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Abstract

Background: An accurate knowledge of the relocation of prostate neoplasms during biopsy is of great importance
to reduce the number of false negative results. Prostate neoplasms are visible in magnetic resonance images (MRI)
but it is difficult 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, based on simulation, that predicts both prostate deformation
and lesion migration during the biopsy.

Methods: A three-dimensional (3-D) anatomy model of the pelvic region, based on medical images, is constructed.
A finite element (FE) numerical simulation of the organs motion and deformation as a result of the pressure exerted
by the TRUS probe is carried out using the Code-Aster open-source computer software. Initial positions of potential
prostate lesions prior to biopsy are taken into consideration and the final 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 and a deformation of its original shape. We targeted the relocation of five small
prostate lesions when the TRUS probe exerts a force of 30N on the rectum inner wall. The distance travelled by these
lesions ranged between 5.6 and 13.9mm.

Conclusions: Our new methodology can help to predict the location of neoplasms during a prostate biopsy but
further studies are needed to validate our results. Moreover, the new methodology is completely developed on open-
source software, which means that its implementation would be affordable to all healthcare providers.

Keywords: Magnetic resonance imaging (MRI), Prostate neoplasm, Code-Aster, Transrectal ultrasound (TRUS), TRUS-
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Background

Cancer is a great burden on society and Prostate Can-

cer (PCa) is the tumor with the highest incidence and

is the third cause of mortality from cancer in men in
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caused by PCa all around the world [2, 3]. PCa typically
arises in the peripheral zone, which is near the rectum
wall. Transrectal ultrasound (TRUS) biopsies are com-
monly used in clinical practice due to their safety and
efficiency [4]. In the last few years there has been a
tendency to include information from magnetic reso-
nance images (MRI) to guide the prostate biopsy pro-
cess. As MRI becomes more sensitive in detecting small
lesions, the sampling of these small lesions becomes
increasingly dependent upon the targeting accuracy of
the practitioner [5]. State-of-the-art MRI-TRUS fusion
platforms rely on the procedure known as registration,
which consists of the superposition of the MRI image
set with the corresponding live TRUS images [6].

Two methods of MRI/TRUS fusion registration have
been developed, a rigid and an elastic registration. The
first involves superimposing the MRI images onto the
TRUS images after paired landmarks are established in
both. The second method, elastic registration, applies
statistical segmentations of the prostate and algorithms
to deform the MRI images according to the TRUS
deformation [7]. Both methods have shown a significant
reduction of false negative results (14% for rigid [8] and
31.4% in elastic [9] compared to TRUS alone). How-
ever, rigid registration does not take into account the
pressure of the TRUS probe on the rectum wall which
results in motions and deformations of the prostate
and surrounding pelvic organs. Consequently, multiple
biopsy samples are required in order to target one sin-
gle lesion [10], increasing undesirable associated com-
plications. The elastic registration method assumes that
the prostate is deformed homogenously throughout its
different zones and ignores the effect that periprostatic
structures can have on the deformation. The biopsy
accuracy of both rigid and elastic deformation has been
reported to be under 3mm [11, 12]. A study carried out
with a phantom model found no significant differences
in registration errors between rigid and elastic regis-
tration (4.11 vs. 4.87mm, p =0.05) [13], although a
slightly higher cancer detection rate has been reported
with elastic compared to rigid registration [14].

In this study we present an alternative methodol-
ogy, based on a simulation of the pelvic region, that can
improve the location accuracy of prostate neoplasms
during an MRI-TRUS fusion biopsy. Our methodology is
entirely based on open-source software and therefore can
be implemented at a comparatively low cost. The main
goals of this study are:

+ To integrate an accurate and realistic 3-D geometry
of the pelvic region and the constitutive properties of
the tissues involved into a computational finite ele-
ment (FE) model.
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+ To use this FE model to simulate the prostate’s bio-
mechanical response to the pressure applied by the
TRUS probe on the rectum wall during a TRUS
guided biopsy.

« To predict the actual location of prostate neoplasms
during a TRUS guided biopsy.

Methods

The geometry model of the male pelvic region used in the
current simulation study is shown in Fig. 1. It is a real-
istic model that includes pelvic bones (hip and sacrum
bones), pelvic muscles (obturator internus, obturator
externus, iliococcygeus, pubococcygeus, puborectalis
and vesical muscles), anus, rectum, bladder and the pros-
tate transitional zone (TZ) and peripheral zone (PZ). Our
geometry model is based on computerized tomography
(CT) images available in the BodyParts3D database for
anatomy [15]. This dictionary-type anatomical database
provided (3-D) triangular surface models for each of the
individual elements (organs, muscles, bones) involved in
our male pelvic model. These surface models were con-
veniently refined and modified (undesirable intersections
of adjacent elements were removed) using home-made
and open source [16] software to obtain physically con-
sistent computational meshes. The consistent surface
meshes, defined by a total of 180,766 triangles, were
then uploaded into the Gmsh open-source software [17]
where 3-D tetrahedral volume meshes were obtained and
optimized. The ensemble of volume meshes, one for each
individual element in the geometry model, were finally
compounded into a single computational mesh consist-
ing of 655,355 tetrahedra.

Numerical simulations were performed using the
Code-Aster open-source FE software [18]. In these simu-
lations we replicated as closely as possible the real condi-
tions of the clinical practice of a TRUS guided biopsy. We
assumed that a force of 30N was orthogonally exerted
onto a surface patch of the rectum wall in an area of
258 mm? (a sketch can be seen in the inset of Fig. 1b).
The force is an estimate of the one applied by the prac-
titioner during TRUS. The area is representative of the
average shape and size of the contact between the trans-
ducer (EC9-4 Siemens Acuson sidefire endocavitary
probe) and the rectum wall. In addition, we assumed that
the sacrum and hip bones would be immobile during the
biopsy and thus we set zero deformation boundary con-
ditions for these bones.

We assumed an isotropic linear elastic behavior for
all the tissues included in our model. According to
this behavior, the relative deformation of the material
(strain) is proportional to the force per unit area (stress)
applied to it. To describe a linear elastic behavior two



Qasim et al. BMC Cancer (2022) 22:338

Page 3 of 10

Z

N

(b)

TRUS probe exerts pressure

’ Inside rectum wall

Fig. 1 aTransverse 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 magnification of the interior region of the rectum where the
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parameters are needed: the Young’s modulus, E, which
measures the stiffness of the material (technically, E is
the ratio between stress and strain so that the larger
E, the stiffer the material) and the Poisson’s ratio, n,
which measures the relative volume change [19]. In the
present study, the Young’s modulus for the TZ and PZ
tissue were chosen as those obtained from shear wave
elastography by Wang et al. [20] for their patient case 6.
Following Krouskop et al. [21], the Poisson ratio (n) for
prostate tissues was set to 0.495. The material proper-
ties for all the other involved tissues were also obtained

from the literature [22—-27] and their specific values are
summarized in Table 1. The main outputs of a FE simu-
lation are the deformation and stress fields. In the pre-
sent study, we focused on the calculated deformation
field.

To simulate the displacement of very small lesions
within the prostate, which are the most difficult to reg-
ister with the fusion procedure, several mesh nodes
were selected in the original geometry and their dis-
placements were tracked by measuring their resulting
location in the deformed geometry.
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Table 1 Material properties of the elements in our model for the
pelvic region: Elastic modulus (£), Poisson’s ratio (n) and density

(©)

Organ E(kPa) n p (kg/m3)  Source
Prostate transitional zone 43 0495 1500 [20]
Prostate peripheral zone 18 0495 1500 [20]
Bladder 10 0499 1500 [22]
Rectum 5180 0499 1500 [23]
Anus 10 0499 1500 [24,25]
Obturator internus muscles 15 04 1500 [24, 25]
Obturator externus muscles 15 04 1500 [24, 25]
lliococcygeous muscles 15 0.4 1500 [24, 25]
Pubococcygeous muscles 15 04 1500 [24, 25]
Puborectalis muscles 15 04 1500 [24, 25]
Vesical muscles 150 04 1000 [26]
Sacrum bones 11x10° 026 1640 [27]
Hip bones 11x10° 026 1640 271
Results

Figure 2 shows the predicted deformations experienced
by the rectum, bladder and prostate when the TRUS
probe exerts a force of 30N 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 that which experiences the high-
est deformation. The deformed rectum pushes against
the prostate, displacing it towards the ventral region,
together with a significant non-uniform deformation of
the TZ and PZ geometry. The maximum displacements
along the Y direction for the rectum, TZ and PZ con-
tours in the plane of Fig. 2 were respectively 13.5, 11 and
12mm. At the same time, the bladder region in contact
with the prostate was deformed and cranially displaced

[C] Rectum
Bladder

Fig. 2 Profiles 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

|:| Prostate peripheral zone

Prostate transitional zone
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(Z direction) approximately 9 mm. Note that the high dif-
ference in stiffness of bones and muscles contributes to
the generation of non-uniform deformations of the rec-
tum, bladder and prostate. To simulate the displacement
of small lesions in the prostate we selected five different
nodes, as defined in the two leftmost columns of Table 2
and sketched in Figs. 3 and 4. In relation to the zones
defined by the PI-RADS maps [28, 29], nodes N1 and N4
are located near the outer surface of PZpm, N3 and N5
are located near the PZpl and AFS outer surfaces, respec-
tively, and the N2 node is within the TZ.

Figure 5 shows superimposed projections in the sagittal
plane of the original prostate geometry and the deformed
geometry when the TRUS probe exerts a force of 30N.
The comparison of the original and deformed surface
contours reveals the two main effects of the TRUS probe
pressure: a motion (a displacement in the absolute frame
of reference) and a deformation (a change in volume and
shape) of the prostate gland. The original prostate shape
in Fig. 5 still recalls what would be the surface of an ide-
alized ellipsoid, whereas the deformed contour features
a far more irregular shape. The displacements of the
selected nodes are also portrayed in Fig. 5. The detailed
information of node displacements along each of the 3-D
coordinate-axes, as well as its magnitude, are presented
in Table 2. The distance travelled by the nodes is between
5.20 and 13.91 mm, with the N1 node experiencing by far
the highest displacement.

In Fig. 6a we present an axial slice keeping the same
vertical location (Z=0) where the N1 lesion was
observed in the original MRI images. It can be clearly
seen in this figure that, even after rigid registration
(superimposition of slices), the large deformation experi-
enced by the prostate makes the final slice quite differ-
ent from the initial one. At first sight, however, it seems
that given the initial location of N1 in the axial plane, its
final location (N1’) would not be difficult to estimate. In
this respect, the N1 node appears to be rather favourably
placed, as it is very close to the prostate external wall and

Table 2 Coordinate displacements and their magnitudes of
prostate lesions with respect to nodes after applying TRUS
pressure at rectum wall

Node Locationin prostate Displacements (mm)
DX DYy DZ  Magnitude
N1 PZpm, mid level 0.94 —1291 516 1393
N2 TZp, mid level —066 —7.84 252 826
N3 PZpl, mid level 3.37 —4.56 170 520
N4 PZpm, apex level 0.68 —6.56 156  6.78
N5 AFS, mid level 034 —553 094 561
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Fig. 3 Location of the five selected nodes (potential neoplasms) in
the prostate. a Coronal (posterior) view. b Sagittal view. ¢ Axial view

lies in the midsagittal (X=0) plane. Note that in Fig. 6a
we have not plotted the real N1’ 3-D location but its pro-
jection in the axial plane. Our biomechanical model pre-
dicts a small leftwards displacement of N1 as a result of
the deformation, which is consistent with the fact that a
real human body will never be 100% symmetric. The sag-
ittal slices superimposed in Fig. 6¢ show that the biggest
source of error in the final N1’ location, when sought in
the original (X=0) axial plane, is in the normal coordi-
nate (Z). Our biomechanical FE simulation predicts that
the final N1’ location is not in the original axial location
(Z=0) but in the plane with Z=5.16 mm (see Table 2).
This is taken into account in Fig. 6b, where registration is
performed using the proper slice for N1’ Note that both
axial polar plots in Fig. 6a and b are quite similar. Thus,
on the one hand, in the example considered here (for the
N1 node) the practitioner would have been able to esti-
mate fairly well the X and Y coordinates of the lesion in
the TRUS image, regardless of the particular axial plane
being visualized. However, as clearly shown is Fig. 6c,
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even with an accurate projection of the lesion in the axial
plane a large error could be made in the estimation of its
axial location (Z).

Discussion

Registration is aimed to help the practitioner locate a
neoplasm by removing (or at least greatly reducing) one
of the consequences of TRUS, prostate motion and defor-
mation (see Fig. 5). Ideally, the two superimposed slices
(from MRI and TRUS) should show similar shapes of
the prostate in order to target a lesion with a reasonable
degree of accuracy. Our results, obtained from numeri-
cal simulations, revealed that a 30N force exerted by the
TRUS probe on the rectum wall led to a significant defor-
mation of the TZ and PZ. From a radiological standpoint,
it is important that lesions located in the posteromedial
PZ (N1) and in the TZ (N2) of the mid-gland are those
experiencing the largest displacements. This fact is not
surprising, considering that N1 is the node located closer
to the rectum, where it is most directly affected by the
probe pressure. On the other hand, the lowest displace-
ment of the N3 node may be attributed to the restraint
imposed by the puborectalis and pubococcygeus mus-
cles. Note that the deformation induced by the probe also
implies a strong departure from symmetry with respect
to the midcoronal plane. Lesions located laterally (N3),
anteriorly (N5) or in the apex level (N4) experienced the
smallest displacements. These lesions tend to be tracked
by MRI-TRUS fusion methods as they are difficult to
reach by systematic biopsies.

Following the approach proposed by Igarashi et al.
[31], Fig. 6 shows superimposed slices of the original and
deformed prostate with the different locations of node
N1. Figure 6 intends to approximate the type of repre-
sentation that a MRI-TRUS rigid registration procedure
would generate when intending to track the N1 node. The
idea behind the polar coordinate framework is to deter-
mine the origin of the polar system in the original (unde-
formed) slice, the corresponding origin in the deformed
slice and then to apply a translation of the latter origin
into the former one, resulting in the superimposition of
both images. The example shown in Fig. 6 illustrates the
difficulty in estimating the final neoplasm.

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 (neoplasms), by defining a group of volume ele-
ments for each neoplasm and assigning a different set of
properties (E, n) for the tumoral tissue.

Several previous studies aimed to improve the location
accuracy of prostate neoplasms during a TRUS guided
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denoting the situation of each node

Fig. 4 Approximate situation of the five selected nodes in the PI-RADS maps [28] as published by the American College of Radiology [29] under
a creative commons (CC BY-NC-ND 4.0) license [30]. We have modified the original maps image by superimposing the symbols (circles) and labels

Seminal Vesicles

Urethra

biopsy. Different perspectives were applied in these
studies. Some authors [20, 32, 33] proposed statistical
and biomechanical methods to investigate the prostate
deformation under different ultrasound probe inser-
tion conditions. In particular, Wang et al. [20] provided

patient-specific biomechanical parameters, acquired
from ultrasound elastography, for the prostate transi-
tional (TZ) and peripheral (PZ) zones in a data set with
twelve patients. Other authors [32, 33] used finite ele-
ment (FE) based statistical motion models (SMM) to
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locations are denoted with a prime added to the node label

Fig.5 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 final locations of each of the five selected nodes:a N1, b N2, ¢ N3, d N4 and e N5. Note that for the sake of clarity final

estimate the shape adopted by a prostate when it was
deformed due to TRUS probe pressure. Baratha et al.
[34] proposed a deformable image registration system
based on a biomechanical 3-D FE modelling with linear
elastic properties for the prostate. Marchal et al. [35]
implemented a discrete modelling 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 [36—38], performed in the con-
text of prostate radiotherapy, provided also interesting
information on how to address the challenging problem
of motion and deformation of prostate.

A recent trend in the image registration field is the
development of Al methodologies based on deep neural
networks [5, 31, 39, 40]. One crucial issue in these meth-
odologies is the definition of robust strategies that gener-
ate the samples used in the network training step [5]. 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.

Our study has several limitations. First, the central
zone that surrounds the ejaculatory ducts and the ante-
rior fibromuscular stroma of the prostate were not
included in the model. However, these zones correspond
to less than 25% of the volume of a normal prostate and
only 10% of neoplasms arise in these zones. Second, we
did not take into account how different volumes of the
prostate, the TZ or the bladder influence the deformation
and motion of the prostate. This could be an interesting
future study for prostate biopsy and radiotherapy planifi-
cation. Furthermore, the co-registration accuracy of our
methodology should be validated in a phantom model
or in a clinical setting. Intraprostatic fiducials for radio-
therapy planning have been previously used to calculate
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Fig. 6 Superposition of original (blue) and deformed prostate in
polar coordinates. a Axial views with Z=0 for both the original
and the deformed prostate. b Axial views taken at the plane where
N1 (N1') is located for the original (deformed) prostate. ¢ Sagittal
views taken at the plane where N1 (N1) is located for the original
(deformed) prostate

registration errors between MRI and ultrasound in elas-
tic fusion platforms [41]. Our biomechanical approach,
although being in a pre-clinical stage, provides an extra
layer of knowledge that should be taken into account by
fusion imaging platforms which are the gold standard
for prostate biopsies. Last, our model did not consider
the deformation of the prostate by the needle which can
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change the geometry of the prostate during the biopsy.
Our study was focused on improving the image co-regis-
tration during the planning phase of the biopsy; the addi-
tional deformation induced by needle insertion during
the biopsy is indeed predicted by state-of-the-art elastic
fusion platforms.

Conclusions

In this paper we propose an alternative approach of image
co-registration between MRI and ultrasound, taking into
account the biomechanical properties of the pelvic tis-
sues. Our new methodology can help predict the location
of neoplasms during a prostate biopsy but further studies
are needed in a clinical setting to validate our results. The
proposed methodology is based on finite element simula-
tions with an accurate and realistic 3-D geometry config-
uration of the pelvic region. Moreover, our methodology
is completely developed on open-source software, which
means that its implementation would be affordable for
healthcare providers with limited budgets.
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