High-order 3D FEM of Prostate Needle Insertion Forces
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Abstract— The long term goal of this project is to predict
the deformation brachytherapy needle insertion using a 3D
finite element model (FEM). Our FEM was based on a realistic

Inserting and retracting the needles during seed depo-
sition causes the surrounding tissues to deform. Ignoring
these deformations results in misplaced seeds and poses

prostate geometry obtained from ultrasound images from a
human patient subject, including the geometry of the urethra
and prostate capsule. The model was used to investigate
pin cushion deformation that occurs during brachytherapy
just prior to puncture of the capsule. A 2D FEM was used
previously to validate the approach. The 2D FEM employed
non-linear element basis functions and the model predictions
were compared to those reported in the literature. The current
study employed a 3D FEM model with code developed in
Matlab and using linear combinations of cubic Hermite
finite element basis functions. The material properties for
the prostate were those obtained from the literature. The
base mesh was defined as an ellipsoidal prostate and capsule,
with 48 nodes defining the prostate surface. The urethra
was modelled as a paraboloid running through the prostate.
The nodal parameters of the prostate base mesh were then
optimized to match the unique anatomy of the representative

a problem in avoiding vital organs. Although real time
ultrasound imaging is available during the procedure, it
often does not produce crisp tissue boundaries at all time
points. In addition, 2D ultrasound imaging cannot effec-
tively track the penetration of the needle into the deformed
prostate because the needle can follow an oblique trajector
that leaves the 2D imaging plane. A model developed to
predict deformation of the prostate tissue explicitly wbul
be helpful in automating the surgery and thereby reducing
placement errors and improving treatment outcome.
Simulations of needle insertion for training purposes
have been implemented previously using FEM. A simula-
tion environment for measuring planar tissue deformation
during needle insertion was developed by DiMaio and

human prostate under investigation. The surface fitting error
after optimization was 1.4mm. Finally, a 10N axial force
was applied to an apical capsule node and the deformed
mesh satisfying force balance equilibrium was converged to
in approximately 1 hour. A 8% reduction was found for the
overall axial displacement of the node at which the force
was applied when the results using the encapsulated prostate
model was compared to previous results where the capsule
was not included. This finding suggests that the capsule
plays a prominent mechanical role in brachytherapy needle
insertion and warrants a more in-depth study of capsule
mechanical properties.

Salcudean [3], [4]. Force measurements of needle insertion
of a soft tissue phantom were obtained using a robotic
manipulator and displacements were measured using a
CCD camera to record the needle insertion procedure.
The measured deformation was then compared with the
deformation from FEM simulation and the friction forces
along the needle shaft were estimated. An interactive 2D
simulation was developed using a linear elastic tissue
model and the same friction profile to model the interaction
between the needle and the tissue.

Alterovitz et al. [5], [6] developed a 2D simulation of
needle insertion and seed deposition using a linear elastic
FEM for training and planning for prostate brachytherapy.
The effect of tissue properties and needle characteristics
on accuracy of seed placement was predicted by varying
tissue and friction parameters in the model.

Brachytherapy is a form of radiation therapy in which The above mentioned methods cannot be readily general-
radioactive sources are placed in direct contact with thézed to 3D as this would substantially increase the problem
tissue to be treated. Prostate cancer is currently the decosize requiring many elements and thereby increasing the
leading cause of cancer death among men [1]. Someomputation cost. To overcome this problem Nienhays
of the methods used to treat prostate cancer are radical. [7] proposed a computational technique based on itera-
prostatectomy (surgical removal of the entire prostate antive algorithms that do not require pre-computed strugture
seminal vesicles), radiation therapy, hormonal theray anTheir 3D model used 30,000 elements which is an increase
chemotherapy. The advantage of brachytherapy is that by a factor of 47 over the number of elements used in their
can deliver more radiation to the prostate with lower dose t&D model. Since the 3D matrix operations are 2 to 3 times
the surrounding normal organs than conventional externahore expensive, the computational cost of a 3D simulation
beam radiation therapy and has associated with it a shorteras larger by a factor of 120.
recovery time. This higher intraprostatic dose should theo In each of the above stated methods the images both
retically result in more effective tumor sterilization [2] before and after deformation were available and the de-

Index Terms— Brachytherapy, Finite element method, cu-
bic hermite basis functions, pin cushion deformation, prostate

I. INTRODUCTION



formation of the organ or phantom was calculated by themm thick shell that encapsulated the prostate. This base

finite element model so that it resembled the deformatioimesh geometry was first aligned with the contour point

seen in the deformed image. For the case of prostatéataset extracted manually from the ultrasound images. The

brachytherapy however, there is a need to account fanodes of the prostate mesh were then allowed to displace

the deformation before it occurs. Also, in these formeruntil an optimal match of the prostate mesh surface to the

approaches the force distribution was obtained from the&ontour point array was obtained. The surface optimization

deformation pattern whereas what is needed is a model thabutine utilized the MatLab optimization toolbox and was

predicts the deformation pattern given the force profilee Th terminated when the fitting error fell within a prescribed

current work aims to overcome these limitations. error threshold; where the fitting error was defined as the
The finite element models used by the previous authorsiean-squared miss distance between measured 3D surface

are based on 2D linear elements and when extended fwint locations and the closest FEM surface at each point.

3D these require many elements to faithfully reproduce the

underlying geometry. This demands an increased computa-

tion cost. We propose to overcome this drawback by using. Boundary conditions

nonlinear elements which use fewer nodes and elements o ] . )

to reproduce the geometry and therefore less storage spacel N in-vivo prostate is constrained mechanically by

and computational time. the urethra and the surrounding bladder, rectum, seminal
vesicles, the puboprostatic ligaments attached to thecpubi

I[l. METHODS bone, the superior fascia of the urogenital diaphragm and

A FEM software by portions of the Levatores ani muscle group. During

brachytherapy the needle imposes a force on the prostate

Finite element analysis is useful for interpolating tissuethat is directed primarily in the inferior-superior diriet.
geometries between reference and deformed states. Durifighe pladder provides the primary boundary constraint at the
a needle insertion procedure, a needle is inserted into ﬂ}ﬁostate basal end. Therefore, to simplify the analysis we
prostate after first penetrating the perineum and the intel3ssyme the bladder and urethra effects dominate. During
vening tissue before reaching the apex of the prostate. The jmplantation procedure the prostate experiences two
forces necessary to puncture these outer surface membrar@ﬁes of mechanical reaction to the forces imparted by the
and then to continue penetrating through the prostate zong{sertion needle: rigid body motion and deformation. After
anatomy produce a pin cushion deformation at the site ofhe prostate impinges on the bladder there is a reactive
needle insertion. force from the bladder which restricts the rigid body motion

The finite element model implemented here uses highesnd consequently the prostate undergoes deformation from
order spatial interpolation within each element that assur this point. In this study we are interested primarily in the
a continuous and smooth deformation field within anddeformation Of the prostate after r|g|d body motion has
across elements. This method of interpolation achieves gccurred and thus the effect of bladder is simulated by
more realistic representation of large tissue deformationﬁxing the displacement of nodes of the prostate capsule at
than linear Spatial interp0|ati0n. The anaIySiS code Wa$he basal end around the Opening of the urethra.
written in MATLAB and incorporates many features uniqué  tpe rethra was made stiffer than the prostate to simulate
to modelling large deformations, non-linear spatial Ipeer o foley catheter that is inserted into it during surgery
lation within elements and smoothly continuous deformas, ¢iapiiize the prostate. The material properties of each

tion across elements. Our FEM formalism also does nofnaomical component are characterized by their Young's
require material incompressibility, as is often requirgd b 54,1ys and Poisson’s ratio. A Young's modulus five times
commercial finite element packages. the value of the one used for prostate was used to model
B. Anatomical model of the prostate urethra. To depict the role of the capsule on the overall

) prostate mechanics during needle insertion, two separate
A 3D anatomical model of the prostate was reconstructe@tg) simulations were computed with the first using a

from serial ultrasound images obtained in & human subjedfiiffness for the capsule of thrice that of the prostate.
undergoing prostate brachytherapy for treatment of pf@sta The second run then used the same parameters for both

cancer. From these surface measurements a cubic Hermije, prostate and the capsule, effectively eliminating the
finite element model was generated to reconstruct the 3Rgpgyle.

prostate anatomy, including the urethra passing through th

prostate. The prostate mechanical behavior was modelled

using a linear elastic, incompressible and isotropic nter p. Finite Element Method
model [8].

The base mesh for the prostate was an ellipsoid and The displacements and geometry were interpolated using
the urethra was modelled as a tube whose long axisubic Hermite basis functions, as taken from [9], which
followed a parabolic trajectory through the prostate ancprovide continuity of the derivatives across element beund
terminating at the bladder at the anterio-superior aspedries. The one dimensional cubic Hermite basis functions
of the prostate. The prostate capsule was modelled asaae as follows:



The bi-cubic Hermite basis functions were used to depict
the curvilinear surfaces in 2D. Each node in 2D has the
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Fig. 1. The contour points obtained from ultrasound imagpsesenting
geometry of the different slices

interpolation of the nodal parameters is
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Fig. 2. The initial mesh before optimization. The white comgoepresent
the contour points from ultrasound.

computing the 3D strain tensor in the neighborhood of each
point, and using the material model to estimate the second
Piola-Kirchoff stress at each Gauss point. After computing
the associated Cauchy stress tensor, the residual strigss fie
was computed. From this residual the nodal parameters
were adjusted until the following Galerkin-weighted force
balance equation was satisfied.

///(de dey+d§zz) widodydz =0 (6)

whereT represents the stress andrepresents the weight
for elemental basis function

The above equation is the force balance equation along
the 'x' direction. There is one such equation for each

In 3D each node has eight parameters per coordinat¢eighting function i. The 3D FEM consisted of a combined
direction and hence 24 parameters per node. The finit¢56 nodes and 96 elements for the prostate, urethra and
element solution was based on Galerkin weighted residu&apsule.

formulation. A force due to needle insertion was applied

I1l. RESULTS

to one node at the apex of the prostate and near the

opening for the urethra. The force was directed superiorly™ Mesh Initialization

The stress at every node in the mesh was calculated by A 2D FE mesh was created for each ultrasound image
integrating the displacement field at the Gauss pointsslice. For this subject the slices were acquired at 5 mm



our institution established that 10N is a typical maximal
needle insertion during prostate brachytherapy [10],.[11]
In the model where the capsule was given the same stiffness
as the prostate parenchyma, the node at the site of loading
experienced an overall displacement of 2.61 cm. In the
model where the capsule stiffness was 3x larger than that
of the prostate parenchyma the displacement at the site of
loading was 2.46 cm. The deformed mesh when the capsule
had the same stiffness as the prostate parenchyma is shown
in Figure 4. The optimization over 3500 nodal degrees of
freedom took approximately one hour to converge on a
2.6 GHz Windows based PC running Matlab 6.1 with the
optimization toolbox.

IV. DISCUSSION

Fig. 3. The 3D mesh fitted to ultrasound data points. The arepressents In this paper we have presented a novel 3D FEM of
the direction and point of application of force. . . .
the prostate to predict deformation of the prostate during
brachytherapy needle insertion. The prostate is mode#ied a
a linear elastic material in the current FEM. The inclusion
of the capsule in the model changed the dynamics of
needle insertion. A force of 10N produced a displacement
of 2.46 cm. This was less than the displacement observed
when the capsule had the same stiffness as the prostate
(2.61 cm). Howeverin-vivo experiments conducted at our
institution indicate that once the needle penetrated the
capsule comparatively less force is experienced [10],.[11]
The initial results emphasize the importance of capsule in
the dynamics of needle insertion prior to needle penetratio
into the prostate parenchyma, suggesting that a more in
depth analysis of the capsule material properties should
be undertaken. Our next goal is to condueivo needle
insertion experiments to obtain more realistic values for
Fig. 4. The deformed mesh after applying a force of 10N. Thewdaps material properties of prostate.
has the same stiffness as the prostate. Our method of restraining a few nodes at the superior
end of the prostate did not reproduce well the boundary
conditions offered by the bladder, thereby a non-negléibl
increments across the organ and 11 image slices weretation was observed in the prostate. In the future the
needed to span the entire prostate. The prostate border weEM will be improved by including a mesh for the bladder
manually contoured and there were generated between 19 provide a more realistic boundary condition, including
and 40 contour points for each slice. The complete contouarge strain analysis and modelling the prostate as visco-
point dataset obtained from the ultrasound images is showelastic material. Finally, the effect of the presence ofdtsn
in Figure 1. Optimization for a typical 2D slice required on the deformation will be simulated by creating a localized
less than a minute of computation time and achieved aregion of increased stiffness within the prostate.
average a fitting error of 1.7 mm. The 2D mesh models
were used to generate a more uniformly sampled 3D set
of 88 prostate contour points. The base 3D mesh before 1hiS research was supported by NIH/NIC grant RO1
surface fitting is shown in Figure 2. The fitted meshCA091763 and the American Cancer Society RSG-02-155-
is shown in Figure 3. The fitting of 3D mesh nodal 01-CCE.
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