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Abstract

TransRectal Ultrasound (TRUS) is used for image guidance duringgpedsiopsy

and for treatment planning of brachytherapy due to low cost and abiiggsn
operating room. However, tumors have better visibility in Magnetic Resonance
(MR) images. The fusion of TRUS and MR images of the prostate can aid with the
diagnosis and treatment planning for prostate cancer and with postytivacdphy
quality assurance.

We developed a 3D deformable registration method using the segmentations
obtained from TRUS and MR images and a biomechanical model that employs
stiffness values derived from elastography. The segmented salureeris meshed
and a linear finite element model is created for it. This volume is deformed to the
target image volume by applying surface forces computed by assumingaveeg
relative pressure between the non-overlapping and the overlapmjiumseof the
volumes. This pressure drives the model to increase the volume ovetiaphan
surfaces are aligned. We tested our algorithm on prostate surfacastedtfrom
postoperative MR and TRUS images for 14 patients and pre-operativamdR
TRUS images for 4 patients, using a model with elasticity within the range reported
in the literature for the prostate. We used three evaluation metrics for validation
the Dice Similarity Coefficient (DSC) (ideally equal to 1.0), the volume change in
source surface during registration, and the Target Registration @iR&t) defined
as the mean distance between landmarks such as urethrae and calcifidadions
post-operative images, we obtained a DSC of 982 and a TRE of 1:51.4mm.

The change in the volume of the source surface was1L.&%. For pre-operative
images, we obtained the DSC of 0:96.01 and a TRE of 1-80.8mm. The change
in the volume of the source surface was -B092%. Our results show that this



method is a promising tool for physically-based deformable surface raigpstr
We also used our technique to register ultrasound strain images to free mount
histo-pathology images with the goal of correlating cancer with areas ofttavn s
This was done using relative stiffness values derived from vibrogjesgby data.
We also performed Computed Tomography (CT) and Ultrasound (US)kiglire
face registration using this technique.



Preface

The idea behind the work presented in this thesis was developed by Septimiu Sa
cudean and Orcun Goksel. It was brought to its present stage byt amder

the supervision of Septimiu Salcudean. The registration technique présente
this thesis uses Finite Element Modeling (FEM), finding intersection and union
of surfaces and non-overlapping volume. The codes for these stxgswritten

by Orcun Goksel. The principal axis alignment was done by using partcotle
written by S. Sara Mahdavi. The rest of the programming was done by therau

Septimiu Salcudean wrote parts of abstract and parts of chapters 2 &fed 3.
also reviewed and suggested corrections on the thesis manuscript. Thereo
sented in this thesis has been accepted for presentation in SPIE (Inteah&in
ciety of Optics and Photonics) Medical Imaging Conference 2012 - Intagded
Procedures, Robotic Interventions, and Modeling and will appear icelerbings of
SPIE Volume 8316. Orcun Goksel and Sara Mahdavi also reviewedumgested
corrections to the said paper.

The registration technique presented in this thesis has been evaluatefbusing
sets of data. All the data sets were obtained as part of studies appsoResdarch
Ethics Board (REB). The pre-brachytherapy prostate data was collasteart of
a study for visualization and real-time dosimetry for prostate brachythendmy
UBC CREB number of this study is HO6-70146. The principal investigatothiie
study is Septimiu Salcudean. The images were obtained by Xu Wen and S. Sara
Mahdavi and Mehdi Moradi at Vancouver Cancer Center.

The post-operative prostate data was collected as part of a studytd@ritish
Columbia Cancer Agency for comparison of post-implant US/CT and MRI/CT



image fusion in determining 1125 prostate brachytherapy post implant dogifnetr
The REB number for this study was H03-60010. The primary investigatdhi®
study was Mira Keyes.

The prostatectomy data was collected as a part of study for Optimization of
Elastography Imaging of the Prostate. The UBC CREB number of this study is
HO08-02696. The principal investigator for this study is Septimiu Salcudéha.
images were collected by S. Sara Mahdavi, Mehdi Moradi and Guy Niaat&u-
ver General Hospital.

The kidney data was collected as part of a study for Real-time Image Geidanc
for Robot-Assisted Laparoscopic Partial Nephrectomy. The UBC CREBber
of this study is H08-02798. The principal investigator for this study is @wis
pher Nguan. The images were collected by Caitlin Schneider, John Bartett] R
Kingma and Michael Yip.

Ipatanjali, N.; Keyes, M.; Morris, W.; Liu, M.; Harrison, R.; Spadinde& Moravan, V. A com-
parison of post-implant US/CT image fusion and MRI/CT image fusion 2&i prostate brachyther-
apy post implant dosimetry Clinics in Occupational and Environmentaliditez] Elsevier, 2009, 8,
124-124
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Chapter 1

Introduction

Prostate cancer is among the most prevalent non-cutaneous cancer in @&l

it is estimated that 25,500 men will be diagnosed with and 4,100 will die from it in
Canada. Due to better treatment options and early diagnosis, surviyabiiate
cancer is consistently high-05%) among men aged 40 to 79 for the past five
years [1]. Prostate cancer can be treated using minimally non-invasigiealu
procedures which reduce hospital stay and patient trauma.

TransRectal UltraSound Rus) has become the standard image guidance tool
for most of the prostate related minimally invasive surgical proceduresraat
ment planning due to its low cost, safety and availability in operating room. Itis
a method of imaging pelvic organs using an ultrasound probe inserted incthe re
tum. However, due to low contrast in Ultrasoungs) B-mode images, tumors are
generally not visible [57]. Magnetic Resonane&] images, although expensive,
provide better visibility of the tumors [4]MR images also show patient specific
pelvic anatomy and give information on the spatial spread of cancer whithe
useful in keeping trauma to minimum and avoiding injurieg can be brought in
the operating room virtually by fusingr acquired before the procedure to the
images acquired during it [49, 53].

This fusion, a product of image registration, can be useful for biopgjegce,
treatment planning for brachytherapy and focal therapy. Fusion ofpDted To-
mography €T) or MR with TRUS which shows the seed distribution at the end of
the brachytherapy procedure can also be used for quality asswafiecerachy-



therapy.

1.1 Image Registration

“Image registration is the process for determining the corresponderfeatafes
between images collected at different times or using different imaging modalities
Once this correspondence is known, it can be used to change the spatigihg

of one image so it more closely resembles another so the pair can be direatly co
pared, combined or analyzed” [16]. Medical image registration is commaeg u

to correct for different patient positions between the scans [42].dlsis used to
watch progress of a disease over time in a patient [24, 37] and to cresdteracal
atlases/[35]. It basically allows viewing and analyzing of two differenesy/pf
images in one coordinate frame.

The correspondence between two images or image volumes is established by
finding the spatial transformation between the pixel positions that comegpdhe
same structural or functional areas in two images. Sometimes, this transformatio
can be achieved by translating and rotating one image so that it matches the othe
This is called rigid registration. This type of registration is limited to six degrees
of freedom for Three-Dimensional (8) to 3-D images and may not be enough to
accurately match the two images. In cases where it is not enough, a morlegomp
transformation involving stretching and shrinking of areas of images idreziu
Again, this transformation tells how one image can be changed so that it matches
the other. This is called non-rigid or deformable registration. Images tfissfies
of human body usually require deformable registration.

The image that is deformed or registered is calleithésSourceand the image
which it tries to match is callethe Target

In addition to a transformation model, a registration algorithm uses a similarity
measure to determine how well two images match. An optimization process is
employed to find the maximum similarity by varying different parameters of the
transformation model.

Medical image registration can be divided into two broad categories: model
based and intensity based. The former builds explicit models of surfagess
and point landmarks corresponding to anatomical structures in one imagaitha



be matched with their counterparts in the other image. These correspesdenc
are used to find the transformation from one image to the other. As model base
registration matches the structural information, the registration has bettenana
ical correctness and can be interpreted in terms of underlying anatorjyThé
models most commonly used for this type of registration are splines (including
thin-plate splines and B-splines), elastic models [6, 9], viscous fluid madé| [
demons/[10, 62] and active shape models [15].

Intensity based registration algorithms assume a statistical relationship between
intensities of two images and define an intensity based measure of similarity. The
optimization process adjusts the transformation until the similarity measure is max-
imized [16]. The similarity measures commonly used are the squared difésrénc
intensities, the correlation coefficient, measures based on optical fldwnatual
information. Intensity based registration matches intensity patterns over tile wh
image but do not use anatomical knowledge. More details of these meaanies
found [29]. Hybrid models combine intensity based and model based temmiq
to create better correspondence [18, 50].

We have chosen a model based approach for registration of prostasad
TRUS images because due to the poor contrast and presence of noise in B-mode
images it is very hard to establish a statistical relationship between the intensities
in two modalities. Another reason for this choice is that for every prostateeca
intervention prostate surfaces are segmented freos images. This can be used
in model based registration.

1.2 Prostate Cancer

Prostate cancer is the malignant growth of cells in the prostate gland. Toercan
ous cells divide at a harmful rate resulting in a large number of cells withilggss
abnormal numbers of chromosomes. Cancerous cells do not die arebiated

like healthy cells do and therefore grow into malignant tumors, which camdpre
through the tissue of the prostate gland and metastasize into surroundirgg tissu

[3].
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Figure 1.1: A diagram showing the different zones of prostate

1.2.1 Prostate Anatomy

The prostate is a gland in the male reproductive system. Its function is to stbre a
secrete a slightly alkaline fluid which usually constitutes 20-30% of the volume
of the semen. In healthy adult males its size is slightly larger than a walnut. The
weight of a healthy prostate in adult males ranges from 7 to 16 gms with aagever
weight about 11 grams [34]. The prostate sits above the base of theldois
the urinary bladder and backs onto the front wall of the rectum. The apthe
prostate is pointed down to the perineum as opposed to the base which is wider
and located next to the bladder. The prostatic urethra is the portion ofaitbet
runs from the urinary bladder through the prostate and exits from thevég@¢he
urinary sphincter which is a group of muscles that prevents involuntakgdgeof
urine. The prostate is surrounded by a membrane called the prostatidecapsu

In pathology, the regions of the prostate are classified as zones Figurehe
prostate gland has four distinct glandular regions:

1. Peripheral zone (PZ): This zone occupies approximately 70% ofbioene
of gland. 70-80% of prostatic cancers originate in peripheral zone [3]

2. Central zone (CZ): This zone constitutes approximately 25% of thégbeos

4



gland. About 5% of prostate cancer cases originate in the central Zpne [

3. Transition zone (TZ): The transition zone is the innermost part of thetgte
gland and surrounds the urethra. It makes up about 5% of the prostate v
ume. About 10% of prostate cancers occur in this zone. This zone also
enlarges with age and can result in benign prostatic enlargement [3].

4. Anterior fibro-muscular zone (or stroma): The anterior zone is loaaAtese
to the abdomen (away from the rectum). This zone is constitutes 5% of the
gland volume and is composed mostly of muscular tissue.

The elastography studies of the prostate have shown that varying ssiéfme
occur in these zones. For example, [32] reports that the central zdessistiff
than the peripheral zone. Moreover, the cancerous tissues hawr stiffness
than healthy tissue [33, 66]. Zhang et al. [66] has also reported lowertealthy
stiffness for tissue with benign prostatic hyperplasia (BPH). This dififezén stiff-
ness affects the way the prostate deforms. This should be taken intonaedwen
modeling the prostate as an elastic object for simulation or registration.

1.2.2 Diagnosis

Prostate cancer is usually suspected when a high level of prostatespatijien
(PSA) is detected in blood tests. A digital rectal examination (DRE), in which the
physician palpates the prostate through the rectum is then performed tbatetec
abnormalities within the prostate. A biopsy is performed to confirm the presenc
of cancer.

Prostate Biopsy

A prostate gland biopsy is a diagnostic procedure which involves remodade
amination of small samples of tissue. To remove tissue samples a needle is inserted
either through the rectum (transrectal biopsy), through the urethtaraugh the

area between the anus and scrotum (perineum). A transrectal biopgyrisoi
common method usedRusis commonly used to guide the placement of the nee-
dle during a prostate biopsy. However, due to low contrast in B-mode imédges

is impossible to localize cancer directly from thrus images. To detect cancer

5



the prostate is usually sampled uniformly using a sextant biopsy template, a five-
region biopsy template, an eight-biopsy systematic template, or an the eleeen-co
biopsy multi-site directed template. The number of biopsy cores, even iecheas
is still limited and these cores may miss the cancer region, leading to inaccurate or
false negative results [22, 45].

To avoid false negatives, localized biopsy, where samples are takerstrs-
pected cancer regions, seems an obvious solution. This requires kigendé
the location and spatial spread of cancer framand Magnetic Resonance Spec-
troscopy IrRs)images [4, 8, £4]. This is explored more in Section 1.2.4.

1.2.3 Treatment Options

Modern health care gives many treatment options for prostate cancesisés of
cancers confined to the prostate gland, radiation is often used to demticsr cells
either through non invasive External Beam Radiation Therapg{) or minimally
invasive brachytherapyEBRT uses electron, proton, or neutron beams directed
at the prostate (see Section 1.2.3) while brachytherapy involves smalactideo
seeds implantation inside the tissue using needles. In advanced stagestafepr
cancer, chemotherapy is used to destroy cancer cells via drugs. Anathimally
invasive therapy known as cryotherapy freezes up cancerous tisBugfreezing
gases and needles. Hormone therapy is used to cut down the growthstdtjur
tissue and thus cancer. Another option is a surgical procedure thavesrtice
entire prostate gland called the radical prostatectomy. In early stagesadrca
watchful waiting is often recommended. This involves carefully monitoring the
development of tumor before starting advanced therapy.

We examine some of the treatment options in more detail in the following sec-
tion.

External Beam Radiation Therapy

The EBRT uses high energy radiation beams to irradiate target cancerous tissues
while sparing the neighboring healthy tissue. This includes conventisrt, 3-
Dimensional Conformal Radiotherapyd3RT), Intensity-Modulated Radiother-

apy (MRT), and Image-Guided RadiotherapgRT). Localization of the target and



adjacent normal tissue is critical in the planning of all types®RT treatments.

ConventionaleBRT entails irradiation of the entire pelvis. Flouroscopy and
plain radiographs are used to plan treatment. The four field (anterojpospers-
teroanterior, left lateral, right lateral) technique which targets the prosttenal
vesicles, and regional lymphatics is used. The dose is delivered oeical pf
5 -6 weeks. An additional dose, called boost, is delivered to the tardatneo
(prostate and seminal vesicles plus 1-2 cm margin) separately. Complicdtiens
to exposure to radiation can arise in skin, bladder, intestines, pelvic bone e

3D-CRT delivers a precisely shaped field to thepZanatomical map of target
volume (prostate, seminal vesicals etc.) obtained fmor MR. The visibly
affected (cancerous) areas are delineated from images to form GQuosy Vol-
ume GTV). This volume is expanded to include areas possibly affected but not
visible in on the images to form a Clinical Target Volunm@ry). This is further
expanded to include a Planning Target Volurpg\() to include any position errors
due to patient positioning and setuplRT can be considered an advanced form of
3D-CRT. It delivers highly conformal doses by using non-uniform radiatioanhe
directed at target volume from different directions.

It should be noted again that the dose is delivered over a period of 5¢ekswv
Locking devices are used inD3CRT and IMRT to reproduce the patient pose to
match the one at which images used for planning were obtained. These locking
devices however do not guarantee that the target volume obtained &ginaing
of treatment conforms to the orientation and shape of prostate at the start of
during each treatment session and can introduce systematic errors [&lke i$
possibility of deformation in the prostate due to differences in bladder astdlre
filling. Bylund et al. report significant average prostate motion of 6.7 mn24or
patients [12]. Oncologists address this issue by usingwhich includes margins
that allow for these differences. Adjustment to the initially obtained target volume
is an intuitive solution. IGRT provides this solution by imaging the target area
during the treatment. Abdominal Ultrasound and x-ray cameras are besdgas
image the pelvic organs during treatment.



Brachytherapy

Brachytherapy, also known as interstitial radiation therapy, seed thesapeed
treatment is a minimally invasive radiation therapy. There are two types dfiyrac
therapy: permanent Low Dose RadiatiatbR) and temporary High Dose Ra-
diation (HDR). In LDR brachytherapy, brachytherapy seeds consisting of iodine-
125 and palladium-103 inside titanium pallets are implanted permanently in the
prostate gland. These emit a low level of radiation over the course of Huboac-

tive lives. InHDR brachytherapy, high dose from a single radioactive seed made of
iridium-194 (also called the wire) is delivered through plastic catheterstetsar

the gland. A patient undergoes two or three dose treatments during amghier
stay forHDR brachytherapy [3].

Before brachytherapy,Rusis used to obtain transverse B-mode images from
base to apex. The images are segmented and a prostate volume or sunface is
tained. Margins are added to the prostate volume to forma This is done to
encompass any spread of prostate cancer out of the prostatic cafesaliation
oncologist devises a plan for seed arrangement after calculating thtisleudion.
Radioactive seeds are implanted in the prostate according to the plantesisg
forimage guidance. Itis important to cover the entire prostate according pdah
and spare the healthy tissue surrounding it. If this plan is not executedsowit
parts of prostate may miss seeds and/or rectum and urethra can an atldiicma
dose. This can cause complications. Also due to lack of visibility, in some ,cases
injury to blood vessels and nerves and seed drift can give rise to cotiplisa

Radical Prostatectomy

Radical prostatectomy is the surgical removal of the entire prostate alongneith
static urethra. The two detached ends of urethra are joined using in aamm
called the anastomosis. The seminal vesicles and surrounding bloodsvesgde
nerves may also be removed. This is oldest treatment for prostate carfuer.
prostate surgery can be performed open i.e., through an incision in the dbwe
domen, called Retropubic Radical Prostatectomy (RRP), or through timeper,
called Perineal Radical Prostatectomy (PRP), or through a laparquaiiesel La-
paroscopic Radical Prostatectomyrf). A laparoscope is a slender tube like in-



strument that is inserted inside the body through a small incision to showosisrge
the view of the anatomy. Other small incisions for surgical tools are also made
through which the surgeon performs the surgery. In Robot Assistpdrbacopic
Prostatectomy (RALP) surgeons use robotic arms to perform the susgaogely.
Laparoscopic surgeries result in less blood loss and shorter cormatestime.

Sexual dysfunction is one of the most common side effects of prostatectomy.
Even though surgeons try to spare the nerves to preserve sexuatyydhe loca-
tion of cancer and skill and experience of the surgeon determine thenoeitco

1.2.4 Need of Registration

Even though the the location of tumors can be known from pre-openativin-
ages, due to differences in patient position, bladder fullness and thenueof the
TRUS probe, the prostate is deformed in intra-operatir® s images and cancer
can not be correctly localized in B-mode images unless a registration ismpedo
As rigid registration cannot provide accurate registration [56], defbleagistra-
tion is needed.

For Biopsy

To guide biopsy, the1r images acquired prior to the procedure can be registered
to theTRUS images obtained at the start of or during the procedure. This will give
a 3-D0 map of cancers within the prostate volume. This can lead to the possibility
of localized biopsy which eliminates false negatives and can reduce thesnaimb
samples taken from prostatic tissue [51].

For External Beam Radiation

ThePTV used to initially plan treatment can be registered touker CT images
obtained during each treatment sessioma®T. This will result in dose delivery
that is truly in agreement with the original plan and further decreases nitgrbid
in the surrounding tissues and structures. Ling et al. recognizesakatcould
result in re-examination of current practice of expandawy to cTv and from

that topTVv [3€]. Registration of during-the-treatment images to those used for
planning can help create target volumes with tighter margins which will in effect



reduce dose to normal tissues .

For Brachytherapy

In brachytherapy, after seeds are implanted, it is important to know haose clo
the seed distribution is to the original plan. Deviation from the plan can affect
the planned dose significantly [19]cT and MR images show seeds very well.
Registering prostate surfaces from post-brachytherapy images @f MR to the
TRUS surface on which the original plan was made, can show how well the actual
positions of seeds match the ones in the plan. This is essential to studyftbate-e
relations of prostate implants and long term quality assurance [55].

For Prostatectomy

In order to avoid recurrence of cancer, the removal of organ aswteged struc-
tures and tissue should been done in a manner as to include all the cdectdaf
areas. This is achieved by using wider surgical margins. Most of theecain
occur in the peripheral zone and wider margins in that zone may damagetthe n
rovascular bundles and the urethral sphincter. Ukimuraa et al. shibaedsing
TRUS guidance during.RP can significantly reduce the incidence of positive sur-
gical margins (i.e., when part of cancerous tissue is left inside the b6€l) fFor
nerve-sparing prostatectomy, a pre-operatiweor TRUS which identifies the ner-
vovascular bundle can be registered with intra-operatiies to effectively avoid
damage to nerves.

Watchful Waiting

Registration of images is very useful to monitor disease progression. Tigesma
obtained periodically when registered show the changes in the differeat af
the organ explicitly. This can help physicians assess the progress anthpla
treatment accordingly.

1.3 Literature Review

We have divided the literature review for this project in two categoriesstragion
models and boundary conditions. The former discusses registration nuseels
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in the literature forrrRus andMR prostate registration. The later gives an overview
of techniques available for calculating boundary conditions for ourernasodel:
linear elastic finite element mesh.

1.3.1 Registration Model

There is extensive literature available on the general subject of medioge irag-
istration; however, prior work in the specific categoryr&us to MR prostate im-

age registration is more limited. In the past rigid registration methods [63, 64]
were used for quick registration allowing for real-time use. These methous,

ever, ignored the possibility of significant deformations due to the presafithe
TRUS probe, change in patient position, bladder fullness etc. Zaider et luges

a very simplified registration technique using the assumption that the position of
points within the gland with respect to the axial contours remains unchaaged,

no displacement occurs in the Superior-Inferi®n @irection.

For deformable registration a few spline based models were proposed. Sh
et al. [51] used thin plate splines to integrate or MRS with TRUS for targeted
robotic prostate biopsy. The deformable registration carried out Two-siosal
(2-D) to 2-D after the initial alignment and therefore significant deformation in
the si direction was ignored. More recently, Mitra et el. [40] also used thin plate
splines for deformable registration of 2TRuUS andMR prostate images with au-
tomatic generation of control points from principal axes. This method relies o
finding the corresponding slice in two modalities which can only be approximate
due to difference in slice spacing. Again, deformation in helirection is ig-
nored. The paper reports a Dice Similarity Coefficiem$€) to measure overlap
of contours but does not report a Target Registration Emrre) validating inter-
nal registration. Reynier et al. [49] and Daanen et al. [17] use ae®spline
for deformable registration after performing rigid registration. Reyniei.e[49]
reportedTRE for four patients.

Another popular technique for deformable registration is to use a biomiechan
cal model. A biomechanical model represents organs of interest as etestied
objects. Bharatha et al. [7] used an finite element linear elastic model wién-diff
ent material properties for the central and peripheral zones of ttstgpeadriven
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by surface distance based forces. Alterovitz et al. [5] also us® direar elastic
Finite Element MethodREM) model to registeMRS/MR images with and without
endo-rectal coil for treatment planning abr Therapy. They argue that a2-
model is sufficient as out of plane deformations are less then the slice ¢sickn
Their FEM model uses a non-linear optimizer to estimate tissue stiffness and exter-
nal forces causing deformation.

Hensel et al. [30] used a multi-organ linear elastim model of the pelvic
anatomy with different stiffness values assigned to prostate, bladdéunrestc
to registemr with endo-rectal coil to one without for radiation therapy planning.
Noe et al. [44] used non-linear elastic models to perfermto MR prostate reg-
istration. They evaluated their model with prostate data by validating inverse co
sistency of the transformation. Hu et al. [31] perform deformable registr be-
tweenMR andTRUS using a patient specific finite element statistical model. They
test their algorithm on eight patient data sets and report a mean TRE of 2.4mm.

1.3.2 Boundary Conditions

As mentioned in Section 1.4 and explainec in Chapter 2 we use a linear elastic
FEM mesh as our registration model in this thesis. Therefore it is important that we
examine the boundary conditions that are used to derivegliemodel. Boundary
conditions refer to the external force required to deform one suttaogatch the
other. In most part of the literature, these forces are derived frome soetric
representing the distance between the two surface [7, 13, 44]. ThefQtee
registration is then to minimize this metric and thus have perfect alignment between
the two surfaces. Bharatha et al. [7] used active surfaces andadidialus. This
method was presented by Ferrant et al. [23] for surface matchingf breshes.
Noe et al. [44] use a surface distance term as well as a surface nmmato
calculate the boundary conditions allowing a surface to fill in narrow extngs
while registering. Brock et al. [11] find correspondences basediviture and
use that for driving their boundary conditions. Choi et al. [13] als® aisurface
distance term with an iterative mesh fitting.

Zhang et al. [67] use contact impact analysis for boundary conditidmes sur-
faces that are or could be in contact are with the organ of interest areledagsing
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theFeEM. The contact is determined by determining the penetration of elements and
applying appropriate pressure. Alterovitz et al. [5] find boundarndimns and
tissue stiffness parameters for theipZ=EM model by an optimization routine that
maximizesbsc and minimizes strain energy. Hensel et al.' [30] use surface node
projection from source to target surface guided by the curvature ofuhes to
which the node belongs.

1.4 Proposed Method

We propose a registration technique for registeringrtkies prostate images with
the MR prostate images. In both thieRus and themR images, the prostate can
be segmented easily and therefore surfaces are available. Takingagb/af this
fact, we propose a surface based registration method to deformablieresis-
faces obtained from the segmented contours using a biomechanical mdael. T
model is solid linear elastic body which deforms when subjected to extemtaisfo
on the surface. We use global surface difference to find boundengitions in-
stead of more popular local surface distances (see Section 1.3.2) ssfotégro-
duce a more realistic distribution of forces driving the model to the targetrégur
istration algorithm assumes the presence of a negative pressure inerapping
regions of the surface. This pressure increases the overlap so ¢hatifiaces
match.

We extend the goal of our deformable registration method to the following, so
that the transformation is physically realistic:

1. We wish to deform the source surface to match the target surface

2. We wish to use parameters (Young's Modulus, Poisson’s ratio acddpr
that are close to the values reported in literature.

3. We wish to preserve the source surface volume i.e., keep it constamg du
registration

We validate our approach with elasticity parameters typical of those reported
in the literature. The results are evaluated in terms of the improvement achieved
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in the matching the prostate volumes. In addition, the distances between the ure-
thra segmentations in the two modalities are used as an independent measure of
registration accuracy.

1.5 Thesis Organization

We start with Chapter 2 explaining our deformable registration model. In additio
to providing details on our linear elastic model, this chapter discusses paramete
such as tissue stiffness and boundary conditions. The Chapter 3oassitre im-
plementation details of our algorithm. We move on to evaluate our algorithm in
Chapter 4 and include some applications outsides and MR prostate surface
registration. Finally conclusions, achievements and future directionsrofoik

are laid out in Chapter 5.
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Chapter 2

Deformable Registration Model

When performing the deformable registration of two surfaces, we fix orface
during the registration and let the other move in thousands of degree=eabim.

The former is called théargetand the later is called thgource It is the source

that deforms to match the target. The source is modeled as a linear elastic solid
and subjected to boundary conditions that aim for a perfect fit betweetwit
surfaces. This is a dynamic process and therefore uses time integragarse/én
iterative algorithm that converges when the cost of registration is minimum.

2.1 Deformation and Elasticity

In continuum mechanics, deformation is defined as the transformation ob#e p
tions of constituent particles of a body from one configuration to anotbefor-
mation is usually caused by external loads, body forces (such as goaétec-
tromagnetic forces), or temperature changes within the body. Thesesfaudace
internal body forces called tretress The deformation defined in terms of relative
displacement of the constituent particles of a body is calledttiagn. These terms
are defined in more detail in Appendix A.

The deformations in a continuous body can be elastic or pldsiistic defor-
mations are characterized by removal of strain (i.e., reverting back of tooitis
pre-stress configuration) when stress is removed. In cases whareistperma-
nent and stays even after the removal of stress, the deformation is phrkit:
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Plasticity is exhibited when the stress exceeds the elastic limit. Most materials,
including biological tissues, are normally exposed to stresses much lowethia
elastic limit and thus exhibit elasticity.

Hyper-elasticity, a model for ideally elastic materials, can be used to describe
the complex deformations of biological tissues. However, it is often compuotatio
ally efficient to assume linear elasticity for modeling and simulating biological
tissues. As all hyper-elastic materials can be approximated by linear elasticity
when small deformations are applied, this assumption is quite accurate [25, 39
For these reasons, we have used linear elasticity to model the prostatsvidinn
future more complex models like Neo-Hookean incompressible model carbtle us

Linear elasticity is a simplified version of non-linear elasticity that assumes
infinitesimal strains or “small” deformations and linearly relates stress and.stra

2.2 The Linear Elastic Model

If a 3-D linear elastic solid bod®2 composed of particleg(x,y, z), initially under
no stress, is subjected to a foregx,y, z) and, as a result, deforms so that each of
its particles undergo displacemaertk, y, z), the deformation energy is given by [9]:

1
EstrainZE/QETO'dQ—/QFUdQ (2.1)

where g and o are the strain and stress vectors respectively. The first term
presents strain energy and second term presents work done bya¢kbeces.

As described in Appendix A, for small deformations, the strain vector ean b
written as:

g [Oudududu dudu sudu oull oo,
~ | ox’ 0y’ 8z’ 8y  Ox' dz Ox dz  dy| '

whereB is strain-displacement matrix:
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2 0 0
ogyo
d
B:ggfg (2.3)
dy  OX
5 0 %
0 & &

The constitutive equation that describes the relationship between stigéss an
strain for linear elastics is based on Hook’s law:

o=Ce (2.4)

whereC is material stiffness matrix that characterizes Hookean elastic mate-
rial. It is a symmetric 6x6 matrix for 3 objects. For a homogenous and isotropic
material this matrix is defined by the two L&material constants andu [9]:

A+2u A A 0 0 O
A A+2u A 0 0 O
o | A A A+2u 0 0 O 25)
0 0 0O u 00
0 0 0O OoOpuo
0 0 0 0 0

The Lan&’s constants can be derived from Young’s Modulasdnd Poisson’s
ratio (v) using these relationships:

Ev
Ty =

E

=— 2.7
=203 (2.7)
Now Equation 2.1 can be written as:
1 TpT
Esnam:f/ u"B CBudQ—/ FudQ (2.8)
2Ja Q
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This continuous function of energy can be discretized over displacameng
the finite element model.

2.2.1 The Finite Element Method

As C is positive definite, Equation 2.4 is an elliptic partial differential equation
which can be solved for simple shapes. The complex shapes can be dbalt w
by considering them as combinations of some simple shapes and then solving the
boundary-value problem for each simple shape separately. This is thbetiénd

the FEM. These simple shapes are called the elements. Common choices for ele-
ments are squares, triangles and hexagons forsBrfaces and cubes, tetrahedra,
and hexahedra for ®-objects.

In our finite element model we use 4-node tetrahedra connected with geech o
in a mesh like configuration to model atBebject. A tetrahedron is a four faced
polyhedron. The vertices of the tetrahedron are called nodes. Tfeeswf the
object is formed by the outward facing triangular facets of the tetrahexhathe
surface. The nodes that belong to the triangular faces on the suréacalled the
surface nodesThe nodes that exist inside the surface are calleihtieeor nodes
Please see Figure 2.1 for an illustration of tetrahedra used as elements tamode
ellipsoid.

The FEM discretizes the displacement field resulting from deformation in the
3-D body. If a 3D body Q is divided in element€), with a total number oh
nodes and the displacement at a ngd#ue to deformation, is; = [u; v; wi]T, the
compound vector of all the nodal displacements is giveuby [ul ul ... ul]T.
This vector represents the deformation of the entie @ject.

Our chosen element f®EM, the tetrahedron, had four nodes. If the four nodes
of an element have displacemenfs wherem= 1...4, the compound vector of
element node displacements is givenday= [(u$)™ (u$)T (u)™ (u$)™]™. The dis-
placement of a point lying somewhere in an eleme€¥, can be determined from
the interpolation of element node displacements.
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Surface Nodes

2

Interior Node

Figure 2.1: A 3-D object made up of small tetrahedral elements. One of the
tetrahedral elements is magnified and shown with its nodes.

ux) = iNﬁ(x)u? (2.9)
IIieue

(2.10)

The NE(x) is elementbasisfunction. For linear interpolation, it consists of
barycentric coordinatesf the element nodes:

N°(x) =af+bx+cy+diz i=1...4 (2.11)

Revisiting the problem of seeking equilibrium at which total energy (2.8) is
minimized, consider when first variation of total energy is zero:

5EStrain(U) = z 6Egtrain(u) =0 (2.12)
e
The differential energy for an element is:
6Egtrain(u) = |ngtrain' 596 (2.13)
The Equation 2.12 can be written as:
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= (DE®- u°) (2.14)

e
The term on the side of Equation 2.14 can be zero for arbitrary displacemen
from equilibrium only wheriJE® is zero. This is becaug€ contains independent
variables. This implies that

/ (BN®)TC(BN®)USdQ — F® = 0
Qe

= / B®TCB®u®dQ = F®
Qe
N BeTCBL" | do—F*
Qe
= VeBeTCBU® = F®
= Keu®=F® (2.15)

whereVe is the volume of element< €, the product oi/¢, B¢T, C andB¢, is the
element stiffness matriX® is the compound vector of the applied element nodal
forces.

The volume of a tetrahedron can be calculated using:

X1 Y1 4
Ve _ 1x y2 2
6ixs3 y3 z

X4 Y4 44

[ il i

The element stiffness matrices for all the elements of the body can be combined
to assemble a global stiffness matkxfor the body. This is done so that every
constituting point of the elastic body receives its contribution from e¥tyhat
its part of. Now we have a linear equation that describes the whole system:

Ku=F (2.16)

where size oK is 3n x 3n. The external forc& and nodal displacementsare
represented by a vectors of size>31. It should be noted here that for a certain
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amount of stresk, the resulting deformation (displacement of nodg€sdepends
on the stiffness matrik which characterizes the stiffness of the whole object.
Dynamics can be included in the model by using classical Newtonian formula-
tion:
Mi+Bu+Ku=F (2.17)

whereM andB are mass and damping matrices respectively.

2.3 Factors Affecting the Stiffness Matrix

The stiffness of an object, in part, determines the degree of deformatioifl it w
undergo when a certain amount of force is applied to it. This depends on the
elasticity of its constituent material as well as its geometric shape. Therefase,
ticity moduli can be used to measure relative stiffness for objects of aippately
the same geometric shape. Another factor that affects the amount of défsrma
taking place irrespective of the shape of the object is the compressibilityeof th
constituent material. Compressibility determines the volume change in an object
as a result of application of stress. A perfectly incompressible objedhseita
volume in the state of deformation.

We saw in Section 2.2, Young’s Modulus and Poisson’s ratio are usettte ca
late material stiffness matri€ and thus elemental stiffness matkX. A perfectly
incompressible object has a Poisson’s ratio of 0.5.

2.3.1 Inhomogeneity of Material

The elasticity properties of the constituent material of tissue is rarely homoge-
neous. Elasticity mapping from elastography show a wide range [3Z2, €33, 4
within a organ, depending on the tissue type (muscular vs. glandular §46])

the presence of a tumor or calcification [33, 48]. If the elasticity map of garois
present, the stiffness matrix for each element of the mesh can be formesihigy u
the average material properties of the volume of tissue occupied by thatrgleme
The global stiffness matrix can then be constructed in the manner desamnibed
Section 2.2. In case the elasticity map is not available, then homogeneouesstiffn
can be assumed for simplicity.
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2.3.2 Stiffness from Elastography

As mentioned above, if an elasticity map of an organ is available, the stiffness
matrix can be constructed using this map. Elastography is the techniqueoused f
determining the stiffness of a tissue from strain images obtained by applicétion o
some form of stress. The stress is usually mechanical compression atiaibr
with the application of which the softer regions of the tissue deform more and
stiffer regions deform less. The strain images show the extent of delionmat

each point (limited by the resolution of device used) and can be used toniteter
relative elasticity at each pixel in a strain image.

Using realistic relative elasticity values is important for registration accuracy
especially for areas inside the mesh because for the same amount oftéeoce
regions of different stiffness will deform differently. This can be leiped by
the following example. Consider a piece of soft tissue with a stiff tumor in it. If
pressure is exerted on this tissue, the soft tissue will deform and pyadiaplace
the tumor from its position but might not change the shape of the tumor. If this
tissue is modeled as an elastic mesh using a homogeneous stiffness and the same
amount of pressure is applied to the mesh, the result will be a deformedwigbue
a deformed tumor. A more accurate displacement map can be obtained by using
relative elasticity values derived from elastography (pleasez see Sdctipn

Once the elastic model for the source surface has been created, ti@shkast
to determine boundary conditions that explain the deformation from theestmrc
the target surface.

2.4 Boundary Conditions

By performing registration of two surfaces using the linear elastia model, we

try to find boundary conditions for which one object deforms to match the.othe
These boundary conditions are surface foffe@s Equation 2.16 that produce de-
formation indicated by the nodal displacement vectoMost of the work done in
the literature uses some sort of distance measure between the surfaagrig
surface forces (see Section 1.3.2). The goal of these methods is to ministize d
tance between the surfaces. We have proposed a method of registratitakds
into account the overall surface misalignment and maximizes the overlapging v
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ume, or in other words, minimizes the non overlapping volume. While at a glance
our method of force calculation might not look significantly different from s-
tance based methods, there is a big difference. Consider the state ofrfaaesu
that exist so that some parts of them are close to each other and somegqiitea
far. In the case of distance based methods, the parts of surface witmsiselign-
ment will experience small surface force while the parts with large misalignment
will experience large forces. In our method, all areas of the surfgeesimilar
forces. This can result in the development of a more significant torsaffeait.

As the method uses overlapping volume to drive forces, the first step in our
calculation is finding the overlapping volume which is also used for calculating
our registration error.

2.4.1 Overlapping Volume

The term Overlapping Volumeo{) as used from now onwards refers to the vol-
ume of the region overlapped by two surfaces. It is calculated by forming-a
tersection surface from the two surfaces (see Section 2.4.2). Onceddlseation
surface is formed, the Non-Overlapping Volume{/) is calculated by subtracting
ov from the union of the source surface volunv®lsourcd and the target surface
volume {okrargey). Thisov is our similarity measure (see Section 1.1) that we try
to maximize.

N OV (VOISource_ OV) "‘ (VOITarget_ OV)

= Volsourcet VOhrarget— 2- OV (2.18)

The volume of source, target and intersection surfaces are calcukatertie
divergence theorem. Theov can also be represented as a percentage:
NOV

NOV(%) = 100 2.19
%) Volsourcet VOlrarget 8 ( )

We use Equation 2.19 as cost of registration and minimize it through an iterative
process. To find thev it is essential to find the intersection of the two surfaces.
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(a) Two surfaces (b) Intersection surface (c) Union surface

Figure 2.2: Intersection and union surfaces shown for two prostate surfaces

2.4.2 Intersection and Union of the Surfaces

The programming routines based on Computational Geometry Algorithms Library
(ccAL)[2] provided by Orcun Goksel are used to calculate the union and @éaters
tion surfaces. TheGAL routines create a Selective Nef Complex ) from the
input triangulated surfaces [28]. Tisaic are generalized Nef-polyhedra, obtained
from partitioning space by various planes, with labels attached to them. Tiese
bels are boolean (in, out) and are calked selection markd’hesNncdata structure
can be used to perform binary boolean set operations such as compserden-
tersection. These operations can be used to deduce results for dtbpesions
such as union, difference, and symmetric difference. Details of thiedtwe can
be found in [23].

If A andB are two surfaces, and their intersection surf@ges and relative
complement surfaceSg o andSy g are known then union is given by:

SaB =SBt SHat+SBA (2.20)

The intersection and union surfaces for two prostate surfaces ansho
Figure 2.2.

2.4.3 Calculation of Surface Force

For the calculation of forces, we assume the presence of a negathseiprécalled
the pressurefrom now onwards) that exists in the non-overlapping regions of the
surfaces relative to the overlapping volume and the complement of the umion th
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Figure 2.3: Overlapping volume and non-overlapping region are shown in
white and gray colors respectively. Consider A as the target surface
and B as the source. The forces produced as the result of the megativ
pressurd® -vein the gray regions are shown by the arrows.

two surfaces. This pressure results in surface forces on the ssurfaee that
increases the overlapping region while reducing non-overlappingrrediease
see Figure 2.3 for an illustration of direction of surface forces due to thisspre.

As described in Section 2.2.1, the surface of the mesh is formed by the dutwar
facing triangles of the tetrahedra. We call them surface triangles. Eafdce
triangle experiences a force due to the presence of the pressurmafmitude of
this force depends on the area of the triangle. The direction of the foaderig
the normal to the face and can be outwards or inwards with respect to the mes
depending on whether that face lies in the region enclosed by the tarfgtesar
not. These directions will be such that the force increaseand decreasasov.

This force will be distributed equally to the surface nodes that form thdace
triangle. Every node receives contribution from its neighboring sarfaangles.

If n(f) is a vector representing the face normal of a triangular fagethe out-
ward direction to the surface, aidf) is the area of the face aflis the pressure,
then the force on the fadg(f) is given by:

R(f) =D xA(f) x Pxn(f) (2.21)

where directionD is determined by whether the face is part of intersection
surfaceSy: or union surfac&n;:
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Figure 2.4: A number of connected surface triangles. The tetrahedral struc-
ture is ignored for ease of visualization. The pressure results in force
on a triangular face with direction normal to it (direction shown with
dashed lines). The force at the node (direction shown with solid line)
connected to all these faces is the sum of these forces.

This force is then divided equally to the nodes forming the triangular face.
Every node is connected to several faces and therefore the totaldorthe node
is the sum of forces on all the faces. See Figure 2.4 for an illustratiomdtia is
surrounded by faces then:

1
F(p) =3 5 < Rlf) (2.22)
The vector of nodal forces can be formed from Equation 2.22 such that:
F=[fnxg, fnyy, fnz, ..., fnxm, fnym, fnza]" (2.23)

wherem s the total number of nodes aridx, fnyand fnzarex, y andz compo-
nents ofFn. Figure 2.5 shows distribution of nodal forces in a mesh.
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Figure 2.5: Force distribution in a mesh from real patient data. The mesh is
color-coded with the magnitude of nodal forces. The direction of forces
can be seen from the arrows originating from the surface node of the
mesh.
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2.5 Computational Model

The solution of a differential equation is found by integration. The tenme inte-
grationis used to discretize time in order to solve an equation such as 2.17. There
are two popular time integration methods used for simulation of elastic models:
explicit and implicit. The explicit and the implicit methods differ in whether the
deformation is calculated by applying internal forces estimated at the peegiou

at the current iteration. Thus, at iteratikn- 1 the displacemendy, 1 is estimated

by applying internal forces calculated at iteratiofior explicit iterative methods

and atk+ 1 for implicit or semi implicit methods.

The implicit and explicit methods use forward and backward Euler finitereliffe
ence methods respectively to estimatndu. Implicit and semi-implicit methods
offer better stability at the expense of high computation time. The high computa-
tion time is due to the calculation of the inverse of the stiffness matrix. However,
implicit methods can handle larger time steps as they are unconditionally stable.
At this point in our research we have chosen a semi-implicit method for time dis-
cretization of our dynamic model which is described below. The advantage o
semi-implicit over standard Euler is that it conserves energy.

Consider the Equation 2.17 again:

MU+Bu+Ku =F
For simplicity’s sake we ignore the mass and set damping to identity we get:
u+Ku=F (2.24)

Using backwards Euler finite difference method i the time step:

Ue.q—U
fk—l-lT *k+Klik+1=Fk

= Uppp — U+ TKU g = TR

= (I +TK)Uy, 1 = Uy + TF (2.25)
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Use a backward time step:
(T + 1K) = (Uy_1 + TF-1) (2.26)

whereuy is the array of nodal displacements at iteratioir, 1 is the driving
force calculated at iteratiok— 1, | is identity matrix andr is the time step. The
time step should be small enough to realize the system through finite difference
We assume no initial strain and therefore the initial condiggﬁj is a zero vector.
The iterations end when convergence criteria is met.

2.5.1 Chattering of Forces

Our registration scheme involves repeated iterations as explained abaviag D
the registration process, as the source and the target surfaces h#oset® each
other, chattering of forces can be observed as the surfaces wsyssnal the forces
change directions abruptly.

This was noticed in our preliminary experiments with registration of two cylin-
drical. The surfaces had equal volumes and were aligned in the manner simila
to a piston inside a cylinder. The goal of the registration was to bring the piston
or the moving cylinder, inside the fixed cylinder so that the two surfacedampve
completely. High stiffness parameters (Young’s Modulus of 100KPagwsed
to simulate rigid registration. If the sides of the cylinders are completely aligned,
the net amount of force that moves the piston depends on the area ofdhlarcir
face of the piston inside the cylinder and therefore remains the same no naatter h
near the surfaces are to equilibrium. As our model has no collision detectibn a
the surface is penetrable, if the time step is not small enough, this results in sur
face crossing over so that part of the piston is outside the fixed cylihtev. the
amount of force on the piston will be the same as before, however thdidirec
would have changed to opposite. The next iteration will bring the piston ipack
side the fixed cylinder and the one after it back outside. These suddegehin
direction of force and resulting oscillations were addressed by filtering.

Low pass filtering of the forces produces sufficient averaging to @nsseillation-
free convergence of our dynamic model. The following finite impulse respon
filter is used:
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Fk = Fr_1+0.9x Fg (2.27)

wherek is the iteration at which force is being calculated.

2.5.2 Convergence Criteria

Ideally the algorithm converges when equilibrium is achieved i.e., when thk mes
stops deforming. The change Nov(%) is an indication of any changes in the
mesh and therefore can be used as a convergence criteria. Our afgstiths
when the change inov (%) is less than a pre-specified value we calllthmt.

2.5.3 Time Step Reduction

As the system is iterative, the time step should be small enough for stability and
large enough for speed. The NOV(%) decreases almost linearly atatieand
therefore a larger time step can be used. However near convergsribe,surfaces

come close to each other, this time step can be too large to find the equilibrium
and therefore a smaller time step should be used. We use a scheme to reduce
the initially large time step that follows the following simple rule: The NOV(%)
should always decrease. With a large time step, as surfaces come doz®ss

over, NOV(%) can increase and therefore indicate that the time step whksgeo

In this case, the algorithm steps back to the last iteration and decreases the time
step by half. The time step can be further decreased if the NOV(%) stilladsese

2.6 Discussion

This chapter provided the details of the registration model and algorithmfased
registration. We have chosen a linear elastic mesh instead of a nonlinear mesh
due to consideration of speed. In future non-linear elastic models camhmted
for any improvement in the registration. Time integration is an important issue.
Implicit methods have an inherent global truncation error which makes them in
accurate especially for large time steps. Better numerical methods candmuse
future.

It should be noted that the pressure and stiffness are relative to #erhThis
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means that no matter how soft a body is, if the force is too low it will not be able
to deform it. Therefore the right amount of pressure is important andldHe
chosen carefully. This topic is covered in Section 3.3.

The basis of linear elastic model is Cauchy’s infinitesimal strain tensor (see
Section A.2) which is not rotation invariant. The assumption of small defornmstion
is therefore key to the accuracy of the model. In cases where largendgfons
are involved, rotation compensation should be perforrned [13, 43]. biagdso
results inghostforces which can inflate the elements and have an overall effect of
increased volume of the surface [41]. To understand ghost fasnegnust realize
that pure rotation of an element with no change in shape should not gretham.
However, as our model right now has no way of knowing whether dispiant of
nodes is due to rotation or change in shape of an element thereforealritenes
based on position change of the nodes are produced not taking intona@ty
rotation involved. These forces are unrealistic and are called ghassforThis
is certainly a shortcoming of our model in cases where the mesh undergges la
rotations during registration.
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Chapter 3

Implementation

There are various implementation considerations for the model described in th
Chapter 2. The image data is available usually in the form of a stack of uniformly
spaced 25 images. These images are segmented to mark the boundary of the organ
of interest and landmarks. The contours resulting from segmentatiorsadeto
create surfaces. These surfaces are then used by the registratiothalgvhich
creates a mesh from the source surface. An overview of our algoritgiven in

Figure 3.1. This chapter describes these steps in detalil.

3.1 Surface Generation

Physicians form a 3 image volume of the prostate anatomy by scanning 2-
images equally spaced along a third dimension. This formsbaaBray of 2
images. Please see Figure 3.2 for an illustration of how the prostate image vol-

: Find Intersection Calculate
Moving Model as :
Surface Elastic Solid and Union of External Force
Surfaces from Pressure

Deformed Cgl\i::rllaat € Negn Deform Elastic
Surface bp Solid
Volume

Figure 3.1: Block diagram showing deformable registration algorithm
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ume is obtained using arRUsS probe. Physicians then segment the organs and
areas of interest in medical images for treatment planning and surgergsas:
Once the segmentation is done, the contours can be interpolated to forsu@-
faces. We have used the software “Stradwin’ [58, 59] for this pepdse initial
image data is available as a set ob2mages in Digital Imaging and Communica-
tions in Medicine picowm) format. ThebicOM images are converted to Stradwin
compatible format using a tool developed in house by Orcun Goksel. Stradw
opens the images as aBarray and can create surfaces with various resolutions
and smoothing strength from the contours. We generally use the lowekities
option available with low smoothing strength. The created surfaces are made u
of triangular elements and can be visualized in Stradwin through surfaderre
ing. The surfaces are saved on the hard drive of the computer in VReglity
Modeling LanguagerML) file format directly from Stradwin. A screen shot of
Stradwin with images containing the segmented contours of the prostate, the ure
thra and the rectum is shown in Figure 3.3. The surfaces created byvBtraick

also shown in the figure.

3.2 Mesh Generation

The saved surfaces can be opened in “Matlab” using another fun@i@aped in-
house by Orcun Goksel. The surface is represented in Matlab by hampéers:
a list of positions in Cartesian coordinates of nodes or vertices of the lemtitat
make up the surface and a list of arrangement showing how they areatedrto
form triangular faces. The surface can be visualized using the “pataiimand
in Matlab (see Figure 3.4).

The volume enclosed by the surface designatesbasceis then meshed using
a software called “TetGen’ [52]. Tetgen uses Delaunay tetrahedratizatidivide
the volume of the surface in tetrahedral elements. The Delaunay tetrbbatitva
ensures that the mesh is conformal i.e., that the elements do not interdectlesic

This process introducesternal nodesvhich are distributed in the volume of
the mesh. The outward appearance of the surface is the same as befosstting.
The triangular elements of the surface become the outward faces of thetkaa
that lie close to the surface. Please see Figure 3.5 for an illustration. &atedr
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/
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Prostate catdfdan

—1

TRUS Probe

Figure 3.2: Prostate imaging using TRUS probe. This image shows acquisi-
tion of transverse images spaced along axial direction.

mesh is represented in Matlab by a list of nodes presented by their positions in
Cartesian coordinates. The list consists of surface nodes and imedes, and a
connection matrix that describes how nodes are connected to form thtmahe

3.3 Stiffness Parameters and Amount of Pressure

Once the mesh is created, suitable stiffness parameters are use to create a c
sponding stiffness matriK . As described in Section 2.3, the stiffness parameters
and the boundary forces are used determine the deformation. We leavesafistic
values for both. For prostate surface registration, the mean shear raddufe-
ripheral zone reported in [32] was used for homogeneous stiffliesgases where
Vibro-elastography\(E) data was available, we used Young’s modulus estimated
from Transfer FunctionTF) estimated from motion of tissue.
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Figure 3.3: A screen shot of Stradwin. The screen shows four different view.
The top left view shows a transverse image pelvic anatomy with seg-
mented contours. This image is part of a series of images that are spaced
in the axial direction. The top right view shows surfaces created from
the segmented contours. The bottom left shows the interpolated coronal
plane view and bottom right shows the interpolated sagittal plane view

3.3.1 Stiffness from Transfer Function Images

The transfer functions are available as series of 2-D images in which iifyténs
assumed to be directly proportional to the stiffness. As absolute valuesuiof%
modulus from elastography can not be extracted at present, we usediarkha-
tionship that gives the Young’s modulus in the range of that reportedf§@2he
peripheral and central zones.

In VE, the axial strain is computed from one radio frequency (RF) data frame
to the next using a correlation based method. In cases where the comrelagib
ficient is low, the data is deemed unreliable. This unreliable or “bad” datecapp
as bright patches in the transfer function image which, when mapped lirnearly
Young’s Modulus can result in false low stiffness areas in the mesh. Weve
the TF image data corresponding to low correlation coefficients and replace it with
values based on inverse-distance weighted interpolation. In addition eelaso
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Figure 3.4: Triangulated surface in Matlab

smooth the 35 TF image array with 5x5x5 box filter.

The prostate has been segmentedfnmages [38]. From the contours we
first create a surface and then a mesh using the techniques descriteetiam S.1
and Section 3.2. We consider the mesh to be embedded intherdmage array.
We assign to each pixel within each tetrahedron of the mesh the average valu
of intensities inside the tetrahedron. We find the average value of intendities o
pixels present inside each tetrahedron of the mesh and assign themuleatNae
Young’s modulus for the tetrahedra is estimated using these average. values

We visualize the range of stiffness in the prostate by color-coding the mgsh w
the magnitude of estimated Young’s moduli. Such a color-coded mesh is shown in
Figure 3.6h. We find the mapping which shows the color in the peripheral and
central zones corresponding to the values from [32] in the color lbeerfdllowing
relationship was found to give the Young's modulus values in the rangelfou
literature:
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(a) Exterior of a mesh (b) Interior of a mesh

Figure 3.5: Exterior and interior of a mesh (a) shows an opague mesh with
triangular facets of tetrahedra forming the surface (b) shows a mid plane
cutting the mesh to reveal the tetrahedra inside

Younds Modulus= 1(° x Trans fer Function Image Intensity (3.1)

This mapping is applied to average intensity calculated for each tetrahedra.
We assumed that the tissue is nearly incompressible and therefore usisd a Po
son’s ratio of .499 for all cases. This might not be the case if there is adilifbw
from the organ in the time between the two sets of images are taken. Howgver, a
volume preservation is one of the goals of registration, the high incompitégsib
of the mesh is desirable.

3.3.2 Amount of Pressure

The amount of pressure is set so that the net force resulting from iteomésh
is of the same order of magnitude as the weight of the organ being modeled. An
average prostate has a mass of 11gms [34] and a weighLdRNOFor all of the
cases of prostate surface registration we have performed, a medsiiKPa was
enough to produce a force in the order of 1R. An increase imRE was observed
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‘Youngs Modulus

(a) Ve transfer function image (b) Corresponding Young's Modulus

Figure 3.6: Young’s modulus from transfer function imagesva)transfer
function prostate image re-sliced at coronal plane. The plane passes
through the center of mass of the surface. (b) The mesh is color-coded
to Young’s modulus to show the variation of stiffness inside the prostate.
Please note the range of Young’s modulus on the colorbar.

when for higher pressure in our early results as shown in Appendix E.

3.4 Registration Algorithm

We start the registration by aligning the centers of mass of the two surfalogsgo
them in the same Cartesian frame. Next we perform Principal Axis Alignment
(PAA) to recover the deformation due to rotation. The overview of algorithm is
given in Algorithm 1. We used homogeneous stiffness where elastogdaih

was not available. As the computation of the inverse term in Equation 2.26 is a
time consuming task, we compute it only once for every time stéfhelimit (see
Section 2.5.2) for change MOV(%) for convergence was kept at110~4. Once

the surfaces are registered, the positions of the landmarks in the defamesid

are obtained by using the natural coordinates of points on segmented f&ksdma
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Algorithm 1 The registration algorithm

Let the target organ shape be represented as a triangular sBrfeitleits center
of mass at the origin
Let the source organ shape be represented as a triangular sByfeith its
center of mass at the origin
Align principal axis ofS; to that ofS
Let theS; be represented as a tetrahedral mesh with nodes at pozggons
Calculate stiffness matri for the source mesh.
Let time stepr, pressurd® and standard for convergeniéeit be known.
Calculate the intersection and union of surfaGeandS;
CalculateNOW
Calculate external forceg
A=(I+1K)™?
k<0
repeat
kk+1
Ue1=P, 1 =Py
U =A- (U1 +T7Fk-1)
P =Py T Uk
Get surfaceSi fromp,
Calculate intersection and union of surfaGandS;k
CalculateN O\ (%)
Calculate external forcEy
Fk =09x Fk-l‘f’ Fk
if NOW, > NO\W_1 then
k< k—1
T+ 1/2
A=(I+T1K)1t
end if
until (NOV_1(%) — NOW(%)) < limit
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3.5 Finding the Position of Landmarks in the Deformed
Mesh

As the source surface deforms, the volume interior to the surface defoons
Thus, inthe registered surface, the landmark has moved and has asigonpé-or
determining this position, we use the natural coordinates of the points covour
the landmark. For every poipf = (x°,y°,2°) on the landmark contour(s), we find
the tetrahedral elemeetfrom theoriginal source surface mesh that contains that
point and find its natural coordinates by using:

-1
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where (X,¥3,2)), (X3,Y5,2), (X3,¥3.23), (X3,Y3,23) are the positions of the four
nodes forming the tetrahedra inside which the ppfhlies. We use the same rela-
tionship to find the Cartesian coordinates of the landmark psiet (xd,y4, 24) in
the deformed mesh:
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Al e gl g 03
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where (x3,y4, 7)), (x4,4,7), (x4,¥3,4), (x3,v4,7) are the new positions of
the corners of the same tetrahedra. Once the positions of all the landnmaokiico
points in deformed mesh is known, the registration error (see Section 31 eca
calculated.

3.6 Displaying the Result in 2-D Images

While the registered surface can be enough for use in the volume studigsidike
ity assurance for brachytherapy,m2images are often better suited for observing
the results of registration. In order to obtairbZmages, the images from which
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the source surface was derived can be deformed according to tHaceisent
field obtained from registration. This is done in a manner very similar to the one
described in Section 3.5. The undeformed source mesh is brought into the ima
coordinate frame and the natural coordinates of all the pixels of the imaijes w
respect to the tetrahedron they are present inside are calculated. Aeghexists
only inside the surface, all the pixels outside the surface are ignoredsaighad

a constant value. Using 3.2 and 3.3, the new position of each pixel in theed
image is calculated. These new scattered pixel positions are linearly inteigbola
to find a 3 grid which is a stack of 2> deformed images.

3.7 Validation Measures

The validation measures for determining the accuracy of our registragarasen
in accordance with our goals as described in Section 1.4:

1. Dice Similarity Coefficient (DSC)
2. Target Registration Error (TRE)
3. VWolume Change (%) (VC)

Thebsc can be used to measure overlap of the two surfaces. In context of our
problem, it can be defined by:
2xNOV

DSC— 3.4
Volsourcet VOkarget G4

A pscof 1 indicates complete overlap. This measure tells how well the bound-
aries of the two surfaces match.

A surface with thousands of degrees of freedom can match anotliacesim
various ways. To determine accuracy of registration, the concepkbis very
commonly used. This is done by finding a landmark i.e., a feature that is visible in
both sets of images and calculating the distance between the landmarks as visible
in target images and registered source images. The lowerrbgethe better a
registration is.

Volume preservation is often desired in registration specially for casesewhe
the volume of an organ is not known to change in between the time it is imaged by
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the modalities involved. In our registration we use a nearly incompressiblicelas
model and therefore the volume of the source surface should noteladiey the
registration. To test if it has changed we use W&me Change\c)(%) defined
simply as:

VOlsource{after) _V0|source{before %

Volume Changébo) =
- EX 0) VOIsource{before

100  (3.5)

whereVolsoyrcgbe fora @NdVO0lsoyrcatter) are volumes of the surfaces before and
after registration. For a perfectly preserved volume, this value shoutdroe

3.8 Discussion

Image and mesh quality and resolution can influence registration in terms of ac-
curacy as well as computational performance. These issues aresgidénsletail
below.

3.8.1 Errorin Marking Boundary and Landmarks

The segmentation errors in outlining the organ can be caused by low visibility
in the images or inexperience of the person performing the segmentation. The
boundary of the organ thus marked inaccurately results in a surfads tiatttrue

to the surface of organ. This directly affects the accuracy of anyaserbased
registration method.

As described in Section 3.7, the accuracy of registration is measured r#th
which is a distance measure between the marked landmarks after registraton.
segmentation error in marking the landmarks can results in a value noteefaes
tive of the accuracy of registration.

3.8.2 Error Due to Difference in Slice Thickness

Slice thickness or image spacing in thelirection (which is axial direction for
transverse images) is different in every modality. Therefore thereotdmeexact
correspondence in the position of a specific landmark seenorir@ages of two
different imaging modalities. The error resulting from these is related to the sim-
ilarity of the slice position along axis. To avoid this 35 structural landmarks
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(surfaces, curves etc.) can be used.

3.8.3 Difference in Volume

One of the goals of our deformable registration is volume preservatioecdina-
plished along with the goal of accurate registration, this requires swidames
to be similar. Errors in segmentation and/or loss of fluids from the tissue salt re
in difference in volumes of surface obtained from different modalitiesféarent
times. If such difference exists, the two goals cannot be achieved ariietime
and some kind of compromise is necessary to obtain a result.

3.8.4 Discretization Error

When a continuous object is approximated by discrete elements, an dieat ca
discretization error arises which accounts for the differences bettireactual
shape and theem model. The discretization error can be reduced by using a
higher number of elements. However using highly refined meshes insrease
putational burden and therefore a compromise must be found.

3.8.5 Computational Performance

We implementated of our algorithm in Matlab where it took 20-45 minutes for

a registration to complete. The computation speed depends on the resolution of
mesh. It can be made quicker using optimized coding in C++. This might also
allow the use of high resolution meshes for increased registration agcurac
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Chapter 4

Evaluation and Application

In this chapter, we first study impact of using non-homogeneous stffoeour
registration method. Then we evaluate our registration technique usingtprosta
surfaces derived fronTRUS and MR. After we establish it as an effective de-
formable registration method, we use it to register prostatenages to pathology
images using stiffness from the former. We find another application oflgor a
rithm in registration of Kidney surfaces which is covered in Section 4.4.

4.1 Advantage of Using Non - Homogeneous Stiffness

We performed a series of simulations to evaluate the importance of using the stiff
ness values close to that of tissue for registration accuracy. The tisolend
under an external force according to stiffness distribution in the tisswecréate

this scenario by deforming an ellipsoid by registering it with an ellipsoid of diffe
ent shape. The registration is carried out by using an elasticity map cfeateé
ellipsoid which contains the average elasticity value for the peripheral [82je
everywhere inside the surface except for a blob which was four timésrgtifin

its surroundings.

The registered or deformed ellipsoid surface is then registered to its unde-
formed version in an attempt to remove the deformation. This process isdcarrie
out first with homogeneous stiffness and then with stiffness from the etgstiap
(one with stiff blob). The results are evaluated on three basis: mean didtenc
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tween surface nodes, mean distance between internal nodes codiespm the
stiff blob and the NOV(%). For a perfect deformation recovery, allétsieould be
zero. We performed this test for three cases:

1. Ellipsoid surface containing stiff blob in the center of the surface defdr
to a different shape.

2. Ellipsoid surface containing stiff blob off the center of the surfacermeéd
to a different shape.

3. Ellipsoid surface containing stiff blob off the center of the surfacetedta
and deformed to a different shape.

The results are shown'in Table 4.1. The results clearly show that nongemaous
stiffness performs better in deformation recovery specially for intetifdranodes.

4.2 ProstateMR and TRUS Surface Registration

We tested our registration algorithm on four pre-operative and foupestroperative
MR andTRUS transverse prostate image data sets.

The pre-operative images have segmented prostate. We were able toyidentif
and segment common structures such as calcifications and the urethraimon the
ages. These were used as landmarks for validation of the registratiortheAll
post-operative images have the prostate and urethra segmentedt deta was
not available for these images, we used homogeneous stiffness (sem 3ek.1)
with Young’s modulus of 10KPa. This is the mean Young’s modulus for thiplper
eral zone of prostate reported in [32]. The Poisson'’s ratio of idealynmmessible
material is 0.5. Using this value however causes instability in our model arel ther
fore we use a Poisson’s ratio of 0.499. Twe surface was used as target and the
us surface was used as the source. Once the surfaces were regiierkhd-
mark or urethra position in the deformed was obtained in the manner described
in Section 3.5. We used a pressure of 1KPa which resulted in a force imdbe o
of 107IN.
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Pressurg Case Non-homogeneous Stiffness Homogeneous Stiffness
Surface Distance(mm) Blob Distance(mm) NOV(%) | Surface Distance(mm) Blob Distance(mm) NOV(%)

1 0.015+0.008 0+0 0.25% 0.502+0.738 0.009+0.013 6.39%
5000 2 0.015+0.008 0.000+0.000 0.25% 0.502+0.738 0.015+0.023 6.39%

3 0.043+0.018 0.000+ 0.000 0.15% 0.717+0.619 0.003+0.003 0.48%

1 0.002+0.001 0+0 0.11% 0.484+0.79 0.009+0.014 6.82%
1000 2 0.002+0.001 0.000+0.000 0.12% 0.491+0.794 0.014+0.023 6.81%

3 0.146+0.027 0.002+0.001 0.43% 0.135+0.019 0.002+0.001 0.40%

Table 4.1: Results for deformation recovery test using homogeneous and nongeoemus stiffness




4.2.1 Patient Data

We have two separate sets of prostakeandTRUS images obtained for two differ-
ent studies. The images in the two sets belong to different patients goingythrou
different procedures. The pre-operative images are taken froiengggoing for
LDR brachytherapy. The images were taken a few weeks prior to the pmecedu
In these images, the slice thicknessvir andus is 4mm and and 5mm respec-
tively and the in-plane resolution ofR andus images is 0.27 mm/pixel and 0.16
mm/pixel respectively.

We have fourteen sets of post-brachytherapy prost&end TRUS images.
These were collected from patients that went through prostate braciyyte the
BC Cancer Agency. The original purpose of data collection was to stuaiet
sibility and comparability of post-implants/cT image fusion withvr/CT image
fusion for the purpose of post implant dosimetry [47]. Time sdata was collected
at the end of the treatment and the images were collected the same day. A Fo-
ley catheter was placed in the urethra to ease image fusion. The prostateand
urethra were segmented in all of the images. In these images, the slice tkicknes
in MR andusis 3mm and and 5mm respectively and the in-plane resolutiorrof
andusimages is 0.55-0.70 mm/pixel and 0.17-0.18 mm/pixel respectively.

In us, the prostate is observed to be deformed due to the presenceTdtilse
probe and change in the patient position. Our registration attempts to recever th
prostate surface from this deformation.

4.2.2 Landmarks

In pre-operative images, we found common intra-prostatic structures kkeré:
thra and calcifications visible in both the modalities as landmarks. The landmarks
were segmented and the position of landmarks after registration was detgrmine
using the method described in Section 3.5. It must be noted that due to the slice
difference, the position of landmarks seen in two image planes fnrenandus
cannot be the same along the z-axis. Considering thisT#eereported is the
distance in the x-y plane between the centers of the landmarks.

In post-operative images, due to the presence of the Foley catheteretheau
is visible in bothmMRrR andus. The segmented urethra in both sets of images was
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used as the landmark. The segmented contours of the urethra from botf se
images were read into a Matlab function. The points on these contourstene of
sparse, therefore, we fit ellipses on each of the contours and foarwkiiters of
these ellipses. These centers represent the center of the urethragrrésponding
image planes. We fit a B-spline passing through the centers of the ellipses for
both themr and theTrus surfaces to form the urethral path. After tmeus
surface is registered to ther surface, the position of each point on the ellipse
corresponding to therus urethra is found in the deformedkus mesh using the
method described in Section 3.5. This gives “deformed” ellipses comeampto

the urethra in the deformed mesh. The center of each deformed ellipseni fou
and a 3p spline is fit to find the urethral path. Th&kEe reported is the mean and
maximum distance between urethral paths calculatesifoimages and registered
TRUSmMesh.

4.2.3 Results

We performed registration for all the sets first without and then with as the
initial step before performing deformable registration to test the sensitivibyiof
registration technique to initial alignment.

Table 4.2 shows the results of registration for the four pre-operativedisetg.
TheTRE improved from 2.30.9mm to 1.72-0.8mm wherPAA was used and from
2.9£2.3mm to 1.3:0.8 whenpPAA was not used. In both cases the DSC improved
from 0.90+0.02 to 0.96+0.01. The maximunvc in the source surface was 1%.

Case| VD(%) | PAA DSC TRE(mm) | VC(%)
Before | After | Before | After

1 03 Yes | 0.88 0.95 | 34 2.5 -0.9
No | 0.89 0.96 | 6.2 2.5 -1.1

5 8.3 Yes | 0.90 0.95 | 2.0 1.2 -1.0
No | 0.90 0.95 | 25 1.2 -1.0

3 a1 Yes | 0.92 097 | 1.8 2.3 -0.2
No | 0.93 097 | 1.6 0.7 -0.7

4 36 Yes | 0.90 097 | 1.2 0.9 -1.0
No | 0.89 097 | 1.2 1.0 -0.9

Table 4.2: Results for the four pre-brachytherapy images.
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Case| VD(%) | PAA DSC TRE Before (mm)| TRE After (mm) | VC(%)
Before | After | Mean Max Mean Max
1 57 No 0.81 0.95 | 0.8:0.5| 2.7 0.7£0.5| 1.9 1.4
Yes | 0.81 0.95 | 1.6+:1.4| 4.9 0.8£0.6 | 1.9 2.0
5 55 No 0.89 0.95 | 1.0+:0.7 | 2.6 1.7+1.4 | 45 0.0
Yes | 0.89 0.95 | 1.0:0.7 | 2.6 1.8+1.5| 4.8 0.5
3 08 No 0.89 0.94 | 0.7£0.5| 1.7 0.9£0.8 | 2.6 2.4
Yes | 0.89 0.94 | 0.740.5| 1.7 0.9+0.8 | 2.6 2.5
4 57 No 0.94 0.98 | 1.1+0.9 | 3.0 0.9£0.8 | 2.9 1.2
Yes | 0.93 0.98 | 1.4+1.2| 3.4 0.8£0.9 | 2.9 2.3
5 392 No 0.85 0.95 | 2.3+1.6 | 6.4 0.7+£0.6 | 2.0 3.7
Yes | 0.88 0.94 | 0.7£0.5| 2.2 0.5£0.4 | 1.6 -0.9
6 38 No 0.92 0.96 | 1.3:0.9 | 3.0 0.5+£0.4 | 1.8 -0.3
Yes | 0.92 0.96 | 1.2+-0.8 | 3.4 0.6£0.5| 2.3 -0.3
7 19 No 0.92 0.98 | 4.442.4| 7.7 3.8£1.0| 55 2.3
Yes | 0.93 0.97 | 45+15| 6.3 3.7£1.0| 5.2 1.5
8 26 No 0.81 0.91 | 2.9+2.3 | 8.8 1.0+1.1 | 44 1.2
Yes | 0.80 091 | 2.0+:2.4| 7.6 1.2+1.2| 5.0 4.6
9 48 No 0.86 0.95 | 1.9+1.5| 4.7 3.0£0.4 | 3.9 4.8
Yes | 0.86 094 | 3.5+1.9| 7.5 3.5£0.7 | 4.7 5.7
10 21 No 0.90 0.96 | 0.9+:0.7 | 2.5 1.1+0.7 | 2.0 -1.2
Yes | 0.90 0.96 | 0.9+:0.7 | 2.5 1.0+:06 | 1.9 -1.2
11 26 No 0.88 0.96 | 1.6:0.9 | 3.4 1.4+0.8 | 2.9 -0.2
Yes | 0.85 0.95 | 2.6+1.7 | 6.0 1.8+1.0| 3.7 3.4
12 a1 No 0.94 0.97 | 1.6:1.0| 4.4 1.74+0.7 | 3.4 -0.3
Yes | 0.93 0.96 | 2.6+:1.2 | 4.9 1.94+1.0| 4.2 0.3
13 26 No 0.93 0.97 | 2.3+1.2 | 3.7 1.3+0.7 | 2.1 -0.3
Yes | 0.94 0.98 | 1.9+0.9 | 3.0 1.6+0.8 | 2.6 1.1
14 a4 No 0.91 0.96 | 2.9+-2.2 | 6.6 3.0£2.1 ] 6.3 0.4
Yes | 0.91 0.95 | 3.3:24 | 7.4 2.9+2.1| 6.2 1.0

Table 4.3: Results for the fourteen post brachytherapy images.

The results for post-operative data sets are presented in Table 4.3 AFNhe
was used, after registration, tbsc improved from 0.89-0.05 to 0.95-0.02 and
TREimproved from 2.&1.8mm to 1.6-1.4mm and the change in volume of source
surface was 181.4%. WhenPAA was not used, after registration, we saw an
improvement inDsc from 0.89+-0.04 to 0.96-0.02 and an improvement iMRE
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(a) Before Deformable registration (b) After deformable registration

Figure 4.1: Result of our deformable registration on patient data case num-
ber 5. The pink and green meshes represents the target and the source
surfaces respectively. The urethra from both the volumes are shpwn b
the fitted splines of the corresponding colors. PAA was not performed
in this case.

from 1.8+1.7mm to 1.51.4mm. Thevc in source surface during registration
was 1.5:1.4%. The Volume Difference/f) between source and target surfaces is
shown as a reference. Please see Figure 4.1 for registration resn# oise.

4.2.4 Discussion

In three cases out of fourteen post-operative images and in onewtasfdaur pre-
operative images, the (maximumiEe changes by more then a millimeter when
PAA is not used. This shows that our registration method can be sensitive to initial
orientation.

The main contribution of our model is the novel determination of boundary
conditions. We, therefore, compare our registration method with a methed pre
sented in [23] that also uses linear elastic model and semi implicit time integration.
This method has been evaluated by registering ten paing @girostate surfaces[7].

It uses gradients on distance map created for two surfaces to drivenitglastic
model. We implemented this method by using the same computational model as
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(b)

Figure 4.2: Case 9. The pink and green meshes represent the target and
source surfaces respectively. The urethras from both volumesusisho
by the splines of the corresponding colors. (a) shows unregistered su
faces, (b) shows surfaces registered using our approach, asko{@s
surfaces registered using [23]

our method. The boundary conditions were calculated using a Matlab foructe
ated by Orcun Goksel that used Matlab’s built in binary distance map aufiegit
functions. We did not use low pass filtering as there was no need for itthEor
fourteen patients, we obtainedrak of 1.7+1.6 mm wherPAA was not used and
1.8+1.7mm wherPAA was used. Thesc was 0.974-0.01 and change in source
volume was 2.81.6% whenPaA was used. These values were 6t®9701 and
1.7+1.4% respectively when it was not used. Please see Figure 4.2 foediffes

in registration results for one case. The detailed results are presentaioléendT4.

In terms ofTRE we see that our method performs equally or slightly better than the
distance based method.

4.3 Pathology and Vibroelastography Registration

We used our registration algorithm to register five pairgotransfer function im-
ages obtained from vibroelastography of the prostate to pathology imades.
prostate was segmented in both. In pathology, the cancer contours Isere a
segmented. The prostate surface from transfer function images wasasishe
source surface and the surface from pathology was used as thestarigee. The
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Case| VD(%) | PAA DSC TRE Before (mm)| TRE After (mm) | VC(%)
Before | After | Mean Max Mean Max
1 57 No 0.81 0.96 | 0.8:0.5| 2.7 1.3+1.1| 3.3 -4.3
Yes | 0.81 0.95 | 1.6+:1.4| 4.9 1.2+1.0| 2.9 -5.2
5 55 No 0.89 0.98 | 1.0+:0.7 | 2.6 0.7£0.4 | 1.4 -0.1
Yes | 0.89 0.98 | 1.0:0.7 | 2.6 1.0+£0.8 | 2.4 -0.9
3 08 No 0.89 0.98 | 0.7£0.5| 1.7 0.9+£0.4 | 1.6 -1.2
Yes | 0.89 0.98 | 0.740.5| 1.7 0.9:0.4 | 1.6 -1.2
4 57 No 0.94 0.98 | 1.1+0.9 | 3.0 1.1+1.0| 3.2 -0.2
Yes | 0.93 0.98 | 1.4+1.2| 3.4 1.6+1.4| 41 -0.3
5 392 No 0.85 0.97 | 2.3+1.6 | 6.4 1.1+05| 1.8 -0.3
Yes | 0.88 0.97 | 0.7£0.5| 2.2 0.5£0.3| 1.0 -1.9
6 38 No 0.92 0.98 | 1.3:0.9 | 3.0 0.5+£0.4 | 2.3 0.1
Yes | 0.92 0.97 | 1.2+:0.8 | 3.4 0.8£05| 2.4 -0.1
7 19 No 0.92 0.98 | 4.442.4| 7.7 4.24+1.7 | 6.8 -0.5
Yes | 0.93 0.98 | 45+1.5| 6.3 3.8£1.2| 54 -0.7
8 26 No 0.81 0.95 | 2.9+2.3 | 8.8 1.9+1.7| 6.1 -4.3
Yes | 0.80 0.95 | 2.0+:2.4| 7.6 1.0+1.2 | 4.8 -4.4
9 48 No 0.86 0.96 | 1.9+:1.5| 4.7 3.2£2.0| 6.0 -1.6
Yes | 0.86 0.96 | 3.5+1.9| 7.5 3.8£2.2 7.0 -2.4
10 21 No 0.90 0.98 | 0.9+:0.7 | 2.5 1.2+0.8 | 2.5 -3.0
Yes | 0.89 0.98 | 0.9+:0.8 | 2.5 1.2+0.8 | 2.2 -2.5
11 26 No 0.88 0.96 | 1.6:0.9 | 3.4 1.740.7 | 3.1 -3.0
Yes | 0.85 0.96 | 2.6+1.7 | 6.0 2.7+1.7 | 5.6 -3.8
12 a1 No 0.94 0.98 | 1.6+1.0| 4.4 1.6+0.6 | 2.9 -1.9
Yes | 0.93 0.98 | 2.6+1.2 | 4.9 1.9+09| 3.8 -1.9
13 26 No 0.93 0.99 | 2.3+1.2 | 3.7 1.0+£05| 1.9 0.7
Yes | 0.94 0.98 | 1.9+0.9 | 3.0 1.14+05| 2.1 -0.2
14 a4 No 0.91 0.98 | 2.9+-2.2 | 6.6 3.3:23| 7.1 -2.4
Yes | 0.91 0.97 | 3.3:2.4 | 7.4 3.2£2.3| 6.9 -2.5

Table 4.4: Results for the fourteen post brachytherapy images using distance
gradients based boundary conditions.

badly correlated data was removed and replaced by interpolated datdifand s
ness matrix was created from the transfer function data using methodtbddsc

in Section 3.3.1. We used a higher amount of pressure (5KPa) than &t us
in prostateMr and TRUS surface registration. After the surface registration, the
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source images were deformed according to the displacement field obtaimgd u
method described \n Section 3.6. Slices are cut fromdzformed image matrix at
the same depths as pathology images and cancer contours from patholggg ima
were overlaid on them.

4.3.1 Patient Data

TheVE image data used here were acquired from patients going through thd radica
prostatectomy at the Vancouver General Hospital. The B-nmusland vVE were
collected intra-operatively, just prior to the actual prostatectomy intervenie-

tail on the data acquisition and processing of this patient data set cannmkifou
[3€]. TheVE transfer function images have in-plane resolution of 5mm/pixel and
slice spacing of 0.4mm.

The pathology slices were obtained from the prostate extracted fromaradic
prostatectomy. Using a multi-bladed device, as descibed in [21], 4mm thiek sec
tions are cut from prostate. From these sections, a fine slice is cut andedan
a glass slide for hematoxylin and eosin staining. From each prostate, |RdS s
depending on the size of the gland, are produced on which cancensemie de-
tected and marked by a certified pathologist. The photographic images ef thes
slices are used to createBimage volume which is segmented using Stradwin.
The cutting of fine slice from the section can be done from anywhere inrtime 4
section therefore exact slice position or slice spacing is unknown. Howee
used slice spacing of 4mm to produce the &nages.

4.3.2 Landmarks

No visible common landmarks could be seen in pathology and strain images.

4.3.3 Results

We obtained 25 deformed transfer function images for five pairs of patient data.
The cancer contours were overlaid on the deformed images to study if theitgite
differences can be used to predict the presence of cancers. Bemagegure 4.3
for example of a deformed B-transfer function image. Results are laid out in
Appendix C.
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Figure 4.3: A typical result of VE and pathology registration (a) shows a
pathology image with segmented prostate boundary and cancer contours
(b) shows a VE transfer function image at approximately the same depth
with segmented prostate boundary and (c) shows a registered VE trans-
fer image at the same depth with cancer contours from pathology

4.3.4 Discussion

These are preliminary results. As we can not find any common landmarks, the
results cannot be validated for internal accuracy. We saw an improvémeac
from 0.89+0.0 to 0.98:0.01.

4.4 Kidney CT and US Registration

We used our registration method to register Kidney surfaces. We havestfivant
Computed Tomography (CT) and US image data sets with the kidney segmented
in all of them. The registration was carried out in the same way as for th&apgos
problems. Due to the absence of elastography data, we use homogstitfoess

using the same parameters as described in Section 4.2. The amount aferess
used results in a force in the order of 1 N.

441 Patient Data

ThecT andus data was collected from the patients about to go through nephrec-
tomy. us was taken from the patient’s side with the patient in the flank position on
thecT table (affected kidney up). Patients were told to hold their breath during the
acquisition of theus volume. Patients were then told to hold their position during
CT imaging. ThecT image was taken approximately 5 minutes afteruisevol-
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ume. A contrast agent was injected priooimaging, but this was not observed
to affect kidney shape/volume.

4.4.2 Landmarks

Due to the low contrast and resolutionuis, no common landmarks were identi-
fied. We were unable to calculat&E in this case.

4.4.3 Results

We used our algorithm on five sets of patient images. Due to the absencelof la
marks, bsc, Hausdorff distance andc are reported. Please see Table 4.5 for
results. The registered kidney surfaces are shown in Appendix D.

Case| VD(%) DSC Hausdorff Distance (mm) VC(%)\
Initial | After PAA | Final | Initial | After PAA | Final

1 -1.2 0.63 | 0.81 094 | 249 | 17 16.6 | 3.6

2 1.7 0.66 | 0.83 0.96 | 18.7 | 9.6 6.4 |31

3 -1.0 0.60 | 0.77 094 | 27.3 | 145 108 | 1.4

4 -4.8 0.68 | 0.81 094 | 215 | 146 139 | -1.3

5 3.0 0.65 | 0.78 091 | 274 | 22.7 145 | 11.41

Table 4.5: Results of kidney surface registration

For the five patient data sets, the DSC improved from8®&02 to 0.95-0.01
after deformable registration. The change in source surface voluniegdine
registration was 2:£2.3%. Please see Figure 4.4 for registered surfaces of case 1.
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Y

(a) Before Deformable registration (b) After Deformable registration

Figure 4.4: Result of our deformable registration on kidney patient data (case
1). The pink and green meshes represents the taztgeaad the source
(us) surfaces respectively.
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Chapter 5

Conclusions

5.1 Summary of Contributions

We proposed a new B-surface based deformable registration technique that was
evaluated for eighteen patient data sets and showed reasonable fdsikpecific
contributions and achievements of this project are:

e Use of boundary conditions derived from a global non-overlap in vb
umes: We presented an innovative method of calculating boundary condi-
tions which maximizes overlap between the surfaces by assuming a negative
pressure in non-overlapping regions of the surfaces. We obsaieesgional
effect in some cases which could eliminate the need to perform a principal
axis alignment prior to performing deformable registration.

e Comparison with distance derived finite element based registratiomethod:
We implemented a distance based boundary conditions function and carried
out registration for fourteen post-operative prostate data sets firsinititi
PAA and then with out initiaPAA. We compared the results to those from
our registration.

e Achieved a compromise between high surface fit and lowRrE to com-
pensate for segmentation errors:Our registration method found a com-
promise between the surface match and internal accuracy in the pregence
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image quality related errors. This was demonstrated by bghand low
TRE. In comparison, the other registration method found lowsc and
higherTrRE especially for the cases where rotation was involved.

First reported use of stiffness parameters from the elastogralpy for reg-
istration: In literature, the bio-mechanical models used for prostate regis-
tration use either fixed stiffness valuas [11, 44] that remain same for aktyp
of registrations or stiffness values obtained through an optimization oces
[5,7,/31]. To our knowledge, we are first to report the use of sti§nalue
reported in literature for the prostate in a biomechanical model used for reg-
istration. In addition, we used relative stiffness parameters derivectligire
from elastography transfer function images for registering prostatacgur
from transfer function images to prostate surface from pathology imdges.
the best of our knowledge, this is the first time this has been reported. This
shows the potential of our technique for using real stiffness valuegeder
from elastography.

Use of 3D curve distance between urethra for the purpose of evaluation:

We used 3p continuous curves representing urethras as landmarks. Use of
such 3b landmarks evaluate internal registration accuracy better despite of
the differences in slice thickness. This unique method for calculativg

has been reported for the first time.

Registration of elastography transfer function images to histo-pthology
images We performed prostate surface registration with surfaces from elas-
tography transfer function images to histo-pathology images for five patient
image sets. This work can be used for studying the relationship of stiffness
in a region (obtained from elastography) to the presence of tumors in that
region.

Finding deformed image from a deformed mesh:We obtained 25 de-
formed transfer function images after the registration af prostate sur-
faces from the elastography transfer function and histo-pathology.widss
done by using our finite element mesh which was used to determine posi-
tion of every pixel of the underformed images in the deformed mesh to form
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warped images. Using this method, warped images can be produced after
any 3D FEM registration.

Perhaps its most promising aspect of our registration method is the ability to
combine the approach with elastography, so the Young’s modulus usediiegu

istration is the actual one obtained in-vivo in one or both of the imaging modalities.
Due to anatomical correctness of this registration, this work has immense po-

tential in quality assurance of brachytherapy, treatment planningeaftherapy
and localized biopsy.

5.2

Future Works

Use with other surfaces and modalitiesThis registration technique is not
limited to a specific modality and anatomy. As long as surfaces of organ of
interest are available, this method can be used. Therefore there is gdotentia
of using this technique for registration of surfaces of other organs.

Implementation of rotation compensation: As discussed in Section 2.6
our linear elastic model might be improved by addressing the issue of rota-
tion compensation. The impact of rotation compensation and difference in
efficiency of algorithm resulting from it should be explored in future.

Better time integration: The implicit time integration methods accumulate
error over time. Therefore, computational performance might be improved
in future by implementing better time integration and optimization methods.

Use of optimized C++ code: One draw back of our registration method is
the computation speed which can be improved in future through optimizing
the algorithm for speed and potentially using C++ or other programming
languages. Achieving better computational performance can enable us to
use higher resolution meshes and therefore increase accuracystiataon.

Presence of FEM mesh outside the surface: Another drawback when
creating a deformed B-image from deformed 3 volume is that due to

the presence of finite element mesh only on the inside of the prostate surface
we cannot determine the positions of pixels outside it. While this might be
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adequate for most of the applications, the use of a multi-organ mesh might
be better to create a deformeddmage.

Mathematical basis for comparison: We know that our method performs
better when rotation is involved as compared to the other registration method
we implemented. This comparison needs further analyzing.

Use of stiffness from elastography: In this thesis we have used homo-
geneous stiffness for registeriMr and TRUS prostate surfaces. In future,
elasticity values from elastography can be used to perform registration with
better results.

Registration of histo-pathology images tavR images: We leave this reg-
istration to future work. This can be done with stiffness derived from-elas
tography transfer function images. The result will show the correspural
between cancer tumors as they appear in MR images and pathology slices.

Volume scaling for pathology surfaces: Prostate volume shrinkage after

it is mounted for pathology is a well known issue. We did not notice much
difference in volumes of the surfaces from elastography transfestium
images and from histo-pathology images. This is probably due to tighter
margins of segmentation in elastography. However, this should be investi-
gated in future.
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Appendix A

Stress and Strain

The linear elastic model used in this thesis is based on infinitesimal stress and
strain. This appendix describes these terms in details.

Consider a non-rigid 3> elastic body at rest. The body is comprised of par-
ticles with position coordinateX = (x,y,z)" with respect to Coordinate frame
Co- This body deforms with the application of boundary conditions such that
the positions of constituent particles changedtoX) where @ is the deforma-
tion function. This deformation can be explained by a displacement vecter
(u(X),v(X),w(X))T which states the variation between the position of particles at
rest and deformed state of the body. Please see Figure A.1 for an illustratio

A.1 Stress

When a body is deformed by applying external forces, as a reactiomahferces
develop inside the elastic material. A body under these internal forces idaad
in the state of stress. A first order stress terigerdescribed as the fordeacting

on an infinitesimal areAA oriented in a certain direction with a surface normal

. f
N 2

The state of stress of a particle inside the® &lastic body can be defined us-
ing three first order stress tensts ty, t,] oriented in three orthogonal directions
aligned with the coordinate frame [20]. The second-order stress tdasoribing
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Deformed State

Figure A.1: lllustration of deformation and displacement between an at rest
and deformed body

the state of stress of that particle is given by:

Oxx axy Oxz
S(X)=|ay ay ay, (A.2)
aZX azy aZZ
whereayy, 0xy anday; are the components ¢f. The components df andt,
are defined similarly. Assuming the couple stress and body moment do npitexis
can be shown tha&(X) is symmetric and therefore, the state of stress on a particle
inside an elastic body:

a—= [axx ayy Az ayz Azx axy]T (A3)

whereayy, ayy anda,; arenormalanday,, a-x andayy areshearcomponents
of stress.

A.2 Strain

A normalized measure of the deformation produced as a result of applitaiti@s
is calledstrain. Just as stress described in Section A.1, a strain is in general a
tensor quantity and can be decomposed imaonal and shearcomponents. The
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normal components correspond to stretch and compression and shgsmemts
correspond deformation due to sliding of planes against each otherstateeof
strain of a point on a continuum body can be described by these contpanen
a set of three mutually independent directions[20]. A strain tensor cahuse
written as:

E= [gxx 5yy €72 8yz Ezx exy]T (A-4)

where &y, &y and &;; are normal andy;, &,x and &y are shear components.
Expressing engineering strain tensor in terms [#€, 27] while applying quadratic
strain [68], we have:

2 2 2
e e) @)
Exx i 2 2 2
[9) 1 d l9) [9)
sl |572(8) +(8) + ()
2 2 2
e (5] = ) ()" ()
Bz &vy ow, [oudu, dvov , owow
Exx oz oy dy 0z y 0z dy 0z
d d du o ov o ow O
d l9) du o oV o Ow O
i} _ (@ 0 O]
[9) X
x 00 0 o o
o 2 o0 Y | [ex
Yo 10 0 O]
=0 0 £ v|+= -2l |y
5 0 o o
o & 2o o,
s 2 Y © 0 ©f
bz 0 5 o] of 0|
1
=Bu+ A0 (A.5)

-

where®, — [% & %q and®, ando, are defined similarly [20]. The strain
tensor in the above form is callgdreen-Lagrangestrain tensor. It is non-linear
and rotation invariant. The linear form can be obtaineadig small enough for the
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quadratic terms in Equation A.5 to be neglected:

SXX - 6 -
. 5 0 O
yy o)
. 0 3y 0
_ | _ o)
£ = e | = 0 0 5 \Y
yz 0 & 2o
€ oz oy
ZX é O é
I gxy_ Loz Ox-

I
oY)
c

(A.6)

This is calledCauchy’s infinitesimal strain tensof his linear strain tensor enables

us to use linear system of equations assuming that the deformations are small.
However, unlike Green-Lagrange strain tensor, Cauchy’s straioténgot rota-

tion invariant [63].
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Appendix B

Prostate Registration Results

We present the results of our deformable registration on prostate padtennhdhis

appendix. The pink and green meshes represents the targgta(d the source
(TRUS) surfaces respectively. The meshes color-coded to the surfadaadispent

(in meters) resulting from registration are also shown for every case.

B.1 Results of Pre-Operative Prostate Surfaces

In this section we show images of unregistered and registered surfacesHe
post-operative images. The landmarks from both the volumes are shotie by
filled points. Red points represent the centers of segmented landmarkviirRom
images. The black and blue filled markers represent center of landmatducan
unregistered and registeregus images respectively.
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B.2 Results of Post-Operative Prostate Surfaces

In this section we show images of unregistered and registered surfaceghe
pre-operative images. The urethra from both the volumes are showre ifiytéd

splines of the corresponding colors.
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Figure B.17: Registration result for post-op case 13.
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Appendix C

Pathology and VE Registration
Results

We present the results of our deformable registration on prostate ssirfiaom
pathology and elastography fransfer function images in this appendivb¥a@ed
deformed 2b images to study the results which are shown below.
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Figure C.1: Case 1. Registered transfer function images. Colored contours
are cancers contours marked on histo-pathology images overlaid on
registered transfer function images.
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Figure C.2: Case 2. Registered transfer function images. Colored contours
are cancers contours marked on histo-pathology images overlaid on
registered transfer function images.
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Figure C.3: Case 3. Registered transfer function images. Colored contours
are cancers contours marked on histo-pathology images overlaid on
registered transfer function images.
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Figure C.4: Case 4. Registered transfer function images. Colored contours
are cancers contours marked on histo-pathology images overlaid on
registered transfer function images.
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Figure C.5: Case 5. Registered transfer function images. Colored contours
are cancers contours marked on histo-pathology images overlaid on
registered transfer function images.
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Appendix D

Kidney Registration Results

We present the results of our deformable registration on kidney patienirotiis
appendix. The pink and green meshes represents the targearfd the source
(us) surfaces respectively.
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Figure D.1: Registration result for case 1.
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Figure D.2: Registration result for case 2.
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Figure D.3: Registration result for case 3.
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Figure D.4: Registration result for case 4.
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Figure D.5: Registration result for case 5.
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Appendix E

Amount of Pressure and TRE

We perform registration for all the cases exceptvarand pathology registration
with the amount of pressure 1KPa. It can be argued that higher peesso result

in better surface fit. We claim that increased pressure can reducettbadbeffect
observed in certain cases. To test this claim, we performed registrationigiiérh
pressure withoutAA for five cases where rotation was involved in deformation and
observed a greataRE when higher pressure was used. Please see Table E.1 for
results. The results show that a good surface match does not trans|ateuiadty

good internal registration.
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S0T

Case Pressure 1KPa Pressure 10KPa
DSC | Mean TRE (mm)| VD(%) | DSC | Mean TRE (mm)| VD(%)
1 0.95 | 0.7+0.5 1.4 0.97 | 1.4+1.2 -4.3
4 0.98 | 0.9+0.8 1.2 0.98 | 1.2+1.2 -04
5 0.95 | 0.7+0.6 3.7 0.96 | 0.9+0.6 -2.2
8 0.91 | 1.0+1.1 1.2 0.93 | 2.1+1.7 -5.2
9 0.95 | 3.0+0.4 4.8 0.96 | 3.2+1.9 -1.5

Table E.1: Results for first five cases with two levels of pressure.
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