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Abstract. In Image-Guided Radiation Therapy of prostate cancer, tBET
scan acquired at each treatment fraction could be used itnagsta cumula-
tive dose distribution thanks to non-rigid registratiorovi¢ver, this cumulative
dose estimation is highly sensitive to non-rigid registraterrors. For this rea-
son, validation of the registration algorithm with orgaredep measures or visual
assessment is not sufficient. In this paper, we describeahgtrtiction of a nu-
merical phantom based on a finite element model of the peoatat the neighbor
organs which can be used to assess the non-rigid registratituracy. Prelimi-
nary results show the potential of this phantom to betterattiarize registration
algorithms than traditional Dice score.

1 Introduction

Image-Guided Radiation Therapy (IGRT) aims at increadiegarecision of radiation
dose delivery. In the context of prostate cancer, a plan@mgputed Tomography (CT)
image with manually defined prostate and organs at risk (OddRheations is usually
associated with daily Cone Beam Computed Tomography (CB@QIBw-up images.
The CBCT images allow to visualize the prostate positiontaneposition the patient
accordingly. The goal of this rigid registration step is toid the prostate being under-
irradiated and subsequently the main OARs (bladder andmgdb be over-irradiated.
However, prostate rigid motion is not the only anatomicalatéon from fraction to
fraction. Large deformations can occur due to bladder antune filling variations,
leading to a received dose that can differ from the planned Ahany fraction, if dose
criteria are not met, the clinician may decide to replan teatment. To compare the
actually received dose with the prescribed one, non-riggistration is used to estimate
the tissue deformation to be able to compute the dose loaatlymulated.

In order to register pelvic CT and CBCT images, some apprembhave been pro-
posed [1, 2], which combine non-rigid registration and segtation in order to propa-
gate CT delineations in the CBCT images. To evaluate theracgwf the registration
algorithms used in this context, the Dice score remains ddelyused criteria, even
if it has been shown [3] that it does not necessarily refleetghality of the regis-
tration. Indeed, the Dice score measures the overlap betiwaedelineations, which



in our context are the CBCT delineations and the propagaledelineations. It only
characterizes the correspondance of the organs, whelisaseitessary to evaluate the
local matching of the voxels. Indeed, the radiotherapy iregwa precise knowledge of
the local dose accumulation. However, obtaining a refex@fchis local matching is
very difficult with real images. Another approach is to use Tlarget Registration Er-
ror using pairs of landmarks that are automatically or ménuaafined. But due to the
poor quality of the CBCT images, this is a difficult task, ahd tandmarks are usually
placed on distinctive anatomical marks (e.g bones), wheredgistration quality is not
as crucial as on the considered organs. Recently, new tialid@oproaches have been
developed in order to better characterize the quality ofteggion algorithms [4]. Our
work is part of the effort made to bring some new evaluatiacpdures for CT/CBCT
non-rigid registration of pelvic structures.

To do so, a numerical phantom is generated using a biomexdiambdel integrating
the prostate and the OARs (bladder, rectum and seminallegpid his phantom is
realistic enough to allow non-rigid registration withoubdifying algorithm parameters
that would be used for real subject registration. Moreotha,transformation model
used to generate the numerical organs is different from ties asually used in non-
rigid registration, allowing a fair comparison betweeretiént kind of algorithms. Even
if these deformations remain simple, they give some answegading the validity of
the deformation fields estimated during registration.

In the first section, the approach used to generate the ncah@hantom is de-
scribed in detail. Then, some non-rigid registration mdthender study are explained,
justifying the different components of the scheme. Finalyme preliminary results
are given, which show that the numerical phantom allows $erithinate more finely
between different registration algorithms.

2 Phantom generation

2.1 Biomechanical model

A finite element model of the prostate and OAR (seminal vesicbladder, rectum)
is used to generate the phantom. It is described using ANS¥SgbModeler. The
geometry of the anatomical structures is defined by conisiglgypical sizes and shapes
derived from patient CT data. They are represented by pldasafaces from either
B-splines contours of organs (rectum) or by geometricalpsitig of object (prostate,
seminal vesicles, bladder) and then discretized in sulfi@um, bladder) or volume
(prostate, seminal vesicles) finite elements.

The simulation is set up by considering typical elastic makgroperties for the
tissues (Young modulus, Poisson ratio) derived from [5T6E organs’ wall thickness
and the internal pressures for bladder and rectum are @atdiom [7]. The values
used fo this simulation are provided in table 1. The boundanditions are defined
by fixed supports attached to the extremities of the rectudntlae prostate apex, and
elastic support to represent organs surrounding the redtloreover contacts are de-
fined between the different organs of interest. The simutatif organ deformations
is performed by ANSYS Mechanical. Different values of imi@rpressure of rectum



Table 1. Linear elastic material properties and Walls thickness

Organ Poisson’sratio| Young's modulus (kPa)|Wall thickness (mm)
Bladder 0.49 10 2.9
Rectum 0.45 10 2.28
Prostate 0.4 21

Seminal Vesicles 0.49 10 1

and bladder are applied to deform the structures in a ranggamble with typical
deformations observed on real patient through CT data.
Typical results of this simulation are given in figure 1. Iistpreliminary study, two

different simulated sets of organs are used: one to gengi@lephantom, the other to
create a CBCT phantom.

(a) CBCT organs (b) CT organs

Fig. 1. Numerical organs generated using ANSYS. Phantom repegsén{a) is used to generate
the CBCT phantom, while (b) is used for the CT.

2.2 CT/CBCT reconstruction

To reconstruct synthetic images, the aim is to integratefitiie element models of
the different organs in real CT/CBCT images. To do so, twfediét CT/CBCT im-
ages pairs taken from two subjects are considered: the fiesfsabject A) receive the
synthetic organs, while the intensities of the second amnéjectB) are used to fill
these synthetic organs. The choice to use the organs’ itit=naf a second subject was
guided by technical difficulties encountered while buifglthe phantom. For this data,
a clinician manually delineated the prostate and OARs.

Thesubject A is drained from its real organs, using the expert delineatidhen the
goal is to fill it back with the synthetic organs. Thebject B is used for that purpose.
For the bladder and the prostate, an affine registrationdsivthe binary images of



(a) bladder affine registrgb) Filled synthetic bladder
tion

Fig. 2. synthetic CT bladder reconstruction. (a) shows the ovestteen syntethic (pink) and
subject B (blue) bladder after affine registration. The intensitiethe subject B bladder taken
from the original CT are used to fill the synthetic one (b).

subject B and the binary images of the synthetic organs is performeis. dllows to
align the modeled organs with real organs and then to fill shehetic bladder and
prostate with the textures and pixels intensitieswfject B.

However, this procedure is not adapted to the rectum andns¢wesicles, due to
the geometrical differences between the synthetic orgathshee ones ofubject B. So
some pixels are randomly selected in théject B organs to fill the synthetic organs.
For the rectum, two regions are differentiated to take irtcoant the gas areas that
often come across with the pelvic images. The same procésladopted for both CT
and CBCT images. An illustration of the synthetic CT bladamonstruction is given
in figure 2.

2.3 Experimental data

Finally, two sets of data are used during the experimentshasgn in figure 3: the
numerical CT/CBCT phantom generated as described abosigharnubject A, a real
patient, which serves as a reference to assess the relevhtime phantom. Two pro-
cedures are considered: a phantom CT to CBCT registratimhaaeal subject CT to
CBCT registration.

3 Registration procedure set-up

An iconic registration scheme, taking into account the grayes of the pixels of the
images to register, is applied. A registration method isallgdefined by i) a similarity
measure, ii) a motion model and iii) an optimization proaedin the experiments, the
elastiX toolbox [8] is used during the registration procex which allows the repro-
ducibility of the results. The Mutual Information (MI) sitarity measure based on Mat-
tes [9, 10] implementation is chosen, since it allows effitimultimodal registration.
Regarding the motion model, the registration procedurévigied in two steps: first, a



(c) Phantom CT (d) Phantom CBCT

Fig. 3. Images used during the tests. (a) Original CT image. (b)i@aldCBCT image. (c) Gen-
erated CT phantom image. (d) Generated CBCT phantom image.

rigid registration to globally align the two images; secpmdon-rigid registration using
a Free-Form Deformation (FFD) model based on B-Splines. [Ti¢ optimization is
based on the adaptive stochastic gradient descent pracddsacribed in [12]. More-
over, a coarse to fine (or pyramidal) approach allows to tegigdobal as well as local
motion.

Besides this global scheme, the motion is regularized usioglifferent methods:
(i) a penalty term based on the bending energy of a thin mbh&dtg11], that insures
the global smoothness of the transformation.

(i) a rigid penalty term [13] on the bones that are extradtgthresholding the original
image. This term forces the bones to deform rigidly durirgribn-rigid registration.

In the following, the three methods are comparédll denotes the registration
scheme without regularizatiof{ Iz stands for the registration with a Bending En-
ergy penalty, whileV I » designates the procedure with a Rigid Penalty on the bones.



4 Results

The registration experiments are led using exactly the gaan@meters for both sub-
ject and phantom registration. They are conducted in twpsstiérst, the Dice scores
between the CBCT organs and the propagated CT organs fophatitom and subject
registration is calculated. Then, the measures of locahasibn errors given by the
phantom are provided.

4.1 Dicescore

The evaluation of the registration is made using the Diceestmassess the relevance
of the phantom compared to the real subject. The results\ar op table 2. Two major
remarks can be made regarding these results.

First, the Dice scores obtained with the subject and thetphareach similar lev-
els, even if some differences occur: rectum and seminathessresults are slightly
better with the phantom, while bladder results seem bettehe real subjects. In fact,
during the phantom'’s registration, the drained out orgahg;h have been refilled with
some random pixels taken from fat and muscles of the sulgjesttyrb the registration
procedure.

Nevertheless, the results seem promising. Indeed, regatide different registra-
tion algorithms used, one can see that for both datasetBitieescores improve when
a penalty term is added to the mutual information. On therdtaad, by using only the
Dice score for validation, it is not possible to choose aipaldr penalty term, since the
results obtained witi/ Iz and M I p are relatively close.

Table 2. Dice score obtained for the different organs and registnathnethods. The results ob-
tained with the phantom are close from those obtained onubjest. The results obtained after
the rigid regstration step are also given for comparison.

Bladder Prostate Rectum Seminal Vesicles
Phantom|Subject ||Phantom|Subject || Phantom |Subj ect || Phantom |Subj ect
Rigid | 0.70 0.73 0.67 0.76 0.54 0.58 0.34 0.36
MI 0.76 0.79 0.69 0.75 0.60 0.62 0.36 0.37
MIgg| 0.79 0.89 0.75 0.83 0.69 0.66 0.63 0.41
MIgp| 0.73 0.85 0.91 0.79 0.79 0.66 0.79 0.41

4.2 Local registration errors

The numerical phantom gives access to local validationtsethat cannot be obtained
from the Dice score. Indeed, one can obtain the registratimor, as a distance in mm,
for each voxel on the surface of the phantom, since we knowthet transformation of
the organs between the 2 images. In table 3 are reported te, ménimum and max-
imum registration error in mm, for each organ and each negish method. While the



Dice score didn't allow to clearly separaté/zz and M I p methods, these new error
measures are very informative. They show the clear supigriof M Iz compared
to M Igg with a total mean error for all the organs which is almost bdl¢3.76mm
for M IpE against 6.09mm fod/ I p). They also confirm that taking into account a
penalty term during registration improves the results.

Table 3. Local registration errors (in mm), for the different orgamal registration methods. This
demonstrates the superiority df Irp compared taV/ Iz5.

Bladder |Prostate|Rectum|SV

Mean| 11.58 8.95 6.24 |5.58
MI Min | 0.10 0.12 0.08 | 0.11
Max | 21.42 | 16.73 | 15.36 |11.22
Mean| 11.62 4.62 510 |3.02
MIgg| Min | 0.09 0.05 0.06 |0.05
Max | 20.32 | 8.30 | 12.52 |5.16
Mean| 8.19 1.88 272 | 225
MIrp| Min | 0.08 0.01 0.02 |0.01
Max | 14.94 3.41 6.07 | 3.06

5 Discussion and conclusion

In this paper, we have presented a numerical phantom of thiécpsructures for
CT/CBCT image registration evaluation.

This phantom aims to be a complement to the classical DicEiceat which do
not evaluate the local matching of the organs, on whichsélie cumulated dose com-
putation. We showed that this phantom is able to differémtiagistration algorithms
that cannot be characterized with the use of the Dice scoespkcially gives access
to a precious information concerning the deformationgvestiéd during registration.
Indeed, with its use, the local motion of every voxel on thdaxe of the phantom can
be evaluated precisely.

Regarding the conclusions we can get from the registratialuation, although the
experiments were performed on a reduced data set, it se@ins tagistration scheme
including a rigid penalty term on the bones can produce begteilts than the tradition-
nal scheme or the one including a bending energy. This has tohfirmed on a larger
dataset, and this will be the object of our future work. The@uarization terms given
here could also be combined in order to obtain an even beteitr

It would also be important to build a phantom which could lmser to a real patient,
in order to be able to use affine registration to fill the recamd seminal vesicles. For
that purpose, we plan to generate a patient specific phahttrwould take into account
the geometrical particularity of each subject.
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