetrahedra.

Numerical simulations were performed using the Code Aster open source FE software [30]. In the
simulations we replicated as closely as possible the real conditions of the clinical practice of a TRUS
guided biopsy. We assumed that a force of 30 N was orthogonally exerted onto a surface patch of the
rectum wall whose area was 258 mm2 (an sketch can be seen in the inset of Fig. 1b). The patch was
devised to be representative of the average shape and size of the contact region of the probe and the
rectum wall. In addition, �xed (zero deformation) boundary conditions were prescribed for the sacrum
and hip bones.
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We assumed an isotropic linear elastic behavior for all the tissues included in our model. To describe a
linear elastic behavior two parameters are needed: the Young’s modulus, E, which measures the stiffness
of the material and the Poisson’s ratio, η, which measures the relative volume change [37]. It is known
that the right setting of the biomechanical parameters is a key point to obtain reliable results in the
numerical simulations. However, the choice of these parameters is not an easy task since there is a large
inter-subject variation of the mechanical properties of biological tissues, and prostate tissue is not an
exception [19]. In the present study, the Young’s modulus, E, for TZ and PZ tissue were chosen as those
obtained from shear wave elastography by Wang et al. [19] for their patient case 6. Following Krouskop et
al. [10] the Poisson ratio η for prostate tissues was set to 0.495. The material properties for all the other
involved tissues were also obtained from the literature [31, 32, 33, 35, 36] and their speci�c values are
summarized in Table 1.

The main results of a FE simulation are the deformation and stress �elds. In the present study we
focused on the calculated deformation �eld. To simulate the displacement of very small lesions within
the prostate, i.e., the ones that are hardest to register with the fusion procedure, some particular mesh
nodes were selected in the original geometry and their displacement were then tracked by measuring their
resulting location in the deformed geometry.

3. Results
Figure 2 shows the predicted deformations experienced by the rectum, the bladder and the prostate when
the TRUS probe exerts a force of 30 N on the rectum inner wall. The region where the probe exerts the
force, that is, the anterior part of the rectum and the posterior part of the prostate (see Fig. 1a), is the one
that experiences the highest deformation. The deformed rectum in turn pushes against the prostate
producing its displacement towards the ventral region (-Y ) together with a signi�cant non-uniform
deformation of the TZ and PZ geometry. The maximum displacements along the -Y direction for the
rectum, TZ and PZ contours in the plane of Fig. 2 were respectively of 13.5 mm, 11 mm and 12 mm. At
the same time, the bladder region that was in contact with the prostate was deformed and cranially
displaced (Z direction) approximately 9 mm. Note that the high difference in stiffness of bones and
muscles contributes to the generation of non uniform deformations of the rectum, the bladder and the
prostate. To simulate the displacement of small lesions in the prostate we selected �ve different nodes,
as de�ned in the two leftmost columns of Table 2 and sketched in Fig. 3. Note that nodes N1, N3, N4 and
N5 are located near the outer surface of the PZ whereas the node N2 is located within the TZ. 

Figure 4 shows superimposed projections, in the sagittal plane, of the original prostate geometry and the
deformed geometry when the TRUS probe exerts a force of 30 N. Comparison of original and deformed
surface contours reveals the two main effects of the TRUS probe pressure, namely a motion (a
displacement in the absolute frame of reference) and a deformation (a change in volume and shape) of
the prostate gland. The displacements of the selected nodes are also portrayed in Fig. 4. For the sake of
clarity, we have replicated the same surface contour plot �ve times showing only one of the nodes in each
plot. The detailed information of node displacements along each of the 3-D coordinate-axes, as well as
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its magnitude, are presented in Table 2. The distance traveled by the nodes ranges between 5.20 and
13.91 mm, being the N1 node the one experiencing by far the highest displacement. This fact is not
surprising considering that N1 is the node located closer to the rectum, that is, it lies close to the prostate
surface region most directly affected by the rectum motion, which is in turn induced by the probe
pressure. On the other hand, the lowest displacement of the N3 node may be attributed to the restraint
imposed by the puborectalis and pubococcygeus muscles. Note that the deformation induced by the
probe also implies a strong departure from symmetry with respect to the midcoronal plane. In simpler
words, the original prostate shape in Fig. 4 still recalls what would be the surface of an idealized ellipsoid
whereas the deformed contour features a far more irregular shape. 

State-of-the art of MRI-TRUS fusion platforms rely on the procedure known as registration, which consists
in the superposition of slices containing the original lesion in the original MRI image set and the
corresponding slices in the TRUS image set. Registration is aimed to facilitate the practitioner work
during biopsy by removing (or at least greatly reducing) one of the outputs of TRUS, i.e., prostate motion
(see Fig. 4). Ideally, the two superimposed slices (from MRI and TRUS) would show similar shapes so
that the practitioner conducting the biopsy would estimate with a reasonable degree of accuracy the
location of the target lesion in the deformed geometry. Following the particular approach proposed by
Igarashi et al. [38], Fig. 5 shows superimposed slices of the original and deformed prostate in a polar
coordinate framework together with the original and displaced locations of the control node N1 in the
axial plane. That is, Fig. 5 intends to approximate the type of representation that a MRI-TRUS registration
procedure would generate when intending to track the N1 node. The idea behind the polar coordinate
framework is to determine the origin of the polar system in the original (undeformed) slice, the
corresponding origin in the deformed slice and then to apply a translation of the latter origin into the
former one, which results in the superimposition of both images. 

During a biopsy, the �rst question for the practitioner would be what particular slice has to be visualized
in the TRUS image. In Fig. 5a we simulate the most obvious choice for an axial slice, i.e., keeping the
same vertical location (Z = 0) wherein the lesion was observed in the original MRI images. We see clearly
in this �gure that even after registration (superimposition of slices) the large deformation experienced by
the prostate makes the �nal slice quite different from the initial one. At �rst sight, however, it seems that
given the initial location of N1 in the axial plane its �nal location (N1’) would not be di�cult to estimate.
In this respect, the N1 node appears to be rather favorably placed, as it is very close to the prostate
external wall and it lies in the midsagittal (X = 0) plane. Note that, as will be discussed below, we have
plotted in Fig. 5a not the real N1’ 3-D location but just its projection in the axial plane. Our biomechanical
model predicts a small leftwards displacement of N1 as a result of the deformation, which is consistent
with the fact that we have worked with a realistic geometry, that is, a real human body will never be 100%
symmetric. The sagittal slices superimposed in Figure 5c show that the biggest source of error in the �nal
N1’ location, when sought in the original (X = 0) axial plane, is in the normal coordinate (Z). Our
biomechanical FE simulation predicts that the �nal N1’ location is not in the original axial location (Z = 0)
but in the plane with Z = 5.16mm (see Table 2). This is taken into account in Fig. 5b, where registration is
performed using the proper slice for N1’ . Note that both axial polar plots in Figs. 5a and 5b are quite
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similar. Thus, for the example considered here (for the N1 node) the bright side is that the practitioner
would probably produce a good guess of the X and Y coordinates of the lesion in the TRUS image
regardless of the particular axial plane being visualized. On the minus side, as clearly shown is Fig. 5c, we
have that even with an accurate projection of the lesion in the axial plane a large error could be made in
the estimate of its axial location (Z). The example shown in Fig. 5 therefore illustrates the fact that it
might be quite di�cult to estimate the �nal lesion location using visual inspection alone. The
biomechanical approach presented in this study therefore provides an extra layer of knowledge that
might well greatly improve in the future the accuracy in the MRI-TRUS fusion procedures.

4. Discussion
In this study we have restricted our FE simulations to the tracking of very small prostate lesions, which
can be assimilated to a node in the computational mesh. The present methodology could however be
easily extended to track the deformation and displacement of larger lesions (tumors), by de�ning a group
of volume elements for each tumor and assigning a different set of properties (E, η) for the tumoral
tissue.

Our results revealed that a 30 N force exerted by the TRUS probe on the rectum wall led to a signi�cant
deformation of the TZ and PZ. This signi�cant deformation can pose di�culties to image registration, a
key component of MRI-TRUS fusion platforms. From a radiological standpoint, it is important that lesions
in the posterior region of the prostate (N1) and those in the middle third (N2) are the ones experiencing
the largest displacements. Moreover, lesions located laterally (N3), anteriorly (N5) or in the apex level (N4)
are the ones that more often need to be tracked using MRI-TRUS fusion methods as they are di�cult to
reach otherwise.

A recent trend in the image registration �eld is the development of AI methodologies based on deep
neural networks[39, 17, 38]. One crucial issue of these methodologies is the de�nition of robust strategies
for generating the samples that are used in the network training step [17]. It is quite common to build
these samples by taking image pairs that were registered manually by medical experts with the
consequent important investment of time and effort that this requires. We think that our methodology
might also be used to generate pairs of registered images that in combination with available and
valuable images registered by experts would constitute robust training samples.

The results presented here for our new methodology are, of course, at a preliminary level. Future work
should be devised to integrate our methodology into the clinical practice in order to test its real
usefulness.

5. Conclusions
In this paper we propose an alternative approach to accurately predict the position of potentially
cancerous lesions in the prostate when a TRUS guided biopsy is performed. The proposed methodology
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is based on �nite element simulations with an accurate and realistic accurate 3-D geometry con�guration
of the pelvis region. Moreover, our methodology is completely developed on open source software, which
means that its implementation would be affordable even for healthcare providers with small budgets.
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Tables
Table 1 

Material properties of the elements in our model for the pelvic region: Elastic modulus (E), Poisson’s ratio
(η) and density (ρ). 
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Organ E (kPa) η ρ (kg/m3) Source

Prostate transitional zone 43 0.495 1500 [19]

Prostate peripheral zone 18 0.495 1500 [19]

Bladder 10 0.499 1500 [31]

Rectum 5180 0.499 1500 [32]

Anus 10 0.499 1500 [33, 34]

Obturator internus muscles 15 0.4 1500 [33, 34]

Obturator externus muscles 15 0.4 1500 [33, 34]

Iliococcygeous muscles 15 0.4 1500 [33, 34]

Pubococcygeous muscles 15 0.4 1500 [33, 34]

Puborectalis muscles 15 0.4 1500 [33, 34]

Vesical muscles 150 0.4 1000 [35]

Sacrum bones 11×106 0.26 1640 [36]

Hip bones 11×106 0.26 1640 [36]

 Table 2 

Coordinate displacements and their magnitudes of prostate lesions w.r.t. nodes after applying TRUS
pressure at rectum wall. 

    Displacements (mm)

Node Location in prostate DX DY DZ Magnitude

N1 PZ midsagittal, intermediate level 0.94 -12.91 5.16 13.93

N2 TZ midsagittal, intermediate level -0.66 -7.84 2.52 8.26

N3 PZ lateral, intermediate level 3.37 -4.56 1.70 5.20

N4 PZ midsagittal, apex level 0.68 -6.56 1.56 6.78

N5 PZ midsagittal anterior, intermediate level 0.34 -5.53 0.94 5.61

Figures
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Figure 1

(a) Transverse view of the geometry model for the pelvic region. For the sake of clarity only the involved
muscles are included in the bottom plot. Note that in the frontal body view the X-axis points to the right,
the Y-axis points toward the dorsal region and the Z-axis points upwards (into the cranial region). (b)
Lateral view of the rectum, bladder and prostate organs with a magni�cation of the interior region of the
rectum where the TRUS probe exerts pressure. 
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Figure 2

Pro�les of the prostate transitional zone (TZ), prostate peripheral zone (PZ), bladder and rectum in the
medial (X = 0) plane: original (left) and deformed (right) geometries.



Page 16/18

Figure 3

Location of the �ve selected nodes (potentially cancerous lesions) in the prostate. (a) Coronal (posterior)
view. (b) Sagittal view. (c) Axial view.
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Figure 4

Each plot shows the projection of the 3-D original and deformed prostate surfaces into the sagittal plane.
Blue and red squares respectively denote the initial and �nal locations of each the �ve selected nodes: (a)
N1, (b) N2, (c) N3, (d) N4 and (e) N5. Note that for the sake of clarity �nal locations are denoted with a
prime added to the node label.
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Figure 5

Superposition of Original (blue) and deformed prostate in polar coordinates. (a) Axial views with Z = 0 for
both original and deformed prostate. (b) Axial views taken at the plane where N1 (N10 ) is located for the
original (deformed) prostate. (c) Sagittal views taken at the plane where N1 (N10) is located for the
original (deformed) prostate.


