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Résumeé

Dans le contexte du traitement du cancer de la prostate, 'utilisation de la tomodensito-
métrie a faisceau conique (CBCT) pour la radiothérapie guidée par I'image, éventuellement
adaptative, présente certaines difficultés en raison du faible contraste et du bruit important
dans les images pelviennes. L’objectif principal de cette thése est d’apporter des contribu-
tions méthodologiques pour le recalage automatique entre I'image scanner C'T de référence
et I'image CBCT acquise le jour du traitement.

La premiére partie de nos contributions concerne le développement d’une stratégie de
correction du positionnement du patient a 1’aide du recalage rigide (RR) CT/CBCT. Nous
avons comparé plusieurs algorithmes entre eux : (a) RR osseux, (b) RR osseux suivi d'un
RR local dans une région qui correspond au clinical target volume (CTV) de la prostate
dans I'image CT élargie d’'une marge allant de 1 & 20 mm. Une analyse statistique com-
pléte des résultats quantitatifs et qualitatifs utilisant toute la base de données, composée
de 115 images cone beam computed tomography (CBCT) et de 10 images computed to-
mography (CT) de 10 patients atteints du cancer de la prostate, a été réalisée. Nous avons
également défini une nouvelle méthode pratique et automatique pour estimer la distension
rectale produite dans le voisinage de la prostate entre I'image CT et I'image CBCT. A
I’aide de notre mesure de distension rectale, nous avons évalué 'impact de la distension
rectale sur la qualité du RR local et nous avons fourni un moyen de prédire les échecs de
recalage. Sur cette base, nous avons élaboré des recommandations concernant l'utilisation
du RR automatique pour la localisation de la prostate sur les images CBCT en pratique
clinique.

La seconde partie de la thése concerne le développement méthodologique d’une nou-
velle méthode combinant le recalage déformable et la segmentation. Pour contourner le
probléme du faible rapport qualité/bruit dans les images CBCT qui peut induire le pro-
cessus de recalage en erreur, nous avons imaginé une nouvelle énergie composée de deux
termes : un terme de similarité globale (la corrélation croisée normalisée (NCC) a été
utilisée, mais tout autre mesure de similarité pourrait étre utilisée a la place) et un terme
de segmentation qui repose sur une adaptation locale du modéle de 'image homogéne par
morceaux de Chan-Vese utilisant un contour actif dans I'image CBCT. Notre but principal
était d’améliorer la précision du recalage comparé a une énergie constituée de la NCC seule.
Notre algorithme de recalage est complétement automatique et accepte comme entrées (1)
I'image CT de planification, (2) I'image CBCT du jour et (3) I'image binaire associée a
I'image CT et correspondant a I'organe d’intérét que I'on cherche a segmenter dans I'image
CBCT au cours du recalage.



RESUME

Mots-clés : recalage d’images, segmentation, tomodensitométrie, tomodensitométrie a
faisceau conique, radiothérapie guidée par I'image, radiothérapie adaptative guidée par
I'image, prostate, cancer.



Summary

The use of CBCT imaging for image-guided radiation therapy (IGRT), and beyond that,
image-guided adaptive radiation therapy (IGART), in the context of prostate cancer is
challenging due to the poor contrast and high noise in pelvic CBCT images. The principal
aim of the thesis is to provide methodological contributions for automatic intra-patient
image registration between the planning CT scan and the treatment CBCT scan.

The first part of our contributions concerns the development of a CBCT-based prostate
setup correction strategy using CT-to-CBCT rigid registration (RR). We established a
comparison between different RR algorithms: (a) global RR, (b) bony RR, and (c¢) bony
RR refined by a local RR using the prostate CTV in the CT scan expanded with 1-
to-20-mm varying margins. A comprehensive statistical analysis of the quantitative and
qualitative results was carried out using the whole dataset composed of 115 daily CBCT
scans and 10 planning CT scans from 10 prostate cancer patients. We also defined a novel
practical method to automatically estimate rectal distension occurred in the vicinity of the
prostate between the CT and the CBCT scans. Using our measure of rectal distension,
we evaluated the impact of rectal distension on the quality of local RR and we provided a
way to predict registration failure. On this basis, we derived recommendations for clinical
practice for the use of automatic RR for prostate localization on CBCT scans.

The second part of the thesis provides a methodological development of a new joint seg-
mentation and deformable registration framework. To deal with the poor contrast-to-noise
ratio in CBCT images likely to misguide registration, we conceived a new metric (or enery)
which included two terms: a global similarity term (the normalized cross correlation (NCC)
was used, but any other one could be used instead) and a segmentation term based on a
localized adaptation of the piecewise-constant region-based model of Chan-Vese using an
evolving contour in the CBCT image. Our principal aim was to improve the accuracy of
the registration compared with an ordinary NCC metric. Our registration algorithm is
fully automatic and takes as inputs (1) the planning CT image, (2) the daily CBCT image
and (3) the binary image associated with the CT image and corresponding to the organ
of interest we want to segment in the CBCT image in the course of the registration process.

Keywords: image registration, segmentation, computed tomography (CT), cone-beam
computed tomography (CBCT), image-guided radiotherapy (IGRT), image-guided adap-
tive radiotherapy (IGART), prostate, cancer.
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Chapter 1 : Introduction: medical and scientific context

1.1 Prostate cancer

1.1.1 Anatomy

The prostate is a gland of the male reproductive system. Its main function is to secrete
part of the seminal fluid. It has the size of a walnut and the shape of a cone with its base
pointing toward the cranial side and the apex toward the caudal side. It is located under
the bladder, in front of the rectum and behind the penis (Figure 1.1). It surrounds the
urethra which connects the bladder to the penis and carries urine as well as semen.

Lymph nodeé\

Semlnal

This shows the inside of the prostate, urethra,
rectum, and bladder.

Figure 1.1 — Side view of the prostate and nearby organs (source: https://en. wikipedia. org/wiki/
Prostate_ cancer)

1.1.2 Epidemiology
1.1.2.1 Key figures

Figures 1.2 and 1.3 are extracted from [public domain: http://globocan.iarc.fr/
Default.aspxs|. These graphs show the situation in Europe in 2012, but interested read-
ers can learn more about what is happening in specific countries or on other continents
on the GLOBOCAN’s website. Indeed, the GLOBOCAN project, suported by the IARC
(an intergovernmental agency created by the World Health Organization of the United
Nations), provides contemporary estimates of the incidence of, mortality and prevalence
from major types of cancer, at national level, for 184 countries of the world. One can create
one’s own graphs using GLOBOCAN data sorted by cancer, sex, and/or population.

As seen from Figure 1.2, prostate cancer is the second most commonly diagnosed cancer
(with 400,364 new cases in Europe in 2012) after breast cancer, and the most common
cancer in men. Nevertheless, prostate cancer is not the most deadly cancers. With 92,328
deaths in 2012, prostate cancer is two to four times less deadly than the two most deadly
cancers (i.e. lung cancer with 353,848 deaths and colorectum cancer with 214,866), but it
is approximately as deadly as breat cancer (131,347 deaths).

However, interestingly enough, it was reported that the probability of harbour-
ing (whether diagnosed or not) prostate cancer and dying from it amounted to 3%
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Figure 1.2 — Numbers of new prostate cancer cases and deaths in Europe in 2012, for males and females
separately (source: GLOBOCAN project, IARC)

[Hsing et al. 2000, Klotz & Emberton 2014|. In fact, many men are affected by slow grow-
ing/latent prostate cancer without knowing it, and furthermore, many men never know
that they have prostate cancer. Autopsy studies of Chinese, German, Israeli, Jamaican,
Swedish, and Ugandan men who died of other causes have found prostate cancer in 30%
of men in their 50s, and in 80% of men in their 70s [Breslow et al. 1977].

1.1.2.2 Etiology

Despite its high prevalence, the etiology (the branch of medical science concerned with
the causes and origins of diseases) remains poorly understood, compared to other common
cancers such as breast and lung cancers. The only established risk factors are increasing
age, skin color, and a family history of prostate cancer [Hsing & Chokkalingam 2006].

Incidence of prostate cancer is, moreover, increasing. The reasons for this are not
precisely known, but increasing life expectancy, growing disease prevalence resulting from
environmental carcinogens, and increasing use of novel diagnostic modalities have been
pointed out. The most plausible explanation is probably the increasing efforts to detect
the disease, which has led to considerable advances such as the introduction of prostate-
specific antigen (PSA) screening tests (late 1980s) and transrectal ultrasound (TRUS)-
guided biopsy technology.

1.1.3 Symptoms

Early prostate cancer usually causes no symptoms. Symptoms appear when the prostate
cancer presses on the prostatic urethra, as illustrated on Figure 1.4, causing the following
problems:
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Figure 1.3 — Estimated prostate cancer incidence and mortality in Europe in 2012, for males and females
separately (source: GLOBOCAN project, IARC)
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e A need to urinate frequently

e A need to urinate urgently

Difficulty starting or stopping a stream of urine

Inability to urinate

A weak or restricted stream of urine

An interrupted stream of urine

A feeling that the bladder has not been completetely emptied

A painful or burning sensation during urination or ejaculation
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e Blood in urine or semen

These symptoms are not exclusively those of prostate cancer and can be caused by an
enlarged, noncancerous prostate or by a urinary tract infection.

As the disease progresses and grows outside the prostate, it often first grows into nearby
tissues (invasion) or spreads to nearby lymph nodes and lymph vessels, and subsequently
spreads to the bones (metastasis), causing other symptoms such as bone pain (e.g., in the
back, hips, pelvis or thighs), weight loss or fatigue.

Prostate

Urethra

pressing on
urethra

Figure 1.4 — Illustration of a prostate cancer pressing on the prostatic urethra (source: https://en.
wikipedia. org/wiki/Prostate_ cancer)

1.1.4 Types of prostate cancer

More than 9 out of 10 prostate cancers are a type called acinar adenocarcinoma. It starts
from gland cells in the prostate itself. Very often it is relatively slow growing and not likely
to spread.

The remaining 1 in 10 prostate cancers are rare types. They can be classified according to
the type of cells they start from. Some of them are listed below:

e Ductal adenocarcinoma starts from the cells that line the ducts (tubes) of the prostate
gland. It tends to grow and spread more quickly than acinar adenocarcinoma.

e Urothelial cancer starts from the cells that line the urethra (transitional cells), more
commonly, in the bladder, and spreads into the prostate.

e Squamous cell cancer starts from the flat cells that cover the prostate gland. It tends
to grow and spread more quickly than adenocarcinoma of the prostate.

1.1.5 Screening

The purpose of screening tests is to detect early disease or risk factors for disease in
large numbers of asymptomatic, apparently healthy, but potentially at risk individuals.
Screening tests can only provide suspicion of a disease and need to be confirmed by a
diagnostic test which provides a definite diagnosis.

1.1.6 Diagnosis

The purpose of a diagnostic test is to establish the presence or absence of a disease in an
individual that has symptoms or that has no symptoms but has a positive screening test.
There are three different steps in the process of diagnosing prostate cancer:

1. First noninvasive step (in case of screening or if the patient has symptoms):
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e The PSA test: it consists of a blood test that measures the level of the PSA, a
protein released by the prostate gland. A high PSA level suggests an abnormal
activity in the prostate, which can be caused by a cancerous/noncancerous
tumor, inflammation of the prostate, or benign prostatic hyperplasia (BPH),
that is, an enlarged prostate gland due to old age. This test is able to detect
early prostate cancer.

e The digital rectal examination (DRE): it consists of inserting a gloved, lubri-
cated finger into the rectum to feel for abnormalities in the prostate. Early
prostate cancer is difficult to be detected by DRE.

2. Second further step if the physician detects a suspicious area during the first step:

e The TRUS imaging: this noninvasive and nondestructive technique consists of
inserting a probe into the rectum and imaging the prostate in real time. It is
commonly used as guidance for the biopsy.

e The biopsy: it consists of collecting samples of prostate tissue with needles
passed throught the rectum wall, less commonly, the tip of the penis, or the
area of skin (perineum) between the anus and scrotum. It is the only way to
make a definite diagnosis of prostate cancer.

3. Further imaging tests, such as CT, positron emission tomography (PET) or magnetic

resonance (MR) imaging (including transrectal magnetic resonance (TRMR) imag-
ing), can be performed in addition to TRUS-guided biospy to help figure out if the
disease has spread outside the prostate |Anastasiadis et al. 2006, Hovels et al. 2008,
Thompson et al. 2013, Kitajima et al. 2013, de Rooij et al. 2015, Vali et al. 2015].

1.1.7 Treatments

Once the diagnosis of prostate cancer has been established, there are different types of
treatment for patients with prostate cancer depending on the disease stage:
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e Watchful waiting and active surveillance can be performed for old men without

signs/symptoms or with other medical conditions and when cancer was found during
a screening test. In these cases, no treatment is given until signs/symptoms appear
or change (watchful waiting) or until tests show a cancer growth (active surveillance)
[Morash et al. 2015].

Surgery is also a treatment for good health patients when tumor is localized only
inside the prostate |Bill-Axelson et al. 2011]. Radical prostatectomy can be per-
formed to remove the prostate, the surrounding tissues, and the seminal vesicles.
Before removing the prostate, lymph node involvement and thus the relevance of
a radical prostatectomy can be assessed by pelvic lymphadenectomy. More rarely,
transurethral resection of the prostate is performed to treatment symtoms before
other treatments.

Radiotherapy can be used to treat the prostate itself, the seminal vesicles and the
lymph nodes to stop and prevent tumor growth. This technique will be discussed in
more details in the following sections.

High intensity focused ultrasound [Cordeiro et al. 2012] and cryotherapy
[Shah et al. 2014] can also allow to destroy the tumor by heating or freezing
the prostate tissue.
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e Hormonal therapy may be proposed in order to stop hormone production or their
action required for cancer growing. Surgery, drugs or other hormones can be used to
reduce the amount of male hormones [Loblaw et al. 2007].

o Chemotherapy is another treatment consisting of administrating drugs either in a
systemic or a regional way to kill cancer cells or to prevent them from dividing.

1.2 Radiotherapy

1.2.1 Types

Radiotherapy, or radiation therapy, is the use of ionizing radiation to treat (cancerous or
benign) tumors, other medical conditions, or pain in palliative cancer patients. In the
field of radiation oncology, it is one of the three pillars that allows the control or death
of malignant cells, along with surgery and chemotherapy. It consists of using high-energy
ionizing radiation to permanently damage the DNA of cancerous tissue leading to cellular
death. Depending on the way the dose is delivered, there are three main radiotherapy
treatment types:

e External beam radiotherapy is the most common form of radiotherapy. It consists of
a transcutaneous irradiation using several shaped beams at different incidence angles
in order to maximize the dose to the target and minimize the dose to the surrounding
normal critical structures. The radiation beams are produced by particle accelerator,
or, more rarely, by cobalt machines.

e Brachytherapy: radiation sources are placed inside or next to the tumor, temporarily
or permanently. Damage to surrounding healthy tissues is reduced as the irradiation
affects a very localized area.

e Radioisotope therapy is a form of targeted RT. The patient is administered (orally
or intravenously) a radiopharmaceutical composed of a radioactive element which
emits high-energy particles capable of destroying tissue, and a drug that carries the
radioactive element generally via the bloodstream to the site of treatment.

This thesis is focused exclusively on external beam radiotherapy.

1.2.2 Brief history of radiotherapy

During an experiment on electricity in 1895, the German physicist Wilhelm Roentgen
observed by chance the existence of a new kind of rays that he called X-rays (the letter x
standing for something unknown), for which he received the first Nobel Prize in Physics in
1901 [Rontgen 1896]. Soon after, the first attempt to use the “Rontgen rays” to treat cancer
was conducted by Victor Despeignes, a French physician, in a stomach cancer patient
[Despeignes 1896]. At the same time, Henri Becquerel discovered natural radioactivity
(1896), followed by Pierre and Marie Curie who isolated the radium (1898), paving the
way for the first applications of brachytherapy [Thariat et al. 2013|. All three were awarded
the Nobel Prize in Physics in 1903 in recognition of their joint researches on the radiation
phenomena.

Until the 1950s, the voltage power applied to X-ray tubes to generate X-rays ranged
from 50 to 200 kV, which allowed to treat mainly superficial tumors. Indeed low energy
X-rays are strongly attenuated in body tissues, and therefore, most of the dose is delivered
to superficial tissues.

The discovery of artificial radioactivity in 1934 by Iréne and Frédéric Joliot-Curie
[Curie & Joliot 1934], for which they won the Nobel Prize in Chemistry in 1935, opened
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the way for the use of high energy photon radiation in radiotherapy. The early 1950s wit-
nessed the first treatments using the gamma rays from the decay of cobalt-60 (energies of
1.17 and 1.33 MeV). This period also marked the introduction of medical linacs allowing
the generation of X-rays of 4 to 25 megavolts (MV), capable of treating deep tumors while
minizing cutaneous toxicities, and electron beams for the treatment of superficial tumors.
The use of cobalt-60 as a radiation source in radiotherapy gradually decreased for radiation
protection matters. In fact, cobalt therapy has the disadvantage that the radiation source
needs to be replaced after 5 years of usage (half-life of the cobalt-60 isotope: 5.3 years),
after which its activity remains high. A series of accidents were reported in relation to
disused cobalt-60 radiation sources. Nowadays, the cobalt-60 in radiotherapy centers of
industrialized countries is nearly exclusively used for intra-cranial stereotactic radiosurgery
(gamma knife). However, recent developments that combine cobalt therapy with real-time
magnetic resonance imaging (MRI) guidance have been carried out and may renew interest
in cobalt therapy.

Since the 50s, other radiation types such as neutrons, protons, a and carbone ions
have been used because of their superior biological efficiency and/or their advantageous
depth dose curve (Bragg peak). However, accelerating such heavy particles requires more
complex and expensive facilities compared to photons and electrons.

The last major innovations in radiotherapy were due to the increasing power and
availability of computers [Dutreix 1972, and the introduction of commercial CT scan-
ners due in large part to the work of Godfrey Hounsfield and McLeod Cormack in the
1970s |Cormack 1994|. This made possible individual radiotherapy through treatment
planning, dose calculation, localization of tumors, verification of patient setup, radia-
tion beam data acquisition and computer control of irradiation units which permited
to develop completely new irradiation techniques. Omne very meaningful inroad made
was the introduction of computer-controlled multileaf collimator (MLC) allowing a three-
dimensional (3D) dose conformation to the target. This is referred to as 3D conformal
radiation therapy (CRT) [Mohan 1995], including advanced modes capable to produce ar-
bitrary complex (concave) intensity distributions such as intensity-modulated radiation
therapy (IMRT) [Group 2001|, and more recently, IMAT through inverse treatment plan-
ning [Yu & Tang 2011]. At the same time, treatment machines are equipped with imaging
technology to help increase the precision and accuracy in radiation delivery by correcting
the patient’s setup (IGRT) [Bucci et al. 2005, Ling et al. 2006, Verellen et al. 2008, and
by tracking volumetric deformation, determining its dosimetric implications and adapting
the treatment plan for optimal delivery (IGART) [Yan et al. 1997].

1.2.3 Definition of volumes

Curative-intent radiotherapy is a localized treatment. That is why a certain number of
volumes need to be defined with high precision, prior to treatment planning. The Interna-
tional Commission on Radiation Units and Measurements (ICRU) has the role to establish
international standards for radiation units and measurements. Through a series of Re-
ports, it gave recommendations for definitions of different volumes and dose specification
points in radiotherapy to promote the use of a common language for constructive and safe
exchange of information. ICRU Report 50 [ICRU 1993] supersedes and updates ICRU
Report 29 [ICRU 1978|. It defines the following volumes for treatment planning and dose
reporting:

e The gross tumor volume (GTV) is “the gross palpable or visible/demonstrable ex-
tent and location of malignant growth” [ICRU 1993|. It represents what can be seen,
palpated or imaged. It is usually based on the combination of imaging modalities
(CT, MRI, ultrasound, etc.), diagnostic reports and clinical examination.
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e The CTV is “the tissue volume that contains a demonstrable GTV and/or sub-
clinical microscopic malignant disease, which has to be eliminated. This volume thus
has to be treated adequately in order to achieve the aim of therapy, cure or palliation”
(ICRU 50). It represents the unknown extent of microscopic tumor. It contains the
GTYV plus a margin that accounts for invisible suspected invasion of the disease.

e The planning target volume (PTV) is “a geometrical concept, and it is defined
to select appropriate beam arrangements, taking into consideration the net effect
of all possible geometrical variations, in order to ensure that the prescribed dose is
actually absorbed in the CTV” [ICRU 1993|. It contains the CTV plus a margin
that accounts for geometrical uncertainties in patient positioning (setup variations),
tumor location (organ motion) and machine parameters. This is the volume used in
the treatment planning process, in particular, for the selection of appropriate beam
sizes and beam arrangements.

Later on, ICRU Report 62 was published as a supplement to ICRU Report 50 which
provides additional definitions of volumes [[CRU 1999], as illustrated on Figure 1.5:

e The internal target volume (ITV) contains the CTV and an additional mar-
gin that compensates for physiological variations in position, shape and size of the
CTV due to internal movements (e.g., respiration, variable filling of the bladder and
rectum, swallowing, heart beat, movements of the bowel).

e The organs at risk (OARsS) are the normal tissues that are inside the radiation field
and whose sensitivity to radiation is such that the dose received from a treatment
plan may be significant compared to their tolerance. They must be considered in the
prescription constraints.

e The planning organ at risk volume (PRV) contains the OAR and an additional
margin to account for variations in the position of the OAR such as movements and
setup uncertainties.

The GTV and the CTV are purely oncological concepts. They have an anatomi-
cal/physiological basis and have no relation to the irradiation technique used. The ITV,
PTV and PRV are geometrical concepts introduced to ensure that the absorbed dose de-
livered to the CTV and OARs matches the prescription constraints.

g
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Figure 1.5 — Schematic representation of the volumes of interest (VOIs), as defined by the ICRU 50 and
62 reports for use in radiation treatment planning and dose reporting [Podgorsak 2003]

A clinical example of the VOIs is shown for a prostate treatment plan on Figure 1.6.
In prostate cancer, the GTV represents the whole prostate gland. The CTV is the same
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as the GTV, except at the location of the seminal vesicles, tissue adjacent to the prostate,
where a GTV-to-CTV margin of 1 cm shall be added. A margin in the range of 5-10 mm
around the CTV shall be applied to yield the PTV.

Figure 1.6 — Example of the VOIs on a CT for a prostate treatment plan (source: [Podgorsak 2003])

1.2.4 Workflow of external beam radiotherapy

Radiotherapy involves a series of steps as follows:
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e Simulation and contouring

A volumetric 3D CT scan of the patient anatomy is performed in the treatment
position, and possibly with an immobilization device which will help the patient
maintain the same position throughout the treatment course and which depends on
the tumor location and the degree of accuracy required for the treatment technique.
The initial CT scan is often combined with other anatomic and functional images
from MRI and PET, with the aim to provide more information on the location and
the extent of the tumor. Following the acquisition and registration of the images,
the next step, colloquially called organ delineation, contouring or outlining, is the
definition of the volumes of the GTV and the OARs on the CT image by the radiation
oncologist. Margins are applied between the GTV and the CTV, the CTV and PTV,
and possibly the OAR andPRV), respectively.

Treatment planning

This step consists in optimizing the beam arrangement (number of radiation beams,
weights, shapes, orientations, energies, use of attenuating wedges,...), to respect the
prescription conditions provided by the radiation oncologist (maximum dose in the
tumor and minimum damage to healthy tissue). Nowadays treatment planning is
fully assisted by computers and can be performed following two different techniques.
In forward planning, the optimization process is a manual trial-and-error process
which requires the treatment planner (either a medical physcicist or a dosimetrist)
to modify the beam arrangement until the dose distribution and DVHs calculated by
the treatment planning system (TPS) meet the prescription conditions. In inverse
planning, the optimization process is automated and an optimization algorithm solves
an inverse problem with dose constraints defined by the treatment planner, and finds
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the treatment plan that best matches all the input criteria. There are different
dose prediction models (pencil beam, convolution-superposition, monte-carlo simu-
lation,...) which compute the absorbed dose for a given beam arrangement using the
above-mentioned CT scan. The assessment of the adequacy of the predicted dose
with respect to the delivered dose is of great importance.

e Dose delivery
At each treatment session, the patient is placed in the same position as during the
initial CT scan, by aligning the skin marks (or the appropriate immobilization de-
vices) made at the time of the simulation to the room-mounted positioning lasers.
However, the target and the OARs may have moved relative to the skin marks, which
justifies the use of in-room imaging techniques to refine the patient’s set-up.

The time between the initial CT scan and the beginnning of the treatment should be as
short as possible in order to reduce tumor growth and anatomical variations as much as
possible.

1.2.5 Radiation Fractionation

The amount of radiation dose is measured in gray (Gy). Many factors are considered when
a radiation oncologist selects the dose to prescribe: the type and stage of cancer, whether
it is for curative, preventive (adjuvant) or palliative purposes, whether chemotherapy is
also administered, whether the radiotherapy is administered before or after surgery, the
degree of success of surgery, patient comorbidities.

The field of radiation biology has revealed that if the radiation dose delivered to cells
is fractionated into small parts with rest periods in between, a smaller amount of cells
will die compared to a one-fraction dose. This is because the cells are able to recover
between two fractions by means of self-repair mechanisms which repair the damage caused
by radiation to DNA. The cell survival rate increases with the number of fractions and the
inter-fraction rest time, and decreases with the total dose. Besides, fortunately, normal cells
are more efficient in repair than tumor cells. That is why a radiotherapy treatment is spread
over several sessions, called fractions, which results in the progressive death of cancer cells
while helping normal cells to survive. French radiation oncologist Henri Coutard pioneered
fractionated radiotherapy with his still-quoted reference paper [Coutard 1934].

The typical fractionation schedule is 1.8 to 2 Gy per day for adults, five days a week,
and 1.5 to 1.8 Gy per day for children. In prostate cancer, 60 to 80 Gy are delivered
in fractions of 2 Gy. More rarely, hypofractionnated (i.e. with higher dose per fraction)
schedules can be used to improve cell killing but such treatments require high accuracy
dose delivery and robust patient positioning in order to garantee healthy tissue sparing
[King et al. 2013|.

1.2.6 Image guidance
1.2.6.1 Image guidance used to reposition the patient (IGRT)

Concomitant advances in computing capabilities, volumetric imagery for simulation, treat-
ment planning algorithms (for beam engineering and dose calculation) and treatment de-
livery technologies have changed the face of radiotherapy. In this modern context of highly
patient-specific, ever more accurate, precise and complex treatment planning and delivery,
there is a severe need for accurate and precise patient positioning. That’s where IGRT
comes in. Daily images acquired prior to treatment serve to guide the patient setup process.

A lot of investigation has been carried out to quantify the geometric uncertainties
inherent in the delivery process, with the purpose of defining appropriate treatment CTV-
to-PTV margins. When large margins have to be used to account for uncertainties in the
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target and OAR positions, the benefits of complex treatments such as IMRT or IMAT are
limited. As illustrated on Figure 1.7 by the Royal College of Radiologists [Hoskin 2008],
image guidance for treatment delivery allows margin reduction. Indeed, applying an on-
line, or, to a lesser extent, off-line, imaging protocol for treatment position verification and
correction allows to reduce setup errors and therefore justify margin reduction.

C - Online correction

Margin B - Off-line correction

CTV

A= No correction

PTV

- Extent of CTV

- Systematic (treatment preparation) errors

- Random (treatment execution) errors

Figure 1.7 — Schematic representation of the benefit of applying off-line, and a fortiori on-line, imaging
protocols for treatment position verification and correction with respect to systematic and random errors,
and hence treatment margin sizes (source: [Hoskin 2008])

IGRT refers to the use of frequent in-room imaging during the treatment course, used to
improve the accuracy and precision of the delivery of the planned treatment *. Only rigid
displacements of the target, OARs or patient can be corrected by applying the appropriate
shifts to the treatment couch. Image guidance does not help correct non-rigid changes.

In-room imaging includes 3D or four-dimensional (4D) conventional CT, CBCT, MV
X-ray, optical surface acquisition, and more recently, on a research level, MRI. One of
the most widely used imaging techniques for treatment guidance, being also the one under
consideration in this thesis, is CBCT. Here is a short description of this imaging modality.

CBCT Historically, in-room MV CT was first proposed by [Swindell et al. 1983] for
treatment guidance purposes, merely consisting of the addition of a detector array to
a linac, and was later extended to MV CBCT by [Mosleh-Shirazi et al. 1998].

CBCT has the special feature of using a cone-shaped beam, as opposed to CT where
the beam is fan-shaped (Figure 1.8). This cone-beam geometry results in the ability of
acquiring tens of tomographic slices for a single CBCT gantry rotation (vs the acquisition
of individual consecutive slices with a conventional linac-mounted CT in a helical progres-
sion), which offers the potential of radiographic and real-time fluoroscopic imaging valuable
when significant intrafraction target motion occurs.

*More broadly, and more rarely too, IGRT refers to the use of a volumetric acquisition of the patient’s
anatomy (usually CT) for simulation, which is almost always the case in modern radiotherapy, with the
aim of achieving patient-specific planning accuracy.
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“Cone” Beam Geometry “Fan” Beam Geometry
(for single slice)

Figure 1.8 — Schematic representation of the conventional, fan-beam geometry and the cone-beam geom-
etry (source: [Scarfe & Farman 2008]).

While the mechanical integration of MV CBCT with a linac is elegant and simple (the
same MV source is used for both the imaging and the delivery), it faces the problems of:

e poor detection efficiency (and hence poor signal-to-noise ratio) for clinically accept-
able doses (< 10cGy) due to high radiation transport,

e low spatial resolution of X-ray detectors due to high radiation transport,

e and poor contrast due to the dominant Compton effect which is nearly independent
of the atomic number,

in ~ 1 —6 MV energies |Groh et al. 2002]. To address these drawbacks, a kV CBCT
system was introduced [Jaffray et al. 2002], consisting of a kV source and a flat-panel
detector mounted orthogonal to the treatment gantry axis, on the opposite side of the
patient relative to the imaging source (Figure 1.9). The rotational axes is parallel to the
treatment couch and runs trough the target mass center (being also the isocenter of the
treatment machine). As the system rotates, planar projections are recorded at different
angles. A 3D image of the patient anatomy is reconstructed from all projections.

kV detector

MV source

MV detector

kV source

Figure 1.9 — Illustration of a linac-mounted kV CBCT system

However, the CBCT image quality remains poor relative to that of CT because of a
higher amount of X-ray scatter resulting in contrast reduction and image noise increase
[Siewerdsen & Jaffray 2001]. Figure 1.10 illustrates an example of a planning CT scan and
a treatment CBCT scan for prostate cancer.
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(b)

Figure 1.10 — Example of (a) a planning CT scan and (b) a treatment CBCT scans for prostate cancer.

The first commercially available linac-mounted kV CBCT was the Elekta Synergy
(Elekta, Crawley, UK). All the CBCT scans used in this work were acquired by this type
of imager.

1.2.6.2 Image guidance and adaptive radiotherapy (IGART)

Treatment margins account for geometric uncertainties in the target and OAR positions.
Different strategies on margin design have been explored [van Herk 2004]. Except for
breathing motion, these strategies result in predefined uniform or nonuniform margin sizes
unique to each radiotherapy center and not customized to the individual patient’s vari-
ations. This could diminish the benefits of dose escalation, and deteriorate the target
coverage and healty tissue avoidance when large changes in the shape and size of the tar-
get and the OAR occur. If so, the initial simulation CT becomes an obsolete, inadequate
representation of the patient’s anatomy at treatment time, and the initial treatment plan
made prior to treatment fails to describe the actual delivered doses, leading to subopti-
mal treatment. That’s where IGART comes in [Ghilezan et al. 2010]. A radiation therapy
where the treatment plan can be modified/adapted during the treatment course to ac-
count for temporal inter-fraction (between treatment fractions) changes in anatomy which
cannot be corrected by simple couch shifts (e.g. tumor shrinkage, weight loss, patient’s
swelling or internal motion) is named IGART. In IGART, image guidance has an essential
role not only in correcting rigid changes (by means of couch shifts), but also in pointing
out non-rigid inter-fraction changes that can justify replanning. Many investigators have
proposed strategies that use the anatomical soft-tissue information from daily imaging to
adapt the treatment to the patient’s new anatomy. Plan adaptation can be performed at
three different timescales:

e Offline between two fractions. The treatment plan is re-optimized when clinically
significant variations in the patient’s anatomy (tumor shrinkage, weight variation)
occur or after few fractions to refine the delivered dose [Qin et al. 2015].

e Online immediately prior to a fraction. In this case, the treatment plan
is re-optimized just before irradiation using in-room imaging [Wu et al. 2004,
Court et al. 2005, Ahunbay et al. 2008]. Another approch consists of selecting the
more appropriate treatment plan among pre-optimized ones corresponding to differ-
ent geometrical senarios [Qi et al. 2014].
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e In real time during a fraction by adapting the beam according to the target posi-
tion (tracking) [Lei et al. 2011, Pommer et al. 2013] or by interrupting the irradiation
when the target moves outside the planned area (gating) [Colvill et al. 2014]. Such a
strategy enables to compensate for both inter- and intra-fraction motion as opposed
to offline and online strategies which only account for inter-fraction motion.

Some refer to dose-guided radiotherapy as an extension of adaptive radiotherapy where
the treatment is adapted for future fractions to compensate for dosimetric errors from
past fractions [Chen et al. 2006]. Figure 1.11 is a summary of potential adaptive radiation
therapy (ART) schemes.

Adaptive radiation therapy
Treatment planning Patient
Dose cription Dose
ee Beams, angles, apertures positioning e
Online/offline adjustment of
fields or margins to account for Image-guided Gating, target tracking
anatomical changes and variation therapy for moving tumors

A A A A

Pre-treatment - Treatment-time
images ' images
'
L}
— (2D) portal images “==-=-= I'Iul:::;o:y.

(3D) CBCT or CT portal images

reconstructed dose

Dose-guided therapies: all aspects of treatment setup may be adjusted, including dose prescription

Figure 1.11 — A general view of adaptive radiation therapy. The black arrows indicate the possible points
of feedback (source: [Chen et al. 2000]).

In the case of plan re-optimization, dose calculation can be performed either using
directly the CBCT image after some pre-processing [Onozato et al. 2014] or a CBCT im-
age acquired from an imaging system calibrated in Hounsfield units [Yang et al. 2007,
Richter et al. 2008]. Another approch to circumvent the limitations relative to CBCT cali-
bration and quality is to deformably register the planning CT image onto the treatment-day
CBCT image and perform dose calculation using the mapped CT image. It is to be noted
that this method may also be useful when the isocenter is too far from the center of the
patient’s body (which is not the case in prostate cancer patients) leading to leave some
structures out of the CBCT field of view.

1.3 Principles of image registration

Image registration is the process of determining the spatial transform that maps points in
one image (defined as the fixed image) to their homologous anatomical points in another
image (defined as the moving image). Registration is treated as an optimization problem
where the goal is to find, in an iterative way, the spatial transformation that minimizes
the differences between the two images to be registered.

The goal of this section is not to provide an exhaustive review on med-
ical image registration methods. For that, the interested reader can refer,
among other sources, to [Sotiras et al. 2013, Holden 2008, Fischer & Modersitzki 2008,
Sarrut 2006, Goshtasby 2005, Crum et al. 2004, Zitova & Flusser 2003, Modersitzki 2003,
Pluim et al. 2003, Dawant 2002, Rueckert 2001, Hill et al. 2001, Fitzpatrick et al. 2000,
Rohr 2000, Lester & Arridge 1999, Maintz & Viergever 1998|. The goal is rather to give
the key points of registration, and then an brief overview of the literature on CT-to-CBCT
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intra-subject registration for prostate cancer applications. For the sake of brevity, only the
3D case is considered in this work.

General registration framework

Basically, two input images, the fixed and the moving, are passed to a registration algorithm
which is composed of the following four elements (Figure 1.12):
e the transform is a function that maps point locations of the fixed image to point

locations of the moving one;

e the similarity metric provides a measure of how well the transform is mapping the
fixed image onto the moving one, i.e. how well the fixed image is matched by the
transformed moving image;

e the optimizer seeks to maximize the metric over the search space defined by the
parameters of the transform;

e the interpolator is used to evaluate the intensities in the moving image at non-grid
positions.

The choice of these elements highly depend on the imaging modalities used and the anatom-
ical region to be registered.

pixels fitness value
Fixed Image Metric &
A .

Interpolator
Transform

parameters

Moving Image

Figure 1.12 — The basic components of the registration framework are two input images (fixed and
moving), a metric, an optimizer, a transform and an interpolator (source: [Ibanez et al. 2013]).

Transform
pixels points

Notations

Qr Fixed image domain

Qs Moving image domain

x = (z,y,2) Spatial coordinates of a point in the fixed image

x' = (2/,y/,72)  Spatial coordinates of a point in the moving image

I(x) Fixed image intensity at point x

J(x') Moving image intensity at point x’

T(x) =x' Spatial transform referring to the mapping from the space of the fixed

image to the space of the moving image

u(x) =x"—x  Displacement field at point x

S(I,JoT) Similarity function

\% Gradient of a function: Vf = %—i(w, y,2)e1 + %—5(:0, y,2) ez + %(m, Y,2)es
where the {e;}, i € {1,2,3}, are the orthogonal unit vectors pointing in
the coordinate directions.

It is assumed that the images f and m are smooth and compactly supported functions
on rectangular domains Q7,Q; € R3. For all mathematical derivations in this work,
a continuous formulation is used. The discret aspect of the data is only found at the
implementation stage.
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Transformation models

The transformation model is represented by a set of parameters (often referred to as
degrees of freedom (DOFs)) whose size increases with complexity (from 0 for identity to
the number of voxels in the image for a non-parametric transformation model).

The choice of the deformation model is of great importance for the registration out-
come as it specifies the search space and limits the range of solution candidates, i.e. the
type of transformations that are desirable or acceptable. It depends on the nature of the
deformation to recover. Image registration methods can be classified according to the
space to which the transformations belong to, that is, depending on the transformation
used to model the mapping: rigid and affine registration algorithms optimize only a few
parameters (6 and 12, respectively) while DIR algorithms may use a very high dimensional
parameter search space. The degree of allowed deformation is always a tradeoff between
computational efficiency and richness of description. A low-degree-of-freedom transforma-
tion may be unable to describe fully the behavior of organs that move and deform over
time, such as the pelvic soft tissue deformation with respect to bones).

Rigid transformation A RR algorithm involves the computation of a rigid transforma-
tion which is specified by the combination of a rotation and a translation ([Hill et al. 2001,
Fitzpatrick et al. 2000, Maintz & Viergever 1998|). There are many representations possi-
ble for a rotation, including Euler angles, Cayley-Klein parameters, quaternions, axis and
angle, and orthogonal matrices. A rigid transformation ca be defined as x’ = Rx + T
where R is a 3x3 orthogonal matrix, and 7T, a vector. Hence, the optimization problem
can be formulated as: ming 7> [|x" — (Rx + T)||. Distances, straightness of lines and
angles are preserved.

Affine transformation Affine transformation can be seen as the extension of rigid trans-
formation. Scaling and shearing are allowed. Straight lines, planes, ratios of distances
between points lying on a straight line and parallelism are preserved but not angles or
distances. It is defined as x’ = Ax + T, where there is no orthogonality constraint on
matrix A.

Deformable transformation A DIR algorithm involves the computation of a non-
rigid /non-linear, dense transformation, i.e. a spatially varying deformation model. The
output is a deformation field (DF), that is, an image of the same size as the fixed im-
age whose elements are vectors that represent the displacement from all fixed image grid
positions to their homologous moving image (possibly non-grid) positions.

An extensive review of transformations for image registration can be found in
[Holden 2008|, which was extended by [Sotiras et al. 2013]).

Optimizer

The role of the optimizer is to minimize (or maximize) some energy, E, commonly re-
ferred to as the cost function, objective function or functional. Different mathematical
frameworks have been considered for the optimization procedure, including variational
frameworks, stochastic principles and graph-driven techniques. The goal is to find optimal
transformation parameters p numerically:

b = argmin B (L), J(T(p))

p= arg max B (IL(),J(T(p))
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To tackle the challenging problem of finding a plausible transformation 7' (x, p), desirable
properties such as diffeomorphism, topology preservation, inverse consistency or symmetry
are often enforced. Also the energy often comprises not only a similarity measure (1.3),
but also some regularization terms (1.3) to overcome the ill-posedness of the problem.

Similarity measure

The similarity measure is a global measurement (real value) that indicates how well two
images are aligned. It is called by a variety of different names, including similarity crite-
rion, metric, matching criterion, matching term, proximity or distance. There are three
approaches which can be combined or not. The distance can be computed between two
point sets (feature-based registration), two substructures (surface registration) or volumet-
ric data (dense intensity-based registration). Landmark points, organ contours or other
surfaces are defined manually or automatically on the two images. They must represent
the same anatomical points or objects. The distance can be a simple Euclidian distance
or a more advanced distance when considering lines or surfaces. Intensity-based methods
involve statistical calculations between the intensity distributions of the two images. For
faster computation, only a few samples of the images can be used wihtout altering results.
The most common intensity-based metrics are presented hereunder.

sum of squared differences (SSD) This is the simplest distance designed for mono-
modal registration:

SSD = [ (I(x)—J(T(x)))”dx.
Qr

The best match between the images is reached for a metric value equal to zero.

sum of absolute differences (SAD)

SAD = A |1 (x) = J (T (x))| dx

NCC This metric has the special feature of being invariant to multiplicative factors
between the two image intensity distributions.

Jo, (169 = 1) (7 (T (x)) = J) dx
= 2 =2
Vo, (1) =D dx fo, (7 (T (x)) - J)° dx
where I and J denote the average intensity of I and .J, respectively. The normalization
comes from the division by the square root of the autocorrelation of the images (intensity

standard deviations). The -1 factor is simply used to make the metric optimal at its
minimum. The optimum is reached for a metric value of -1.

NCC = —

Mutual information This metric originated from information theory, and is well suited
for multi-modal registration [Pluim et al. 2003]. Mutual information is defined as I (A, B) =
H(A)+H(B)—H(A, B) where A, B are two random variables, H(A) and H(B) are the the
entropies of A (H(A) = — [pa(a)logpa(a)da) and B, respectively, and H(A, B) is the
joint entropy of A and B (H(A,B) = — [ paB(a,b)logpaB(a,b)dadb). The two most
popular implementations to calculate the marginal and joint probability densities (and
therefore entropy values) were proposed by Viola and Wells [Viola & Wells 111 1997] and
Mattes.

I(A,B) _ H(A)+H(B)
H(AB) — ~ H(ADB)

Normalized mutual information NMI(A,B)=1+
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Kullback-Leibler divergence Yet another information-based measure. It is a non-
symmetric measure of the difference between two discrete probability distributions A and
B: KL(A,B) = ) ,pa(i) log Z’;Eg [Chung et al. 2002]. The distributions are obtained
from the histograms of the images. It is non-negative and its optimal value is zero (when
the two distributions are the same).

Other intensity-based similarity measures include mean reciprocal square differences,
mean squares histogram and correlation coefficient histogram.

To calculate the similarity between surfaces embedded in multilabel images, overlap
measures such as the target overlap, mean overlap (or Dice coefficient), union overlap (or
Jaccard coefficient), volume similarity and false positive/negative errors can be used. A
detailed description can be found in [Klein et al. 2009).

Regularization

Image registration is an ill-posed problem, which means that it violates at least one of the
properties defining a well-posed problem in the sense of Hadamard [Hadamard 1923|:

e a solution exists,
e the solution is unique,
e the solution’s behavior changes continuously with the initial conditions.

This entails ill-conditioning, instability of solution, and a highly non-convex cost function.
Usually no closed-form solution exists, and the algorithm can be stuck into a local min-
imum. To alleviate these issues, additional assumptions or constraints need to be added
to the formulation of the problem, such as regularization (smoothness) and penalty terms
that discourage undesirable transformations, depending on the anatomical /biomechanical
properties of the site. The cost function becomes: M(f,moT) + R(T).

1.4 Contributions and organization of the manuscript

The main interest of the thesis was to perform intra-patient image registration between
the planning CT image and daily CBCT images in the pelvis with two different but com-
plementary goals:

e (Applicational part) To propose CBCT-based prostate setup correction strategies and
to evaluate the impact of rectal distension on them for use in IGRT. In particular,
a comparison of different automatic CT-to-CBCT RR methods has been carried out
without the use of any external markers or fiducials. Also a novel practical method
based on rectal distension has been developed to automatically predict registration
failure. This method can easily be applicable in clinical routine to help with the
decision of which setup correction strategy to adopt.

e (Methodological part) To tackle the challenging problem of CT-to-CBCT DIR for use
in IGART. The ultimate goal of the estimation of a dense deformation field between
the planning CT image and the treatment CBCT image is to estimate the dose that
would be delivered to the organs on the day of the treatment, and help the radiation
oncologist to make a decision on whether adapting the treatment is necessary.

Chapter 2 describes our clinical dataset comprised of 10 gray-value CT images and 115
CBCT images of 10 patients and the corresponding binary images representing the manual
contours of the prostate, the rectum and the bladder. In order to harmonize the resolution
of the binary images and to automatically estimate the missing contours in slices that were
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not delineated (purposedly not delineated by the radiation oncologist for sake of time), we
implemented an ITK-based algorithm to interpolate the binary images on the basis of the
shape-based interpolation method described by Raya and Udupa in [Raya & Udupa 1990)|
and a couple of additional essential steps in order to be able to apply the latter method.
The source code is available at the Insight Journal [Boydev et al. 2012| and the dataset is
available on request.

Chapter 3 focuses on the development of a CBCT-based prostate setup correction
strategy using CT-to-CBCT RR. We established a comparison between different RR al-
gorithms: (a) global RR, (b) bony RR, and (c) bony RR refined by a local RR using the
prostate CTV in the CT image expanded with 1-to-20-mm varying margins. A comprehen-
sive statistical analysis of the quantitative and qualitative results was carried out using the
whole dataset. We also defined a novel practical method to automatically estimate rectal
distension occurred in the vicinity of the prostate between the CT and the CBCT images.
Using our measure of rectal distension, we evaluated the impact of rectal distension on the
quality of local RR and we provided a way to predict registration failure. On this basis,
we devised recommendations for clinical practice for the use of automatic RR for prostate
localization on CBCT scans.

Chapter 4 is entirely devoted to the methodological development of a new joint segmen-
tation and deformable registration framework. To deal with the poor contrast in CBCT
images likely to misguide registration, we conceived a new metric which included two terms:
a global similarity term (the NCC was used, but any other one could be used instead) and a
segmentation term based on a localized adaptation of the piecewise-constant region-based
model of Chan-Vese using an evolving contour in the CBCT image. Our principal aim was
to improve the accuracy of the registration compared with an ordinary NCC metric. Our
registration algorithm is fully automatic and takes as inputs (1) the planning CT image,
(2) the daily CBCT image and (3) the binary image associated with the CT image and
corresponding to the organ of interest that we want to segment in the CBCT image in the
course of the registration process. Our source code, that is, a new generic metric compo-
nent integrated in the registration framework of elastix, an I'TK-based software for image
registration [Klein et al. 2010], is available on request in the spirit of reproducible research
and open science.

40



Bibliography of Chapter 1

Bibliography

[Ahunbay et al. 2008] Ergun E. Ahunbay, Cheng Peng, Guang-Pei Chen, Sreeram
Narayanan, Cedric Yu, Colleen Lawton et X Allen Li. An on-line replanning scheme
for interfractional variations. Med Phys, vol. 35, no. 8, pages 3607-3615, Aug 2008.
(Cité en page 34.)

[Anastasiadis et al. 2006] Aristotelis G. Anastasiadis, Matthias P. Lichy, Udo Nagele,
Markus A. Kuczyk, Axel S. Merseburger, Joerg Hennenlotter, Stefan Corvin, Karl-
Dietrich Sievert, Claus D. Claussen, Arnulf Stenzl et Heinz-Peter Schlemmer. MRI-
guided biopsy of the prostate increases diagnostic performance in men with elevated
or increasing PSA levels after previous negative TRUS biopsies. Eur Urol, vol. 50,
no. 4, pages 738-48; discussion 748-9, Oct 2006. (Cité en page 26.)

[Bill-Axelson et al. 2011] Anna Bill-Axelson, Lars Holmberg, Mirja Ruutu, Hans Garmo,
Jennifer R. Stark, Christer Busch, Stig Nordling, Michael Haggman, Swen-Olof
Andersson, Stefan Bratell, Anders Spangberg, Juni Palmgren, Gunnar Steineck,
Hans-Olov Adami, Jan-Erik Johansson et S. P. C. G-4 Investigators . Radical
prostatectomy versus watchful waiting in early prostate cancer. N Engl J Med,
vol. 364, no. 18, pages 1708-1717, May 2011. (Cité en page 26.)

[Boydev et al. 2012| C. Boydev, D. Pasquier, F. Derraz, L. Peyrodie, A. Taleb-Ahmed et
J. Thiran. Shape-based Interpolation of a Set of 2D Slices. 10 2012. (Cité en
pages 40, 50 et 118.)

[Breslow et al. 1977] N. Breslow, C. W. Chan, G. Dhom, R. A. Drury, L. M. Franks,
B. Gellei, Y. S. Lee, S. Lundberg, B. Sparke, N. H. Sternby et H. Tulinius. Latent
carcinoma of prostate at autopsy in seven areas. The International Agency for Re-
search on Cancer, Lyons, France. Int J Cancer, vol. 20, no. 5, pages 680—688, Nov
1977. (Cité en page 23.)

[Bucci et al. 2005] M Kara Bucci, Alison Bevan et Mack Roach 3rd. Advances in radiation
therapy: conventional to 3D, to IMRT, to 4D, and beyond. CA Cancer J Clin,
vol. 55, no. 2, pages 117-134, 2005. (Cité en page 28.)

[Chen et al. 2006] J. Chen, O. Morin, M. Aubin, M. K. Bucci, C. F. Chuang et J. Pouliot.
Dose-guided radiation therapy with megavoltage cone-beam CT. Br J Radiol, vol. 79
Spec No 1, pages S87-S98, Sep 2006. (Cité en pages 13 et 35.)

[Chung et al. 2002] Albert CS Chung, William M Wells III, Alexander Norbash et
W Eric L Grimson. Multi-modal image registration by minimising kullback-leibler
distance. In Medical Image Computing and Computer-Assisted Intervention MIC-
CAI 2002, pages 525-532. Springer, 2002. (Cité en page 39.)

[Colvill et al. 2014] E. Colvill, P. R. Poulsen, J. T. Booth, R. T. O’Brien, J. A. Ng et P. J.
Keall. DMLC tracking and gating can improve dose coverage for prostate VMAT.
Med Phys, vol. 41, no. 9, page 091705, Sep 2014. (Cité en page 35.)

[Cordeiro et al. 2012] Ernesto R. Cordeiro, Xavier Cathelineau, Stefan Thuroff, Michael
Marberger, Sebastien Crouzet et Jean J M C H. de la Rosette. High-intensity
focused ultrasound (HIFU) for definitive treatment of prostate cancer. BJU Int,
vol. 110, no. 9, pages 1228-1242, Nov 2012. (Cité en page 26.)

[Cormack 1994] Allen M Cormack. My connection with the Radon transform. 75 Years of
Radon Transform, vol. 4, pages 32-35, 1994. (Cité en page 28.)

41



Chapter 1 : Introduction: medical and scientific context

[Court et al. 2005 Laurence E. Court, Lei Dong, Andrew K. Lee, Rex Cheung, Mark D.
Bonnen, Jennifer O’Daniel, He Wang, Radhe Mohan et Deborah Kuban. An au-
tomatic CT-guided adaptive radiation therapy technique by online modification of

multileaf collimator leaf positions for prostate cancer. Int J Radiat Oncol Biol Phys,
vol. 62, no. 1, pages 154-163, May 2005. (Cité en page 34.)

[Coutard 1934] Henri Coutard. Principles of x ray therapy of malignant diseases. The
Lancet, vol. 224, no. 5784, pages 1-8, 1934. (Cité en page 31.)

rum et al. . R. Crum, T. Hartkens et . Hill. Non-rigid 1mage registration:

C . 2004] W. R. C T. Hartk D L G. Hill. N gid 1 ) )
theory and practice. Br J Radiol, vol. 77 Spec No 2, pages S140-S153, 2004. (Cité
en page 35.)

[Curie & Joliot 1934] Iréne Curie et Frédéric Joliot. Un nouveau type de radioactivité. CR
Acad Sci Paris, vol. 198, pages 254-256, 1934. (Cité en page 27.)

[Dawant 2002] B.M. Dawant. Non-rigid registration of medical images: purpose and meth-
ods, a short survey. In Biomedical Imaging, 2002. Proceedings. 2002 IEEE Inter-
national Symposium on, pages 465-468, 2002. (Cité en page 35.)

[de Rooij et al. 2015] Maarten de Rooij, Esther H J. Hamoen, J Alfred Witjes, Jelle O.
Barentsz et Maroeska M. Rovers. Accuracy of Magnetic Resonance Imaging for
Local Staging of Prostate Cancer: A Diagnostic Meta-analysis. Eur Urol, Jul 2015.
(Cité en page 26.)

[Despeignes 1896] V Despeignes. Observation concernant un cas de cancer de l’estomac
traité par les rayons Roentgen. Lyon med, vol. 82, pages 428-430, 1896. (Cité en
page 27.)

[Dutreix 1972| A. Dutreix. [The computer in radiotherapy/. Rev Prat, vol. 22, no. 8, pages
1359-60 passim, Mar 1972. (Cité en page 28.)

[Fischer & Modersitzki 2008] Bernd Fischer et Jan Modersitzki. Ill-posed medicine and
introduction to image registration. Inverse Problems, vol. 24, no. 3, page 034008,
2008. (Cité en page 35.)

|Fitzpatrick et al. 2000] J Michael Fitzpatrick, Derek LG Hill et Calvin R Maurer Jr. Im-
age registration. Handbook of medical imaging, vol. 2, pages 447-513, 2000. (Cité
en pages 35 et 37.)

|Ghilezan et al. 2010| Michel Ghilezan, Di Yan et Alvaro Martinez. Adaptive radiation
therapy for prostate cancer. Semin Radiat Oncol, vol. 20, no. 2, pages 130-137, Apr
2010. (Cité en page 34.)

|Goshtasby 2005] A Ardeshir Goshtasby. 2-d and 3-d image registration: for medical,
remote sensing, and industrial applications. John Wiley & Sons, 2005. (Cité en
page 35.)

[Groh et al. 2002] B. A. Groh, J. H. Siewerdsen, D. G. Drake, J. W. Wong et D. A. Jaffray.
A performance comparison of flat-panel imager-based MV and kV cone-beam CT.
Med Phys, vol. 29, no. 6, pages 967-975, Jun 2002. (Cité en page 33.)

[Group 2001] Intensity Modulated Radiation Therapy Collaborative Working Group.
Intensity-modulated radiotherapy: current status and issues of interest. Int J Radiat
Oncol Biol Phys, vol. 51, no. 4, pages 880-914, Nov 2001. (Cité en page 28.)

42



Bibliography of Chapter 1

|[Hadamard 1923] Jacques Hadamard. Lectures on the Cauchy’s Problem in Linear Partial
Differential Equations. 1923. (Cité en page 39.)

[Hill et al. 2001] D. L. Hill, P. G. Batchelor, M. Holden et D. J. Hawkes. Medical image
registration. Phys Med Biol, vol. 46, no. 3, pages R1-45, Mar 2001. (Cité en
pages 35 et 37.)

[Holden 2008] M. Holden. A Review of Geometric Transformations for Nonrigid Body
Registration. vol. 27, no. 1, pages 111-128, 2008. (Cité en pages 35 et 37.)

[Hoskin 2008| Peter J Hoskin. On target: ensuring geometric accuracy in radiotherapy.
Royal College of Radiologists, 2008. (Cité en pages 13 et 32.)

[Hovels et al. 2008] A. M. Hovels, R A M. Heesakkers, E. M. Adang, G. J. Jager, S. Strum,
Y. L. Hoogeveen, J. L. Severens et J. O. Barentsz. The diagnostic accuracy of CT
and MRI in the staging of pelvic lymph nodes in patients with prostate cancer: a
meta-analysis. Clin Radiol, vol. 63, no. 4, pages 387-395, Apr 2008. (Cité en
page 26.)

[Hsing & Chokkalingam 2006] Ann W. Hsing et Anand P. Chokkalingam. Prostate cancer
epidemiology. Front Biosci, vol. 11, pages 1388-1413, 2006. (Cité en page 23.)

[Hsing et al. 2000] A. W. Hsing, L. Tsao et S. S. Devesa. International trends and patterns
of prostate cancer incidence and mortality. Int J Cancer, vol. 85, no. 1, pages 60—67,
Jan 2000. (Cité en page 23.)

[Ibanez et al. 2013| Luis Ibanez, Will Schroeder, Lydia Ng, Josh Cates et The Insight Soft-
ware Consortium. The ITK Software Guide. Kitware, Inc. ISBN 1-930934-15-7,
third édition, 2013. (Cité en pages 13, 36 et 52.)

[ICRU 1978] ICRU. Dose specification for reporting external beam therapy with photons
and electrons. Report 29, International commission on radiation units and mea-
surements, 1978. (Cité en page 28.)

[ICRU 1993] ICRU. Prescribing, recording and reporting photon beam therapy. Report
50, International commission on radiation units and measurements, 1993. (Cité en
pages 28 et 29.)

[ICRU 1999] ICRU. Prescribing, recording and reporting photon beam therapy (supple-
ment to icru report 50). Report 62, International commission on radiation units
and measurements, 1999. (Cité en page 29.)

[Jaffray et al. 2002] David A. Jaffray, Jeffrey H. Siewerdsen, John W. Wong et Alvaro A.
Martinez. Flat-panel cone-beam computed tomography for image-guided radiation
therapy. Int J Radiat Oncol Biol Phys, vol. 53, no. 5, pages 1337-1349, Aug 2002.
(Cité en pages 33 et 58.)

|[King et al. 2013] Christopher R. King, Debra Freeman, Irving Kaplan, Donald Fuller,
Giampaolo Bolzicco, Sean Collins, Robert Meier, Jason Wang, Patrick Kupelian,
Michael Steinberg et Alan Katz. Stereotactic body radiotherapy for localized prostate
cancer: pooled analysis from a multi-institutional consortium of prospective phase
II trials. Radiother Oncol, vol. 109, no. 2, pages 217221, Nov 2013. (Cité en
page 31.)

[Kitajima et al. 2013] Kazuhiro Kitajima, Robert C. Murphy et Mark A. Nathan. Choline
PET/CT for imaging prostate cancer: an update. Ann Nucl Med, vol. 27, no. 7,
pages 581-591, Aug 2013. (Cité en page 26.)

43



Chapter 1 : Introduction: medical and scientific context

[Klein et al. 2009] Arno Klein, Jesper Andersson, Babak A. Ardekani, John Ashburner,
Brian Avants, Ming-Chang Chiang, Gary E. Christensen, D Louis Collins, James
Gee, Pierre Hellier, Joo Hyun Song, Mark Jenkinson, Claude Lepage, Daniel Rueck-
ert, Paul Thompson, Tom Vercauteren, Roger P. Woods, J John Mann et Ramin V.
Parsey. Fvaluation of 14 nonlinear deformation algorithms applied to human brain
MRI registration. Neuroimage, vol. 46, no. 3, pages 786-802, Jul 2009. (Cité en
page 39.)

[Klein et al. 2010] Stefan Klein, Marius Staring, Keelin Murphy, Max A. Viergever et
Josien P W. Pluim. elastiz: a toolbox for intensity-based medical image registra-
tion. IEEE Trans Med Imaging, vol. 29, no. 1, pages 196-205, Jan 2010. (Cité en
pages 40, 101 et 119.)

|[Klotz & Emberton 2014| Laurence Klotz et Mark Emberton. Management of low risk
prostate cancer-active surveillance and focal therapy. Nat Rev Clin Oncol, vol. 11,
no. 6, pages 324-334, Jun 2014. (Cité en page 23.)

[Lei et al. 2011] Siyuan Lei, Nathaniel Piel, Eric K. Oermann, Viola Chen, Andrew W.
Ju, Kedar N. Dahal, Heather N. Hanscom, Joy S. Kim, Xia Yu, Guowei Zhang,
Brian T. Collins, Reena Jha, Anatoly Dritschilo, Simeng Suy et Sean P. Collins.
Siz-Dimensional Correction of Intra-Fractional Prostate Motion with CyberKnife
Stereotactic Body Radiation Therapy. Front Oncol, vol. 1, page 48, 2011. (Cité en
page 35.)

[Lester & Arridge 1999] Hava Lester et Simon R Arridge. A survey of hierarchical non-
linear medical image registration. Pattern recognition, vol. 32, no. 1, pages 129-149,
1999. (Cité en page 35.)

[Ling et al. 2006] C Clifton Ling, Ellen Yorke et Zvi Fuks. From IMRT to IGRT: frontier-
land or neverland? Radiother Oncol, vol. 78, no. 2, pages 119-122, Feb 2006. (Cité
en page 28.)

[Loblaw et al. 2007] D Andrew Loblaw, Katherine S. Virgo, Robert Nam, Mark R. Somer-
field, Edgar Ben-Josef, David S. Mendelson, Richard Middleton, Stewart A. Sharp,
Thomas J. Smith, James Talcott, Maryellen Taplin, Nicholas J. Vogelzang, James L
Wade 3rd, Charles L. Bennett, Howard I. Scher et American Society of Clinical On-
cology . Initial hormonal management of androgen-sensitive metastatic, recurrent,
or progressive prostate cancer: 2006 update of an American Society of Clinical On-
cology practice guideline. J Clin Oncol, vol. 25, no. 12, pages 1596-1605, Apr 2007.
(Cité en page 27.)

[Maintz & Viergever 1998| J. B. Maintz et M. A. Viergever. A survey of medical image
registration. Med Image Anal, vol. 2, no. 1, pages 1-36, Mar 1998. (Cité en pages 35
et 37.)

[Modersitzki 2003| Jan Modersitzki. Numerical methods for image registration. Oxford
university press, 2003. (Cité en page 35.)

[Mohan 1995] Mohan. Field Shaping for Three-Dimensional Conformal Radiation Therapy
and Multileaf Collimation. Semin Radiat Oncol, vol. 5, no. 2, pages 86—99, Apr 1995.
(Cité en page 28.)

[Morash et al. 2015] Chris Morash, Rovena Tey, Chika Agbassi, Laurence Klotz, Tom Mc-
Gowan, John Srigley et Andrew Evans. Active surveillance for the management of

localized prostate cancer: Guideline recommendations. Can Urol Assoc J, vol. 9,
no. 5-6, pages 171-178, 2015. (Cité en page 26.)

44



Bibliography of Chapter 1

[Mosleh-Shirazi et al. 1998] M. A. Mosleh-Shirazi, P. M. Evans, W. Swindell, S. Webb et
M. Partridge. A cone-beam megavoltage CT scanner for treatment verification in
conformal radiotherapy. Radiother Oncol, vol. 48, no. 3, pages 319-328, Sep 1998.
(Cité en page 32.)

[Onozato et al. 2014] Yusuke Onozato, Noriyuki Kadoya, Yukio Fujita, Kazuhiro Arai,
Suguru Dobashi, Ken Takeda, Kazuma Kishi, Rei Umezawa, Haruo Matsushita et
Keiichi Jingu. FEwvaluation of on-board kV cone beam computed tomography-based
dose calculation with deformable image registration using Hounsfield unit modifica-
tions. Int J Radiat Oncol Biol Phys, vol. 89, no. 2, pages 416-423, Jun 2014. (Cité
en page 35.)

[Pluim et al. 2003] Josien P W. Pluim, J B Antoine Maintz et Max A. Viergever. Mutual-
information-based registration of medical tmages: a survey. IEEE Trans Med Imag-
ing, vol. 22, no. 8, pages 986-1004, Aug 2003. (Cité en pages 35 et 38.)

[Podgorsak 2003] Ervin B Podgorsak. Review of radiation oncology physics: a handbook for
teachers and students. Vienna, International Atomic Energy Agency. Educational
reports series, 2003. (Cité en pages 13, 29 et 30.)

[Pommer et al. 2013] Tobias Pommer, Marianne Falk, Per R. Poulsen, Paul J. Keall,
Ricky T. O’Brien, Peter Meidahl Petersen et Per Munck af Rosenschdld. Dosi-
metric benefit of DMLC tracking for conventional and sub-volume boosted prostate
intensity-modulated arc radiotherapy. Phys Med Biol, vol. 58, no. 7, pages 2349-
2361, Apr 2013. (Cité en page 35.)

[Qi et al. 2014] Peng Qi, Jean Pouliot, Mack Roach 3rd et Ping Xia. Offline multiple
adaptive planning strategy for concurrent irradiation of the prostate and pelvic lymph
nodes. Med Phys, vol. 41, no. 2, page 021704, Feb 2014. (Cité en page 34.)

[Qin et al. 2015] An Qin, Ying Sun, Jian Liang et Di Yan. Ewaluation of online/offline
image guidance/adaptation approaches for prostate cancer radiation therapy. Int
J Radiat Oncol Biol Phys, vol. 91, no. 5, pages 1026-1033, Apr 2015. (Cité en
page 34.)

[Raya & Udupa 1990] S. P. Raya et J. K. Udupa. Shape-based interpolation of multidimen-
sional objects. IEEE Trans Med Imaging, vol. 9, no. 1, pages 32-42, 1990. (Cité en
pages 40, 50, 51 et 118.)

[Richter et al. 2008] Anne Richter, Qiaogiao Hu, Doreen Steglich, Kurt Baier, Jiirgen
Wilbert, Matthias Guckenberger et Michael Flentje. Investigation of the usabil-

ity of conebeam CT data sets for dose calculation. Radiat Oncol, vol. 3, page 42,
2008. (Cité en page 35.)

[Rohr 2000] Karl Rohr. Elastic registration of multimodal medical images: A survey. KI,
vol. 14, no. 3, pages 11-17, 2000. (Cité en page 35.)

|[Rontgen 1896] W. C. Rontgen. ON A NEW KIND OF RAYS. Science, vol. 3, no. 59,
pages 227-231, Feb 1896. (Cité en page 27.)

[Rueckert 2001] D Rueckert. Non-rigid registration: Techniques and applications. Medical
Image Registration, vol. 13, pages 281-302, 2001. (Cité en page 35.)

[Sarrut 2006] David Sarrut. Deformable registration for image-guided radiation therapy. Z
Med Phys, vol. 16, no. 4, pages 285-297, 2006. (Cité en page 35.)

45



Chapter 1 : Introduction: medical and scientific context

[Scarfe & Farman 2008] William C. Scarfe et Allan G. Farman. What is cone-beam CT
and how does it work? Dent Clin North Am, vol. 52, no. 4, pages 707-30, v, Oct
2008. (Cité en pages 13 et 33.)

[Shah et al. 2014] Taimur Tariq Shah, Hashim Ahmed, Abi Kanthabalan, Benjamin Lau,
Maneesh Ghei, Barry Maraj et Manit Arya. Focal cryotherapy of localized prostate
cancer: a systematic review of the literature. Expert Rev Anticancer Ther, vol. 14,
no. 11, pages 1337-1347, Nov 2014. (Cité en page 26.)

[Siewerdsen & Jaffray 2001] J. H. Siewerdsen et D. A. Jaffray. Cone-beam computed to-
mography with a flat-panel imager: magnitude and effects of z-ray scatter. Med
Phys, vol. 28, no. 2, pages 220-231, Feb 2001. (Cité en pages 33 et 58.)

[Sotiras et al. 2013] A. Sotiras, C. Davatzikos et N. Paragios. Deformable Medical Image
Registration: A Survey. vol. 32, no. 7, pages 1153-1190, 2013. (Cité en pages 35
et 37.)

[Swindell et al. 1983] W. Swindell, R. G. Simpson, J. R. Oleson, C. T. Chen et E. A.
Grubbs. Computed tomography with a linear accelerator with radiotherapy applica-
tions. Med Phys, vol. 10, no. 4, pages 416-420, 1983. (Cité en page 32.)

[Thariat et al. 2013| Juliette Thariat, Jean-Michel Hannoun-Levi, Arthur Sun Myint,
Te Vuong et Jean-Pierre Gérard. Past, present, and future of radiotherapy for
the benefit of patients. Nat Rev Clin Oncol, vol. 10, no. 1, pages 52-60, Jan 2013.
(Cité en page 27.)

[Thompson et al. 2013] James Thompson, Nathan Lawrentschuk, Mark Frydenberg, Les
Thompson, Phillip Stricker et U. S. A. N. Z. . The role of magnetic resonance
imaging in the diagnosis and management of prostate cancer. BJU Int, vol. 112
Suppl 2, pages 6-20, Nov 2013. (Cité en page 26.)

[Vali et al. 2015] Reza Vali, Wolfgang Loidl, Christian Pirich, Werner Langesteger et
Mohsen Beheshti.  Imaging of prostate cancer with PET/CT wusing (18)F-
Fluorocholine. Am J Nucl Med Mol Imaging, vol. 5, no. 2, pages 96-108, 2015.
(Cité en page 26.)

[van Herk 2004| Marcel van Herk. Errors and margins in radiotherapy. Semin Radiat
Oncol, vol. 14, no. 1, pages 5264, Jan 2004. (Cité en page 34.)

[Verellen et al. 2008] Dirk Verellen, Mark De Ridder et Guy Storme. A (short) history of
image-guided radiotherapy. Radiother Oncol, vol. 86, no. 1, pages 4-13, Jan 2008.
(Cité en page 28.)

[Viola & Wells IIT 1997] Paul Viola et William M Wells II1. Alignment by mazimization of
mutual information. International journal of computer vision, vol. 24, no. 2, pages
137-154, 1997. (Cité en page 38.)

[Wu et al. 2004] Chuan Wu, Robert Jeraj, Weiguo Lu et Thomas R. Mackie. Fast treat-
ment plan modification with an over-relaxed Cimmino algorithm. Med Phys, vol. 31,
no. 2, pages 191-200, Feb 2004. (Cité en page 34.)

[Yan et al. 1997] D. Yan, F. Vicini, J. Wong et A. Martinez. Adaptive radiation therapy.
Phys Med Biol, vol. 42, no. 1, pages 123-132, Jan 1997. (Cité en page 28.)

[Yang et al. 2007] Yong Yang, Eduard Schreibmann, Tianfang Li, Chuang Wang et Lei
Xing. Fwvaluation of on-board kV cone beam CT (CBCT)-based dose calculation.
Phys Med Biol, vol. 52, no. 3, pages 685-705, Feb 2007. (Cité en pages 35 et 95.)

46



Bibliography of Chapter 1

[Yu & Tang 2011] Cedric X. Yu et Grace Tang. Intensity-modulated arc therapy: princi-

ples, technologies and clinical implementation. Phys Med Biol, vol. 56, no. 5, pages
R31-R54, Mar 2011. (Cité en page 28.)

[Zitova & Flusser 2003 Barbara Zitova et Jan Flusser. Image registration methods: a

survey. Image and vision computing, vol. 21, no. 11, pages 977-1000, 2003. (Cité
en page 35.)

47






Data preparation

Contents

2.1 Datadescription . . . ... ... ... 000 i i e e 50
2.2 Shape-based interpolation of a set of 2D slices . . . . ... ... 51
2.2.1 Material and methods . . . . . . . ... ... oL 51
2.2.1.1 Implementation . . ... ... ... .. ... ..., 51

2212 Usage . . . . v v v i e 53

2.2.1.3 Software requirements . . . . . . . .. ... ... 53

222 Results . .. ... 53
2.2.2.1 Example 1: Interpolation of acone. . . . . . ... ... 53

2.2.2.2  Example 2: Interpolation of a clinical image . . . . .. 54

2.23 Conclusion . . .. ... 55
Bibliography . . . . . . . . . .o e e 56

- 49 -



Chapter 2 : Data preparation

2.1 Data description

In total, 115 CBCT scans and 10 CT scans from 10 prostate cancer patients were analyzed.
Each one of these patients underwent a single planning CT scan and multiple daily CBCT
scans over the course of treatment. All the patients were instructed to follow a dietary
protocol in order to have a full bladder and an empty rectum free of air at the time
of the planning CT acquisition and during the treatment. The planning CT data were
acquired using a General Electrics Light Speed scanner. The treatment system was an
Elekta Synergy linear accelerator (LINAC) equipped with CBCT imaging (named x-ray
volume imaging (XVI)). During the CT (CBCT) acquisition, the peak-voltage, the X-ray
tube current and the exposure time were 120 kVp (120 kVp), 300 mA (40 mA or 64 mA)
and 1000 ms (40 ms), respectively. Combined with the difference in beam geometry (fan for
CT and cone for CBCT), these parameters accounted for the lower image quality obtained
with CBCT as compared with CT. The slice thickness was 3 mm and 1 mm for the CT
and CBCT scans, respectively. The number of slices ranged from 89 to 132 in each CT
scan, and was 168 in each CBCT scan. Each CT (CBCT) slice had 512 x 512 (410 x 410)
voxels, with a typical in-plane resolution of 0.98 (1.00) mm.

For clinical requirements, the prostate CTV (without seminal vesicles) and the OAR, i.e.,
the bladder and the rectum, were manually delineated on each planning CT scan by a
radiation oncologist. The CT thickness resolution was 3 mm, and all slices were delineated
manually. For the purposes of this thesis, the same radiation oncologist manually delineated
the CTV and the OARs on each CBCT scan, following the consensus contouring guidelines
provided by the Radiation Therapy Oncology Group at www.rtog.org/LinkClick.aspx?
fileticket=054g99vNGps’%3d&tabid=354. The bladder was contoured in its entirety. The
rectum was contoured from the rectosigmoid junction to the anal verge. This anonymized
database (composed of the anonymized gray-value CT and CBCT images with their manual
segmentations) is now publicly available. The CBCT thickness resolution was 1 mm, and
only one slice in every three was delineated manually. For sake of data harmonization,
the manual CT segmentations were upsampled to a final CT thickness resolution of 1 mm
and the missing contours were estimated in the 1-mm thick CBCT scans (Table 2.1). To
meet this twofold objective needed for any of the processings carried out in this thesis,
the shape-based interpolation method described by Raya and Udupa in 1990 for three-
dimensional images [Raya & Udupa 1990] was adapted and implemented, as explained in
Section 2.2, and two standalone filters using the Insight Toolkit ITK www.itk.org were
created. This work is available at the Insight Journal [Boydev et al. 2012], and is presented
in the following section (Section 2.2).

Manual delineation After interpolation Caption
I Manual contour
CT 3-mm thickness - 1-mm thickness % [C———1 Interpolated contour

Missing contour
CBCT | 1-mm thickness E 1-mm thickness E

Table 2.1 — Illustration of the slice thickness and delineation ratio of the C'T' and CBCT images before
and after shape-based interpolation
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2.2 Shape-based interpolation of a set of 2D slices

In this section, we tackled two independent issues that often arise after the segmentation
of a three-dimensional image:

e Let us first consider that all the slices of the original image are subject to (manual or
automatic) segmentation. This results in a set of 2D contiguously delineated slices
with the same resolution as that of the original image. Nevertheless, one may want to
obtain a segmented image with a higher resolution in the direction orthogonal to the
slices, that is, with a thinner slice spacing, as was the case for our manually-delineated
3mm-thick CT data for which a final resolution of 1 mm was intended. Indeed the
code that has been implemented allows to interpolate between the delineated slices
and obtain new intermediate delineated slices, which originally were nonexistent.

e Suppose instead that to save time the expert that is in charge of the manual seg-
mentation of the 3D image decides to only delineate a few slices, as was the case for
our Imm-thick CBCT data. Our code allows to estimate the contours that have not
been drawn.

Using filters from the Insight Toolkit, two standalone filters have been devel-
oped based on Raya and Udupa’s shape-based interpolation method for 3D images
[Raya & Udupa 1990], where the authors report the superior performance of their method
with respect to the classical gray-value interpolation followed by thresholding.

2.2.1 Material and methods

Joint slices (case of the CT scan

a0

Computing the distance map (2D)
Upsampling the slice thickness from 3 to Imm
Thresholding at 0

Disjoint slices (case of the CBCT scan

Removing the slices not delineated + downsampling the slice thickness from 1 to 3mm
Computating the distance map (2D)

Upsampling the slice thickness from 3 to 1mm

Thresholding at 0

Figure 2.1 — The different steps in our shape-based interpolation method.

2.2.1.1 Implementation

The piece of data passed as input is a 3D binary image (e.g. a meta-image with an mhd
extension).

In our code, we consider separately the two above-described cases. In the first case (cf.
Paragraph A), the input binary image is a set of contiguously delineated slices. The object
of interest has been segmented on all possible slices. We aim at interpolating between all
slices in the original dataset and coming up with an ensemble of new thinner estimated
contours. In the second case (cf. Paragraph B), the input binary image is a set of sparsely
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and equally spaced delineated slices (e.g. one slice over two or three delineated). We now
aim at ending up with an image wherein the missing contours are estimated.

Let us define n as the ratio of the number of the delineated slices in the output image
to the number of the delineated slices in the input image. The user can specify the value
of n using the SetDelineationRatio() function.

In both cases, we created a filter which derives from itk::ImageToImageFilter. The
output image is a 3D binary image, either with a number of slices n times higher (cf.
Paragraph A) or of the same size as that of the input (cf. Paragraph B). The input and
output image types being always itk: : Image< unsigned char,3 >, we considered there was
no need for the filters to be templated.

A. Interpolation of a set of contiguously delineated slices There are three steps
to be considered. First, a distance transform is applied to the data on a slice-by-slice basis
using the itk::SliceBySliceImageFilter associated with the internal filter itk: :Daniels-
sonDistanceMapImageFilter. The itk::DanielssonDistanceMapImageFilter is based on the
algorithm developed by PE Danielsson [Danielsson 1980]. This results in the creation of a
gray-value image wherein the value of each voxel represents the Euclidean distance from
that point to the cross-sectional boundary of the object (i.e. within the slice). By con-
vention, points are assigned negative values inside the object, and positive values outside.
Secondly, the distance-representing gray-value slices are interpolated using linear or higher-
order interpolation to obtain new estimated less spaced gray-value slices (there are n times
more slices than in the input). Raya and Udupa report that cubic spline interpolation
gives superior results than linear interpolation. In our implementation, we let the user set
the kind of interpolation he wants (linear or spline) by means of the SetInterpolator()
function. Finally, the set of slices is thresholded at zero to produce the interpolated binary
dataset.

We call this filter IntraBinaryShapeBasedInterpolationImageFilter. As the spac-
ing and the largest possible region of the output are different from that of the input
(a change of the meta-information occurs during filtering), it was necessary to override
the ProcessObject: :GenerateQutputInformation() and ProcessObject: :Generateln-
putRequestedRegion (). We refer to [Ibanez et al. 2013| for more details on pipeline exe-
cution.

B. Interpolation of a set of sparsely and equally spaced delineated slices Here
the object of interest is not delineated on every slice. One slice over n is delineated.
The user should be warned that our itmplementation requires the delineated slices to be
reqularly spaced. We first produce an intermediate, subsampled image made of contiguously
delineated slices. Indeed only the delineated slices are copied into that intermediate image
whose slice spacing is n times bigger than that of the original image. The undelineated slices
in the original image are left out. We now can go back to Paragraph A for the methodology.
Each slice of that intermediate image is passed to the DanielssonDistanceMapImageFilter
which calculates the Euclidean distance map with respect to the cross-sectional boundary.
The distance map image is then upsampled back to the original sampling rate using linear
or higher-order interpolation.

We call this filter InterBinaryShapeBasedInterpolationImageFilter. We note that
the implementation of this filter differs from the previous one in Paragraph A notably
because of the ProcessObject::GenerateOutputInformation() and ProcessObject::Gen-
erateInputRequestedRegion() that are not overriden here.
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2.2.1.2 Usage

The usage of these two filters is similar to other Insight Segmentation and Registration
Toolkit (ITK) filters. Their interface is very straightforward. The following snippet of
code illustrates the usage of the filter we describe in Paragraph B:

typedef unsigned char InputPixelType;
const unsigned int Dimension = 3;

// Declare the input and output types
typedef itk::Image< InputPixelType, Dimension > InputImageType;
typedef itk::Image< InputPixelType, Dimension > OutputImageType;

// Declare the filter
typedef itk::InterBinaryShapeBasedInterpolationImageFilter FilterType;
FilterType: :Pointer filter = FilterType::New();

. Read an image and pass it to the filter
filter->SetInput( reader->GetOutput() );

// Setup the default parameters
filter->SetDelineationRatio( 3 ); // n is the ratio of the number of the delineated
// slices in the output to that in the input
. Setup an interpolator
filter->SetInterpolator( interpolator ); // by default, linear interpolator

// Write output

. Setup a writer
writer->SetInput( filter->GetOutput );
writer->Update();

2.2.1.3 Software requirements

This code was developed on a Linux computer with distribution openSUSE 11.4 x86 64.
You need to have the following software installed:

e Insight Toolkit 3.20.1
e CMake 2.8.3

e gcc 4.5.1

2.2.2 Results

In this section, we show two use cases of the shape-based interpolation algorithm as de-
scribed in Paragraph B.

2.2.2.1 Example 1: Interpolation of a cone

We manually drew a right circular cone with aperture 27 using ITK-SNAP (http://wuw.
itksnap.org), a free cross-platform open-source software application for manual segmen-
tations [Yushkevich et al. 2006]. Given that the image is pixelated, the drawn object is not
stricly a cone. The resolution of this image is Imm X 1lmm x lmm. We then purposely re-
placed the values of the voxels that belong to every two and three slices by the background
value in order to illustrate the case where only one slice over three has been segmented.
After that, we run the algorithm of Paragraph B using linear interpolation to estimate the
missing contours. Figure 2.2 shows 3D views of each of these images. Figure 2.3 compares
the same 2D view of an axis plane in the original cone, the cone before interpolation and
the cone after interpolation. Dice’s similarity coefficient between the interpolated volume
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and the volume initially drawn (original volume) was also calculated. It was found to be
0.94. There were some voxel values that were not the same in the original and interpolated
cones, especially on planes outside the axis, but this was due first to the method, and
second, to the fact that the cone we tried to manually draw was not perfectly shaped as
the image was pixelated.

(c) Cone after interpolation

Figure 2.2 — 3D views of (a) the cone manually drawn, (b) the same cone but with missing contours,
and (c) the interpolated cone. The display software used is ParaView (http://www.paraview.org/)
[Henderson 2007].

(a) Cone before interpolation in a plane (b) Overlay of the original cone and the

passing through the axis interpolated cone in the same plane as in
(a). Pixels in white are in perfect correspon-
dance; pixels in green belong to the original
cone only; pixels in purple belong to the in-
terpolated cone only.

Figure 2.3 — (a) 2D central view of the cone before interpolation. (b) Overlay of 2D central views of the

original and interpolated cones. The display software used is VV (http://vv. creatis. insa-lyon. fr/)
[Rit et al. 2011]. The display interpolation is purposely desactivated here.

2.2.2.2 Example 2: Interpolation of a clinical image

Here is a more realistic example, a clinical case. An expert has manually delineated a
prostate every slice in a cone-beam computed tomography (CBCT) image. The resolution
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Shape-based interpolation of a set of 2D slices

of the original dataset is Imm x lmm X Imm. As previously, we purposely replaced
the values of the voxels that belong to every two and three slices by the background
value in order to illustrate the case where only one slice over three has been delineated.
We run the algorithm on the latter binary delineated image using linear interpolation
to estimate the missing contours. The result is shown in Figure 2.4. The interpolated
contours have been visually validated by the expert after examining the overlay of the
binary interpolated image onto the gray-value CBCT image. Dice’s similarity coefficient
between the interpolated volume and the volume initially delineated by the expert was
also calculated and found to be 0.94.

(c) After interpolation

Figure 2.4 — Interpolation of a prostate binary image derived from the manual segmentation of a clinical
gray-value CBCT image. 3D views of the prostate (a) before interpolation and (b) after interpolation.
The display software used is ParaView (http://www. paraview. org/) [Henderson 2007].

2.2.3 Conclusion

We implemented two filters that perform a shape-based interpolation of 3D binary images.
Two different situations are handled: the image to be interpolated has been delineated on
all possible slices and the interpolation process results in an upsampled image with thinner
delineated contours, or the image to be interpolated has not been delineated on every slice
but the contours are regularly spaced and the missing contours are estimated.
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Chapter 3 : Rigid registration

3.1 Background

Many studies have demonstrated that dose escalation increases local tumor control with
acceptable toxicity [Martin et al. 2009, Sveistrup et al. 2014]. With intensity-modulated
radiotherapy (IMRT), it has become possible to deliver higher doses to the target and
reduce the dose to the surrounding normal tissue. However, internal organ motion can
occur over the course of radiotherapy and cause an underdosage of the target and an over-
dosage of the organs at risk (OAR). To compensate for target mobility, population-based
margins are added to ensure proper dose coverage of the target [van Herk et al. 2000].
This in return may increase toxicity to neighboring normal tissue. Daily image guid-
ance makes it possible to reduce these treatment margins and organ toxicity by help-
ing to provide a precise knowledge of the actual position of the target at treatment
[Sveistrup et al. 2014, Gill et al. 2011]. In the context of prostate cancer radiotherapy,
daily image-guidance is particularly useful. Indeed, the prostate gland is known to be a
moving and deformable gland, which can be influenced by changes in rectal and bladder
volumes [Padhani et al. 1999, Roeske et al. 1995, de Crevoisier et al. 2005]. It should be
noted that bladder filling has a substantially smaller influence on prostate motion than
rectal distension has [van Herk et al. 1995].

There have been many efforts to localize the prostate for accurate delivery before
daily treatment, including transabdominal ultrasound imaging [Orton et al. 2006],
kilovoltage or megavoltage orthogonal port films of implanted gold fiducial markers
[Balter et al. 1995|, portal images of a urethral catheter containing radioopaque markers
[Bergstrom et al. 1998] and electromagnetic tracking devices |Langen et al. 2008|. More
recently, in-room tomography imaging devices have gained attention and have become
commonplace in clinical centers. A great number of authors used registration with
the planning computed tomography (CT) scan to localize the prostate on the day of
the treatment. Most studies were performed using daily in-room CT imaging systems
as in |[Lattanzi et al. 1998, Hua et al. 2003, Court & Dong 2003, Paskalev et al. 2004,
Smitsmans et al. 2004]. Cone-beam computed tomography (CBCT) image-guided
radiotherapy (IGRT) systems [Jaffray et al. 2002] have become widely used tools for
prostate positioning in IMRT. However, due to the much poorer image quality of CBCT
scans than that of CT scans, prostate localization on CBCT scans is more challeng-
ing [Siewerdsen & Jaffray 2001].  Daily in-room CBCT imaging for prostate cancer
was used in [Moseley et al. 2007, Barney et al. 2011, Boda-Heggemann et al. 2008,
Létourneau et al. 2005,  Perks et al. 2011, Kim et al. 2010,  Smitsmans et al. 2005,
Sato et al. 2012, Lee et al. 2012, Kasibhalta et al. 2005, Thilmann et al. 2006] but
few studies have localized the prostate in a completely automated way.

This chapter aims to evaluate different automatic registration methods for the purpose
of prostate position verification and correction using CBCT imaging. It is commonly as-
sumed that the prostate gland behaves as a rigid body [van Herk et al. 1995] and that the
deformation of the prostate during the course of radiotherapy is small compared to the
organ motion [Deurloo et al. 2005]. Consequently, during IGRT of prostate cancer, in first
order approximation, only set-up error and organ motion need to be corrected, whereas
prostate deformation can be considered to be a second-order effect. That is why we focused
on rigid registration (RR), which accounts for first-order inter-fraction prostate motion. In
this work, we tested different types of CT/CBCT RRs: global, bony, and local soft-tissue
RRs.

Unlike previous studies whose quantitative validation consisted of estimating CT/CBCT
registration errors at landmark positions (e.g., fiducial markers or calcifications), our study
contains a quantitative validation based on Dice calculations which provide a global esti-
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mation of the registration accuracy at the location of the target. By definition, the Dice
coefficient quantifies the overlap between regions, and in this work we used it to measure
the mismatch between the (manual and automatic CBCT) prostate volumes. We also used
an additional measure based on the bidirectional local distance (BLD) to assess the quality
of all registration methods. Our quantitative validation is also based on the measurement
of the residual setup errors after CBCT-based setup correction using manual contour reg-
istration as our golden standard. The measurement of the residual setup errors allowed us
to quantify treatment margins.

We also defined a practical method to automatically estimate rectal distension occurred
in the vicinity of the prostate between the CT and CBCT scans in order to evaluate the
impact of rectal distension on the registration quality and to predict registration failure
using only the CT manual contours and the gray-value CT and CBCT images. For this
purpose, we based our reasoning on the fact that the variation in the volume of air in the
rectum was directly correlated with rectal distension. To the best of our knowledge, no
publications to date have presented a simple automatic method to quantify rectal disten-
sion occurred between the X-ray CT and CBCT scans using only the manual CT contours
and the gray-value CT and CBCT scans. Finally, we devised recommendations for clini-
cal practice for the use of automatic RR for prostate localization on CBCT scans. This
chapter, except for the dosimetric evaluation and the treatment margin calculations, has
almost completely been presented in [Boydev et al. 2015].

In this chapter, we used the terms clinical target volume (CTV) and planning target volume
(PTV) as defined by the ICRU [Morgan-Fletcher 2001].

3.2 Methods

3.2.1 Data description

The data used in this chapter is the same data used throughout this thesis. It was described
in Chapter 2.

3.2.2 Registration algorithm

To automatically localize the prostate on the 115 daily treatment CBCT scans, each of
them was registered to the corresponding planning CT scan using different registration
methods described hereunder. The resulting displacements were then applied to the con-
tours drawn manually on the planning CT scans to generate the automatic propagated
CBCT contours. The skeleton of our 3D automatic intensity-based registration procedure
was previously described in [Boydev et al. 2013]. To overcome the problem of the variable
amount of fecal gas in the rectum which could mislead registration, we performed an extra
pre-processing filtering step which replaced gray values of gas by a tissue-equivalent gray
value as recommended in [Smitsmans et al. 2004| in addition to our pipeline described in
[Boydev et al. 2013]. We used a threshold gray value of -150 HU for the CT scans and
-500 for the CBCT scans (all gray values below were set to these threshold values). We
compared these results with those obtained without filtering. In our study, three types of
intensity-based RR methods were tested (Fig. 3.1):

(a) global RR,
(b) RR of the pelvic bone structures of the CT and CBCT images (bony RR),

(c) bony RR followed by a local soft-tissue RR based on target (prostate) information.
The latter was conducted using a registration mask that was a region of interest (ROI)
defined by the CT CTV expanded with a margin among 1, 3, 5, 8, 10, 12, 15 and 20
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mm. The CTV represented the whole prostate gland, which was manually delineated
in the (clinical) planning process prior to treatment.

Input 1: Input 2:
CT image CBCT image

Global RR Bony RR

Prostate-based
local RR

Evaluation

ﬁgend:

Local rigid registration (RR)
on the prostate clinical
target volume extended by

an x-mm margin

Propagation of the CT
prostate contours to
automatically generate the
CBCT prostate contours

8

Dice calculation between

m the manual and automatic
\ CBCT prostate contours /

Figure 3.1 — Rigid registration pipeline.

In the following, for the sake of simplicity, the combination of a bony RR with a local
soft-tissue RR (method (c)) is referred to as a local RR.

A typical image registration framework has four basic components: a similarity metric,
an optimizer, a transform and an interpolator. The similarity metric (or metric) measures
quantitatively how well a transform is mapping the reference image on top of the target
image. We used an intensity-based metric, which allowed the registration to be fully au-
tomatic. A simple metric such as mean squared difference could not be used as it required
that the images to be registered should have intensity values in the same range, i.e., be
monomodal images. In fact, the context was not strictly monomodal image registration
since the CBCT system was not calibrated in Hounsfield units. However, the relationship
between the intensities on the CT image and those on the CBCT image was given by a
linear function. The normalized cross-correlation metric was therefore chosen as a suitable
similarity metric (with mean intensities subtracted). This function computed the correla-
tion between the intensity values divided by the square rooted autocorrelation of both the
target and reference images. We performed a (deterministic) gradient descent optimiza-
tion, which was the most straightforward method for incorporating gradient information
into the minimization process. The optimizer simply followed the derivative of the metric.
At each iteration, the current position was updated according to the gradient of the metric
multiplied by a learning factor defined as a step size multiplied by a relaxation factor every
time that the gradient changed direction. We used a constant step size of 0.5, a step size
relaxation of 0.7, a tolerance on the step size of 0.1, a tolerance on the projected gradient
magnitude of 1le-5 and a maximum number of iterations of 500. Transformations were rigid
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and hence they had only six degrees of freedom (translations and rotations). Linear in-
terpolation was used in all our experiments. A multi-resolution registration scheme, using
three resolution levels, was also utilized. Notice that when masks were associated with the
images to be registered, only voxels that belonged to the intersection of the masks were
considered for the computation of the metric.

Prior to CT/CBCT RR, there were some pre-processing steps to carry out (Fig. 3.2):

1.

We offset the planning CT image so that its isocenter coincided with the treatment
isocenter (i.e., the isocenter of the CBCT system). To do so, the information concern-
ing the planning CT isocenter coordinates was retrieved from the Dicom RTStruct
file and compared with the LINAC isocenter coordinates (set to 0,0,0).

. We created masks that identified the patient’s body on both gray-value images. These

were the masks associated with the gray-value images by default (if no other masks
were used) to allow registration to ignore voxels that were "outside" the patient
(e.g., the treatment table or artifacts) and could adversely influence the registration
process.

(This step concerned the bony RR only.) We thresholded the CT and CBCT gray-
value images to exclusively show the pelvis bone structure. The threshold level used
to extract the bone anatomy was 150 Hounsfield units (HU) for the CT images, and
-140 arbitrary units for the CBCT images (in our institution, the CBCT system was
not calibrated in HU). These thresholded images were registered, each one associated
with its corresponding patient body mask.

(This step concerned the global and the local soft-tissue RRs only.) We replaced the
air in the rectum by a tissue-equivalent gray value in the CT and CBCT images (the
registration results were compared with those obtained without this step).

(This step concerned the local soft-tissue RR only.) We expanded the physician-
drawn CT CTV by a margin of 1, 3, 5, 8, 10, 12, 15 or 20 mm. This created the
mask to associate with the CT gray-value image in the local soft-tissue RR process,
instead of the CT patient body mask created in step 2.

3.2.3 Software

For this study, all the data processing and visualization were performed on a Linux com-
puter with distribution openSUSE 11.4 x86 64, with an Intel Dual Core i5-560M 2.66
GHz processor, 3MB L2 cache, 4 threads, and 8GB RAM. For the implementation of our
registration algorithms, the following open-source software, based on C++, was used:

o the Insight Toolkit ITK [Ibanez et al. 2005*,

e the ITK-based Command Line Image Toolkit clitk!.

The software versions used were I'TK 4.3.2, CMake 2.8.3 and gcc 4.5.1.

3.2.4 Validation

Software R, version 2.12, was used for all statistical significance testing [Team 2012]. A
p-value < 0.05 (< 0.01) was considered (highly) significant. This part is composed of a
quantitative section and a qualitative section.

*freely available at www.itk.org
ffreely available at www.creatis.insa-1lyon.fr/rio/vv
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Figure 3.2 — Pre-processing pipeline.

3.2.4.1 Quantitative validation

Dice coefficient The Dice similarity coefficient was calculated between the manual
(ground-truth) and the automatic (propagated) prostate segmentations on each CBCT
scan and for each method. The Dice coefficient between a volume, A, and a volume, B, is
defined as follows [Dice 1945]:

2. (AN B)
A+ B

Ideally, when two volumes overlap perfectly, the Dice coefficient equals 1. A null
Dice coefficient would correspond to two disjoint volumes. Differences in the Dice re-
sults across the multiple intensity-based RR methods were tested for significance using
the inferential non-parametric Friedman statistical test (with « set to 0.05), a version of
the parametric repeated-measures ANOVA. The Wilcoxon-Nemenyi-McDonald-Thompson
post-hoc test was conducted to decide which methods were significantly different from each
other [Hollander & Wolfe 1999, page 295].

We assumed that the registration was unsuccessful if the Dice coefficient after reg-
istration was found to be lower than 95% of the Dice coefficient without registration.
Indeed, we decided that below this threshold, the choice of which will be explained in the
Results section, performing a registration would deteriorate the initial image alignment
(before /without registration). The Dice coefficient without registration was calculated af-
ter applying an offset to the planning CT image so that its isocenter coincided with the
treatment isocenter (i.e., the isocenter of the CBCT system); this value was calculated be-
tween the manual and the automatic prostate segmentations on the CBCT, the automatic
one being simply the manual prostate segmentation on the CT scan (no registration was

Dice coefficient = (3.1)
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considered and therefore, no propagation applied).

The Dice coefficient was also calculated between the CT and CBCT manual CTV
contours for each CT/CBCT pair after contour RR, i.e., after RR of the binary masks of
the manual contours. This Dice value represented an upper bound on the Dice coefficients
calculated for the intensity-based RR methods., i.e., the maximum value achievable by any
intensity-based RR method.

Bidirectional distance To accurately quantify the difference between the manual
(ground-truth /reference) and the automatic (propagated) prostate segmentations on each
CBCT scan and for each method, we also used the BLD, a robust point-to-surface distance
measure introduced by Kim et al. in [Kim et al. 2012]. At each point on the reference con-
tour, a BLD was calculated, and then all BLDs over the reference contour were averaged
to obtain a global bidirectional distance (BD) between both contours.

Impact of rectal distension on local RR quality In general, the performance of RR
deteriorates when the size or the shape of an organ changes. When performing local RR
on the prostate ROI (CTV extended with a margin among 1-20mm), the registration mask
necessarily includes a portion of the rectum, as the prostate is in contact with the rectum.
However, the rectum is highly prone to changes in size and shape due to its ever-changing
filling (gaseous and solid contents). The hypothesis we wished to validate was that the
unsuccessful local RRs were caused by rectal distension occurred in the vicinity of the
prostate. We related the successful and unsuccessful local RRs to the difference in rectum
filling between the CT and the CBCT scans in the region of the rectum that was included
in the registration mask. For this purpose, for each CT/CBCT pair, we calculated the
following variable to quantify rectum filling variation, that is rectal distension:

F=\|(Icgery —Icsery) — Loy — Iory)| (3.2)

Where TCT,T is the CT average intensity in the rectum portion, Rpq,tiq, included in the
registration mask, TCBCT’T is the CBCT average intensity in region R,qiq after rigidly
aligning the bony structures of the CT and CBCT scans, Ior,, is the CT average intensity
in the prostate, and Icpor, is the CBCT average intensity in the prostate after rigidly
aligning the bony structures of the CT and CBCT scans. We used the manual segmenta-
tions to generate region Rpqrsiqar, Which corresponded to the intersection of the mask and
the rectum volume on the CT scan (Fig. 3.3). As the overall range of intensities on a re-
constructed CBCT scan could shift across acquisitions, I¢ BCT,p and TCT,p were subtracted
from I BT, and TCT,'I’) respectively.

The F number given by Equation 3.2 consistently reflects rectal distension occurred in
the vicinity of the prostate. Indeed, in a CT or a CBCT scan, when the rectum is empty
(free of air), it is represented by the same range of intensities as the prostate as both the
rectum and the prostate are soft tissues. When the same rectum is filled with gas and
solid contents, its volume increases and its voxel intensities are shifted to lower values on
average.

We plotted the success/failure output from all registrations, arranging the 115
CT/CBCT pairs according to increasing F' number.

3.2.4.2 Visual assessment

A blind visual assessment of the quality of the propagated segmentations was conducted
to confirm the quantitative results. Each propagated prostate segmentation was displayed
onto the corresponding CBCT scan and the radiation oncologist was asked to indicate
the number of slices that needed to be corrected, without knowing the registration method
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Figure 3.3 — Slice of a CT scan. The manual contours of (red) the prostate and (green) the rectum,
as well as (brown) the ROI defined as the prostate gland extended with a margin of 8mm. The rectal
distension occurred between the C'T' and the CBCT scans was estimated by calculating the value of F' as
defined in Equation 3.2. Icr,p, (Icscer,y) was calculated within the red region on the CT (CBCT after
bony rigid alignment) scan. TCT,T (TCBCT,T) was calculated within the intersection of the green and the
brown regions on the CT (CBCT after bony rigid alignment) scan.

used. A quality score between 0 and 3 was given to each automatic segmentation as follows:
0 if the quality was poor, 1 if a major deviation could be edited (more than 3 slices needed
to be corrected), 2 if a minor deviation could be edited (3 slices or less needed to be
corrected), 3 if the quality was perfect (no need to edit any slice). Thus, for our set of 115
CBCT scans, the maximum possible cumulative quality score was 345, whereas a score of
230 would indicate a fair mean performance. The non-parametric Wilcoxon signed-rank
statistical test was conducted to evaluate the difference between the bony and the local
RR methods. The radiation oncologist also assessed whether the propagated segmentations
could be used as such for clinical practice, without further correction.

3.2.4.3 Impact of registration errors on DVHs

In this section, we wish to illustrate and compare the dosimetric impact of the studied
CBCT-based prostate setup correction strategies by analyzing the DVHs. A DVH is a
histogram relating radiation dose to tissue volume. It represents the percentage of volume
of an organ (y axis) that receives more than a certain dose (x axis). We computed the
DVHs associated with each setup correction strategy following the procedure illustrated
by Figure 3.4. The procedure consists of mapping the manual CBCT contours of the
prostate, rectum and bladder (“ground thruth®) onto the planned dose map by using a
given correction strategy. Since in this procedure, we use the manual contours of the
prostate, bladder and rectum from the treatment-day CBCT scan, the DVHs we calculate
correspond to the dose actually delivered to the organs at the treatment day, not estimated.

3.2.5 Treatment margin calculations

From a clinical perspective, it was of great interest to figure out whether treatment margins
for prostate cancer could be reduced using local RR rather than bony RR (Section 1.2.3).
For that purpose, the residual setup errors obtained with a daily CBCT-based setup cor-
rection strategy using one of our RR methods needed to be measured. For each CT/CBCT
pair, we calculated the differences in shifts (translations pl, p2 and p3 along the LR, SI
and AP axes, respectively) and angles (rotations p4, p5 and p6 around the LR, SI and AP
axes, respectively) between gray-value RR and contour RR. We then derived the means
[p,.; and standard deviations oy, j of these differences for each patient j (j € [1,...,n],
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Figure 3.4 — The procedure followed to compare the different CBCT-based prostate setup correction
strategies and evaluate their dosimetric impact. The DVHs for a given fraction (i.e. using a given
treatment-day CBCT) obtained with the different strategies are compared.
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n = 10 in this chapter) and each translation and rotation parameter p; (for ¢ € [1,...,6]),

allowing to calculate afterwards the systematic Ef,ft"p and random o™ setup errors as
follows:
Zsetup _ Z_?:l(upi,j - /'Lpi)2 (3 3)
bi n—1 .
where 1, = M
n 2
¢ 225=1(0p1.)
Tp, = ]T (3.4)

We used Van Herk’s treatment margin recipe [van Herk et al. 2002] to calculate the
required CTV-to-PTV treatment margin on the basis of the residual setup errors obtained
if a daily CBCT-based setup correction strategy was applied using one of our RR methods:

Margin(CTV — PTV) = 2.5%,, + 0.70, (3.5)

where ¥, is the square root of the quadratic sum of SDs of all preparation (systematic)
errors, and op, is the square root of the quadratic sum of SDs of all execution (random)
errors. The estimation of the other (systematic and random) errors, i.e. those accounting
for intra-fraction organ motion and target volume delineation, is beyond te scope of this
chapter. We used the numerical values reported in [Rasch et al. 1999] for target volume
delineation uncertainties on CT scans and [van Herk et al. 1995] for intra-fraction organ
motion uncertainties to calculate ¥, and op,.
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3.3 Results

3.3.1 Without applying a replace-gas-by-tissue filter

Dice coefficient We assessed the quality of a registration by comparing the automatic
and manual CBCT prostate contours. All manual contours were delineated by the same
radiation oncologist. Thus, in the calculation of the Dice coefficient, there was an uncer-
tainty due to the intra-observer and inter-modality variability in manual organ delineation,
which we needed to account for in the way we assessed unsuccessful registration. For this
purpose, we registered the binary masks of the manual contours of the CT and CBCT im-
ages (referred to as contour RR). We found that our set of CT-to-CBCT manual-contour
RRs had a Dice mean of DSC = 0.858 and a SD of 0.035. Approximately 99% of those
Dice values lied in interval [DSC~2.58 * SD, DSC + 2.58 x SD], being [0.77,0.95]. In other
words, in 99% of cases, the Dice values were smaller than 0.95. That is why we chose to
assess bony, global and local RRs as unsuccessful if the Dice coeflicients were lower than
0.95 or 95% of the Dice coefficients obtained without registration.

All intensity-based RR methods, except for the 1-mm local RR (p = 6.6 1072), yielded
Dice results significantly different from those obtained without registration. In addition,
there was a highly significant difference between the following registration methods: 8-
mm local RR vs global RR, 8&-mm local RR vs bony RR, 8&mm local RR vs 1-mm local
RR, 5-mm local RR vs global RR, 5-mm local RR vs bony RR, 5-mm local RR vs 1-
mm local RR. Table 3.1 shows the Dice medians, the standard deviations (SD) and the
number of failed registrations for each RR method. We obtained the best accuracy with
the 5-mm and 8-mm local RRs. The two highest Dice medians, which were obtained with
the local RRs with 5-mm and 8-mm margins, were close and equal to 0.816 and 0.815,
respectively. The 8-mm local RR appeared to be more robust than the other intensity-
based RR methods as it counted the lowest number of failed registrations (6 cases out of
115 failed, i.e., 95 % of success, versus e.g., 90% of success for 5-mm local RR). When
the local RR with small margins failed, it could be caused by lack of contrast and/or the
frequently observed presence of (moving or not) gas pockets situated in the rectum in the
vicinity of the prostate. In the following analysis, we chose to focus on the 8-mm local RR
as it produced a median very close to the best one obtained with the 5-mm local RR, the
lowest SD and the lowest number of failed registrations. We observed that when failing,
the Dice coefficients obtained with the 8-mm local RR or the bony RR were in the same
range (between 84% and 95% of the Dice coefficients without registration).

Table 3.1 — Dice results after CBCT-based setup correction using RR for 115 CT/CBCT pairs of 10
patients.

Without RR Manual-contour RR Global RR  Bony RR Local RR
(reference) Ilmm 3mm S5mm 8mm 10mm 12mm 15mm 20 mm
Dice median 0.731 0.864 0.784 0.785 0.785 0.803 0.816 0.815 0.801 0.801 0.800 0.799
Dice SD 0.105 0.035 0.069 0.070 0.123  0.099 0.061 0.048  0.064 0.067 0.058 0.072
Failed registrations - - 7 8 28 21 12 6 11 12 8 9

Figure 3.5 illustrates an example of manual and automatic prostate contours produced
by the bony and 8-mm local RRs displayed on top of the corresponding CBCT image. In
this particular case, we obtained a Dice coefficient of 0.70 and 0.80 for the bony RR and
the 8-mm local RR, respectively.

Bidirectional distance We conducted the statistical analysis for the bidirectional dis-
tance in a way similar to that for the Dice coefficients. All intensity-based RR methods
yielded results significantly different from those obtained without registration. We ob-
served that the BD-based results confirmed the Dice-based results. Similarly there was a
highly significant difference between the following registration methods: 8-mm local RR
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(b)

Figure 3.5 — Example of manual and automatic prostate contours produced by bony and 8-mm local RRs
displayed on top of the corresponding CBC'T image in the (a) axial, (b) coronal and (c) sagittal planes.

vs global RR, 8&-mm local RR vs bony RR, 8-mm local RR vs 1-mm local RR, 5-mm local
RR vs global RR, 5-mm local RR vs bony RR, and 5-mm local RR vs 1-mm local RR.
Table 3.2 shows the BD medians and the standard deviations (SD) for each RR method.
Overall we obtained the best results with the 5-mm and 8-mm local RRs in terms of BD
medians (lowest, equal BD medians). However, the 8&-mm local RR had the smallest SD.
Thus, these results reinforced the idea that the 8-mm local RR was the most accurate
method.

Table 3.2 — BD results after CBCT-based setup correction using RR for 115 CT/CBCT pairs of 10
patients.

Without RR Manual-contour RR Global RR Bony RR Local RR
(reference) Imm 3mm 5mm 8mm 10mm 12mm 15mm 20 mm
BD* median (mm) 2.86 1.48 2.18 2.17 2.20 1.95 1.84 1.84 2.01 2.01 2.04 2.10
BD* SD (mm) 1.18 0.32 0.70 0.71 1.89 1.28 0.87 0.8 0.75 0.81 0.72 0.84

*BD stands for Bidirectional Distance. It was calculed for each contour comparison by averaging the BLD values over the reference contour.

Impact of rectal distension on local RR quality We investigated in which cases
the 8-mm local RR failed. Figure 3.6 illustrates the impact of the variation of rectal filling
between the registered images on the 8-mm local RR quality. With our database, the F’
values obtained ranged from 0.1 to 410.7. We observed that if the F' factor as defined in
Equation 3.2 was lower than or equal to F'1 = 61.2, registrations were all successful (93
cases out of 115). All failed registrations (6 in total, representing almost one-third of the
22 remaining cases) appeared to have F' values higher than F2 = 147.6. We evaluated
the performance of the 8-mm local RR with an F' cut-off of (F'1+ F2)/2 = 104.4 (median
between F'1 and F'2). We found a sensitivity of 1 and a specificity of 0.85 with our dataset.

Figure 3.5 gathers the results for all the RR methods studied, including those of Fig-
ure 3.6. Other than the image quality, there are two reasons that can cause the registration
to fail regarding the prostate Dice coefficient, both related to rectal distension. The first
factor, which we call Factor 1, is the difference in the voxel intensities of the rectum be-
tween the CT and the CBCT images. The more different between both images the rectum
is, the larger the amount of voxels that do not find any matching. These voxels would
misguide the registration. Only bony RR cannot be misguided by Factor 1 as only voxels
corresponding to bones are considered in the calculation of the metric. Local RR methods
with smaller margins are less influenced by Factor 1 than those with larger margins. The
second factor, which we call Factor 2 and which equally influences the quality of all RR
methods, is the difference in the size of the rectum between the CT and the CBCT images.
In fact, a changing rectum volume will result in deforming the prostate and the registration
would fail in case of large deformations. In Figure 3.5, we can actually see that the bony
RR is less correlated to rectal distension than any local RR with a margin larger than 3
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Success/failure results of 8-mm local RR

Failure | I T

Success o 2100 o0 & seees of

1 10 20 30 40 50 60 70 80 90 100 110
CT/CBCT pairs sorted in order of increasing F number

Figure 3.6 — Success/failure results. Outcome (success or failure) of 8-mm local RR w.r.t. the CT/CBCT
pairs sorted in order of increasing F' number (as defined in Equation 3.2).

mm as bony RR is only influenced by Factor 2 while local RR, by both Factors 1 and 2
(without applying a replace-gas-by-tissue filter).

Visual assessment Regardless of the rectum influence, the visual assessment of the
segmentation quality confirmed the superiority of the 8mm local RR over the bony RR. In
total, the bony RR achieved a total cumulative score (sum of scores over all registrations) of
258 versus 291 for the 8-mm local RR. This difference was highly significant (p = 7.2107°).
For both methods, no segmentations achieved a zero score (poor quality). The 8-mm local
RR method always achieved a score better than or equal to that of the bony RR method,
except for four cases (out of 115). However, in these four cases, both methods yielded
segmentations acceptable for clinical use, without further correction. Table 3.3 indicates
the numbers of segmentations that were produced by the bony and 8-mm local RRs for
each score and that were considered acceptable for clinical use.

Table 3.3 — Qualitative results after CBCT-based setup correction using RR for 115 CT/CBCT pairs of
10 patients.

Score (per segmentation) 0 1 2 3 Acceptable for clinical use
# bony RRs 0 15 57 43 107
# local 8-mm RRs 0 4 46 65 115

Impact of registration errors on DVHs In this section, we wishe to illustrate and
compare the dosimetric impact of each CBCT-based prostate setup correction strategy.
For sake of simplicity, we propose to show the DVHs of the CTV (prostate) and the OARs
(rectum and bladder) for only two patients (out of 10), who we call Patient A and Patient
B, as the results were similar for all patients. The two patients underwent a 2-course IMAT
treatment. Table 3.4 shows the number of fractions and the dose delivered in each course
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of the IMAT. The first course treated the prostate, the lymph nodes and the seminal
vesicles, and the second one treated the prostate only (see Fig. 3.6 for Patient A).

Table 3.4 — Number of fractions and dose delivered in each course of the IMAT undergone by Patients
A and B. The treatment is split into two courses. The first one treats the prostate, the lymph nodes and
the seminal vesicles. The second one treats the prostate only.

1st course 2nd course
# fractions Delivered dose # fractions Delivered dose
Patient A 25 45 Gy 15 25.5 Gy
Patient B 23 46 Gy 14 28 Gy

For each patient, we computed the DVHs for two fractions, the first and the last ones
of the treatment. Since only rigid registration is considered in this chapter, no cumulative
DVHs are computed. In fact, in order to cumulate the dose, over fractions, in deformable
organs such as the bladder and the rectum, deformation registration is necessary. Figures
3.7 and 3.8 illustrate the DVHs regarding the first and second IMAT courses of Patient A,
respectively, and Figure 3.9 illustrates the DVHs for the first IMAT course of Patient B.

Let us first analyze the DVHs of the CTV. In Figure 3.7, we observe that all setup
correction strategies seem acceptable except for the 20-mm local RR. Besides, the bony RR
and the other local strategies with margins smaller than or equal to 8 mm seem to produce
similar and acceptable prostate dose coverage. Regarding the 2nd course of Patient A
(Fig. 3.8), all strategies produce equivalent results on the CTV. This may be linked to the
fact that the Dice coefficients between the manual and automatic CBCT contours obtained
with the different strategies are very close to each other, and hence the automatic contours
are similar to each other. For Patient B (Fig. 3.9), we observe that local strategies with
margins smaller than or equal to 8 mm produce sharp, similar DVHs and a prostate dose
coverage better than that obtained with bony RR.

Regarding the OARs, no single strategy outperforms the others. For example, for the
first IMAT course of Patient A (Fig. 3.7), the bony RR is the worst strategy to spare the
rectum but the best one to spare the bladder. For the second IMAT course of Patient A
(Fig. 3.8), the 8-mm local RR spares the bladder in the best way but not the rectum. For
the first IMAT course of Patient B (Fig. 3.9), the bony RR, as well as the 8-mm local RR,
seem to be the best compromise between sparing the rectum and sparing the bladder. No
clear conclusion can be drawn regarding the avoidance of the OARs using one strategy or
another. Indeed, let us recall that all our strategies are based on rigid registration, and
hence

Treatment margin calculations Table 3.5 lists the geometrical uncertainties occurring
during both the preparation and execution stages of treatment. These values allowed us
to calculate the required CTV-to-PTV treatment margins for prostate cancer using our
proposed daily CBCT-based setup correction strategies. We only show translational errors
as we assume that rotational errors can be neglected given the round shape of the prostate.
We observed that (systematic and random) errors in each translation direction were smaller
with 8-mm local RR compared to bony RR. Hence the treatment margin associated to each
translation direction can be reduced if 8-mm local RR is used to correct for patient and
target inter-fraction (rigid) motion.

3.3.2 Application of a replace-gas-by-tissue filter to improve registration
quality

To deal with registration failures, we applied a filter to the CT and CBCT scans prior to
registration to replace the intensities of the gas voxels with an intensity of tissue.
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Treatment execution Treatment execution

(random) errors (mm) (systematic) errors (mm)

LR SI AP LR SI AP
Target volume delineation [Rasch et al. 1999 1.7 2-3.5% 2.0
Organ motion [van Herk et al. 1995] 0.9 1.7 2.7 0.9 1.7 27
Setup error using bony RR 0.9 1.8 2.1 1.7 2.3 2.4
Setup error using 8-mm local RR 0.5 1.5 1.3 0.5 2.2 1.2
Total SD using bony RR 1.3 2.5 3.4 2.6 3.5-4.5 4.1
Total SD using 8-mm local RR 1.0 2.3 3.0 2.0 3.4-45 3.6

*These values are due to the larger uncertainty in target volume delineation near the apex and the seminal vesicles.

Table 3.5 — Geometrical uncertainties (standard deviations of translations only) involved in prostate
cancer treatment using CBCT daily image guidance. LR: left-right, SI: superior-inferior, AP: anterior-
posterior.

Dice coefficient Table 3.6 shows that applying a replace-gas-by-tissue filter improved
the success rate for the global RR and the local RR with a margin higher than or equal
to 8 mm. For the 8-mm local RR, the success rate improved from 95% (6 failures out of
115 scan pairs) without filtering to 97% (3 failures remaining out of 115 scan pairs) when
a replace-gas-by-tissue filter was applied. Out of the three pairs of scans that failed to be
registered with the 8-mm local RR when a replace-gas-by-tissue filter was applied, two were
successfully registered using the bony RR, and one was not successfully registered using
the bony RR. For margins higher than or equal to 12 mm, the success rate improved from
90%-93% without filtering to 99% (only one failure occurred and corresponded to a pair
of scans that were successfully registered with the bony RR) when filtering. In terms of
success rate, when filtering, the most robust RRs were the local ones with margins higher
than or equal to 12 mm. The 8mm local RR had the highest Dice median and the lowest
SD (best accuracy). Statistically, the local RRs with margins higher than 5 mm did not
produce results significantly different from each other; they statistically differed from the
bony RR, the global RR, and the 1-mm and 3-mm local RRs (except for the 20-mm local
RR vs the global RR).

Table 3.6 — Dice results after CBCT-based setup correction using RR for 115 CT/CBCT pairs of 10
patients. Before registration, air was replaced by soft tissue in images.

Without RR Manual-contour RR Global RR  Bony RR Local RR
(reference) Ilmm 3mm 5mm 8mm 10mm 12mm 15mm 20 mm
Dice median 0.731 0.864 0.797 0.785 0.776  0.794 0.810 0.814 0.813 0.811 0.806 0.811
Dice SD 0.105 0.035 0.062 0.070 0.113  0.123  0.074 0.045  0.052 0.046 0.052 0.055
Failed registrations - - 6 8 28 26 20 3 3 1 1 1

Bidirectional distance Table 3.7 shows that for the global RR and the local RRs with
margins higher than or equal to 10 mm, applying a replace-gas-by-tissue filter reduced the
discrepancy between the manual and automatic contours overall (BD values lower than
those obtained without filtering). Among all intensity-based RR methods, the lowest BD
medians were obtained with the 5-mm, 8-mm and 10-mm local RRs. The SD of the 8-mm
local RR was more than twice as low as that of the 5-mm local RR, and smaller than that
of the 10-mm local RR. Therefore, in terms of BD values, the 8-mm local RR yielded more
accurate results than did the other intensity-based methods.
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Table 3.7 — BD results after CBCT-based setup correction using RR for 115 CT/CBCT pairs of 10
patients. Before registration, air was replaced by soft tissue in images.

Without RR Manual-contour RR ~ Global RR Bony RR Local RR
(reference) Imm 3mm 5mm 8mm 10mm 12mm 15mm 20 mm
BD* median (mm) 2.86 1.48 2.09 2.17 2.23 2.24 1.89 1.91 1.89 1.97 2.00 1.95
BD* SD (mm) 1.18 0.32 0.64 0.71 1.90 1.69 1.08 0.49 0.59 0.55 0.61 0.66

*BD stands for Bidirectional Distance. It was calculed for each contour comparison by averaging the BLD values over the reference contour.
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Figure 3.7 — Success/failure results for all the RR methods w.r.t. the CT/CBCT pairs sorted in order of
increasing F' number (as defined in Equation 3.2) with or without the application of a replace-gas-by-tissue
filter.
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Figure 3.6 — Success/failure results for all the RR methods w.r.t. the CT/CBCT pairs sorted in order of
increasing F' number (as defined in Equation 3.2) with or without the application of a replace-gas-by-tissue

filter.
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Figure 3.5 — Success/failure results for all the RR methods w.r.t. the CT/CBCT pairs sorted in order of
increasing F' number (as defined in Equation 3.2) with or without the application of a replace-gas-by-tissue

filter.
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Figure 3.6 — Slice of the planned dose distribution for Patient A for (a) the first IMAT course and (b)
the second IMAT course.
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Figure 3.7 — Patient A - 1st course: Comparison of the DVH obtained by bony RR and all local RR
methods. To compute the DVHs, the manual CBCT contours are mapped onto the planned dose map
using the different setup correction strategies (see Fig. 3.4). The planned DVHs are also shown.
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Figure 3.8 — Patient A - 2nd course: Comparison of the DVH obtained by bony RR and all local RR
methods. To compute the DVHs, the manual CBCT contours are mapped onto the planned dose map

using the different setup correction strategies (see Fig. 3.4). The planned DVHs are also shown..
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Figure 3.9 — Patient B - 1st course: Comparison of the DVH obtained by bony RR and all local RR
methods. To compute the DVHs, the manual CBCT contours are mapped onto the planned dose map
using the different setup correction strategies (see Fig. 3.4). The planned DVHs are also shown..
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3.4 Discussion

In this work, we evaluated different automatic methods for prostate localization based on
intensity-based CT/CBCT RR. For the sake of simplicity, the term “local RR” was used
in place of the combination of bony RR with local soft-tissue RR. On average, the ex-
ecution times required by the global RR, the bony RR and the local RR were 54 s, 48
s and 1 min 10 s, respectively. Our statistical analysis showed that the most successful
methods were the 5>-mm and 8-mm local RRs. The success rate of the 8-mm local RR
(95% of success when the air was not filtered in the rectum, and 97% of success when a
replace-gas-by-tissue filter was applied) was higher than that of the 5-mm local RR and it
is soundly acceptable for further implementation for clinical practice. Moreover, all auto-
matic segmentations generated using the 8-mm local RR method (even in the unsuccessful
cases) were visually considered acceptable for clinical use. In addition, we related the 8-
mm local RR failures to rectal distension occurred in the vicinity of the prostate, which
we estimated using an automatic method that could be easily applicable in clinical prac-
tice. We drew the conclusion that with a limited difference in rectum anatomy, an 8-mm
local RR would improve the registration quality, i.e., the alignment of the registered im-
ages, and otherwise it would deteriorate the registration quality and should not be applied.

Many studies aiming to localize the prostate have been performed using daily
in-room CT imaging as in [Lattanzi et al. 1998, Hua et al. 2003, Court & Dong 2003,
Paskalev et al. 2004, Smitsmans et al. 2004]. In particular, Court et al. developed an
automatic planning-CT /in-room-CT monomodal RR of the prostate for IGRT using a
mask around the prostate. They studied the effect of the size of the registration mask
using CTV expansions of 0, 3, 6 and 9 mm, and showed that the optimum expansion
was 3 mm [Court & Dong 2003|. However, they quantitavely analyzed only 28 image sets
from 2 patients and considered only translations. They also showed that in the presence
of air in the rectum, filtering the air out of the registration mask produced better results.
Later on, Smitsmans et al. conducted a study similar to ours with monomodal CT/CT
RR with 19 patients and 8-13 repeat CT scans per patient, and they found the optimum
margin was 5 mm [Smitsmans et al. 2004]. They also showed that applying a filter before
registration that removed gas from the registration mask or that replaced rectal gas by
soft tissue improved the results. To evaluate the results, they compared the results of
intensity-based registration to that of contour registration (in terms of volume overlap,
and mean and SD of the differences for each rotation and translation axis for successful
registrations), the latter being used as a reference (contours were drawn manually on each
planning and repeat CT scan).

Daily in-room CBCT imaging for prostate cancer was used in [Moseley et al. 2007,
Barney et al. 2011, Boda-Heggemann et al. 2008, Létourneau et al. 2005,
Perks et al. 2011, Smitsmans et al. 2005, Kim et al. 2010, Sato et al. 2012, Lee et al. 2012,
Kasibhalta et al. 2005] but very few studies localized the prostate in a completely auto-
matic way. In [Moseley et al. 2007, Barney et al. 2011], manual CT/CBCT soft-tissue
RR and alignments of implanted fiducials using orthogonal kV or MV portal images and
CBCT scans were compared to target the prostate. In [Boda-Heggemann et al. 2008],
commercial software using an automatic intensity-based RR algorithm was used to align
implanted I'?° seeds. Without proposing a strategy to automatically localize the prostate
on the CBCT scan, authors in [Létourneau et al. 2005] measured the residual setup
error for prostate cancer patients after online CBCT-based setup correction using three
radiopaque markers made of high-winding coils in the prostate and prostate contours
drawn manually on the CT and CBCT scans. In [Perks et al. 2011, commercial software
was used to perform an automatic intensity-based soft-tissue RR.
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Kim et al. tested the effect of different similarity metrics and expansions (ranging
from 0 to 10 mm) for the prostate registration mask on automatic CT/CBCT registration
quality [Kim et al. 2010]. They removed the gas and the pelvic bone from the registration
mask. They found that expansion margins of 4-10 mm were equally successful. The
registration accuracy was assessed using one natural prostate calcification in images (not
a global measure) as well as qualitative visual evaluation. A minutely detailed inspection
of their results showed us that among all the margins they had tested (from 0 mm to 10
mm), they had obtained the most accurate results with the 8 mm margin (mean + SD
= 1.5 £ 0.7 mm, but more particularly the lowest maximum calcification mismatch error
(3.6 mm)), which is in agreement with our results.

Smitsmans et al. automatically localized the prostate on CBCT scans using their
above-mentioned algorithm with a 5-mm margin (assuming that the optimal margin found
for CT/CT registration will be optimal for CT/CBCT registration as well) and a "replace-
gas-by-tissue" filter [Smitsmans et al. 2005|. They also removed the pelvic bone and the
prostate calcifications close to the border (subject to movement) from the registration
mask. To evaluate the results, a visual inspection was performed (a registration was as-
sessed as successful if the prostate could fit within the manual CT contours expanded by
3.6 mm and overlaid on the registered CBCT scan). Registration errors of calcification
mismatch were determined for patients with calcifications within the prostate, and only
for successful registrations. In our study, we showed that when we filtered the air in the
rectum as done in [Smitsmans et al. 2004], we obtained an optimum margin of 8 mm (best
accuracy in terms of Dice and BD values among all methods and a success rate of 97%
better than the 83% success rate we obtained with the 5-mm margin). That said, margins
between 8 mm and 15 mm yielded close results in terms of Dice median, SD, success rate
and from a statistical point of view (as for the 20-mm local RR, it was not found to be
significantly different from the global RR). The fact that we do not find the same optimum
margin can stem from the nature of the images being registered (monomodal CT-to-CT
registration versus multimodal CT-to-CBCT registration) and the nature of the valida-
tion (e.g., different definitions of registration success). In [Smitsmans et al. 2005], authors
also reported that the CT/CBCT local RR with a 5-mm margin mainly failed because of
streaks in the CBCT scans caused by moving gas pockets in the rectum but they did not
propose an automatic and quantitative way to predict failures. In our study, we proposed
an automatic method to estimate rectal distension to predict registration failures, using
only the manual CT contours with the gray-value CT and CBCT images. The manual
CBCT contours were not needed.

Treatment margin calculations Currently, CBCT-based daily verification and correc-
tion are widely performed using bony or soft-tissue (automatic or manual) RR in order to
reduce setup error and inter-fraction organ motion. We proved that defining a daily verifi-
cation and correction protocol of the patient setup before each prostate cancer treatment
session using bony RR refined by a local RR with an 8-mm margin around the CTV as
described in this chapter will reduce any further inter-fraction organ motion, allowing to
reduce treatment margins. We calculated the new treatment margins that can be used af-
ter evaluating on clinical data the SD of random and systematic variations due to residual
setup errors after setup correction (variations due to target volume delineation and organ
motion were borrowed from [Rasch et al. 1999] and [van Herk et al. 1995], retrospectively).
We compared the treatment margins we obtained for bony RR and 8-mm local RR using
Equation 3.5: 5.7 mm vs 7.4 mm along the LR axis, 10.1-12.9 mm vs 10.5-13 mm along the
ST axis, 11.1 mm vs 12.6 mm along the AP axis, respectively. In [Smitsmans et al. 2004],
Smitsmans et al. obtained the following treatment margins for the prostate between CTV
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and PTV after CT-based setup correction: 0.5 mm, 0.9 mm and 0.8 mm in LR, ST and AP
directions, respectively. However they did not include in their calculations motion errors
and organ delineation errors. Also they assumed that systematic errors were negligible
without giving numerical evidence for that, and hence they ignored the systematic term
in Equation 3.5. In our work, we found that systematic errors were in the same order
of magnitude as random errors. Elsewhere (|Meijer et al. 2008|), authors found that an
anisotropic CTV-to-PTV treatment margin of 8 mm (9 mm at the apex) was necassary
for a CT-based setup correction strategy using bony RR (alignment of the patient to the
bony anatomy). Higher image quality for in-room CT scans with respect to in-room CBCT
scans accounts for the fact that the margins we found are larger.

We note that for organ motion uncertainties, we used the data published in
[van Herk et al. 1995]. These data represent the inter-fraction uncertainty about the mo-
bility of the prostate relative to the bony anatomy. While this uncertainty is included
in our setup uncertainties (when we use local prostate RR), we still need to consider the
intra-fraction uncertainty about the mobility of the prostate relative to the bony anatomy.
Intra-fraction organ motion should be smaller than inter-fraction organ motion and so
when using inter-fraction organ motion errors, we tend to overestimate intra-fraction or-
gan motion errors, and hence treatment margins with respect to organ motion errors.

Other types of errors should probably be considered as well in Van Herk’s treatment
margin recipe, e.g. uncertainties due to (inter- and intra-observer) target volume delin-
eation on CBCT scans or uncertainties due to differencies in target volume delineation
between CT and CBCT modalities. Authors determined the inter-observer variability of
defining the prostate gland on CBCT in [White et al. 2009]. This will have the effect of
increasing treatment margins but further reflection about how to integrate these errors in
Van Herk’s treatment margin recipe is needed. If the CBCT-based setup correction pro-
tocol that is applied is not daily-based, that is to say if the verification and the correction
of the target position is not performed at every treatment day, treatment margins must be
increased consequently. Our last comment concerns a common practice for image-based
setup correction protocols. Very often, only table shifts that exceed 3 mm in at least one
direction (LR, SI or AP) are actually applied. If such practice is used, then in the calcu-
lation of the setup errors, all table shifts that are ignored (i.e. those that are lower than 3
mm in the three space directions) must be set to (0,0,0), causing an increase in treatment
margins.

Future perspectives In this work, we did not study the inter /intra-observer variability
in manual delineation, hence nor the amount of Dice uncertainty due to this variability.
This can be investigated in a future study. White et al. have previously determined
the inter-observer variability of defining the prostate on CBCT images in terms of vari-
ations in volume, center of mass, prostate boundary and consequent isocenter placement
[White et al. 2009]. Weiss et al. have also analyzed inter/intra-observer contouring varia-
tions using standard deviation and average volume calculations |Weiss et al. 2010]. How-
ever, none of these studies calculated Dice coefficients of volumes delineated by different
observers.

The method we proposed in this chapter to assess rectal distension could be applied
in an adaptive radiotherapy approach. A future study could aim at assessing the impact
of rectal distension on dose target coverage and organ-at-risk exposure. This could allow
one to determine a cut-off value for rectal distension beyond which treatment replanning
would become necessary.
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3.5 Conclusion

With this study, we aimed to provide guidance for good practices in the use of CT-to-
CBCT RR for prostate position verification and correction. We recommend to start with
a bony RR. The next step is to determine whether a local RR with an 8-mm margin can
be performed on top of the bony RR to improve upon registration quality. To do so, the
user should estimate rectal distension occurred in the vicinity of the prostate between the
planning CT scan and the treatment CBCT scan. In this chapter, we propose, a method to
conduct such an evaluation that is easily applicable in clinical practice and automatic using
only the manual CT contours and requiring calculations of mean intensities in the prostate
and in the portion of the rectum included in the registration mask in both images after
bony RR. If the difference in rectum anatomy is limited, the 8-mm local RR will improve
registration quality and prostate targeting. If not, the 8-mm local RR may deteriorate
registration quality and hence it should not be applied. We highly recommend that the
user should always visually assess the final registration quality, particularly when a local
RR is applied.
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Chapter 4 : A new energy for joint segmentation and deformable registration

4.1 Background

Deformable image registration (DIR) is an important integral part of ART (Section 1.2.6.2).
As already stated in Chapter 1, registering a daily CBCT image with a planning CT image
is extremely challenging in the pelvis. In addition to poor CBCT image quality due to low
contrast and streak artifacts (caused by moving gas during CBCT acquisition), significant
daily variations in rectal and bladder fillings make DIR difficult, in particular in the rectum
where sometimes there may be no intensity-based correspondence. Figure 4.1, extracted
from [Smitsmans et al. 2008, illustrates the change in the appearence of the rectum which
highly depends on the quantity of feces, gas and moving gas.

Prostate

ol Empty rectum

Prostate Prostate ;

Feces

Moving gas oving) gas

Figure 4.1 — Transverse slices of CBCT scans with (A) empty rectum (visible prostate), (B) rectum con-
taining feces and small gas pockets (visible prostate), (C) rectum with moving gas pocket (streak artifacts;
hardly visible prostate), and (D) rectum with feces and a slightly moving gas pocket (white streak artifacts
at gas pocket edges; large part of prostate is visible). (figure extracted from [Smitsmans et al. 2008])

There have been a small number of works that tackle the problem of CT-to-CBCT DIR

in the pelvis. Besides, very often the approach is not fully automatic and makes use of
manually-identified features or segmentations to constraint registration.
In [Thor et al. 2011], the authors tested an automatic commercial software based on the
“Demons” algorithm (MIRS, Varian Medical System, Palo Alto, CA) on five prostate can-
cer patients, and showed high disparities in the Dice coefficients between the automatic
and manual segmentations of the prostate (DSC = 0.80, range [0.65 — 0.87]), the rectum
(DSC = 0.77, range [0.63 — 0.87]) and the bladder (DSC = 0.73, range [0.34 — 0.91]).
More importantly, their visual slice-by-slice evaluation concluded that the automatic seg-
mentations of the prostate, rectum and bladder were considered unacceptable on 56%, 81%
and 67% of the scans, respectively, making the algorithm unsuitable for dose accumulation
and treatment adaptation purposes.
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In [Kim et al. 2013], the authors perform a CT-to-CBCT DIR using three kinds of con-
straints: manual segmentations of the rectum, the bladder and the prostate on both images,
a number of distinctive points manually identified on both images and a rigidity penalty
imposed on the femurs and pelvic bones. And hence the method is not fully automatic in
the sense that they use manually-identified points and surfaces.

In [Paquin et al. 2009], the authors performed a landmark-based RR based on manually-
selected landmarks followed by a multiscale free-form deformation (FFD) DIR based on
B-splines. However, the evaluation of the registrations of their clinical images is only
based on the calculation of the mutual information similarity between the CT and the
CBCT images, before and after registration. However, the image similarity used by the
optimizer should not be used alone to evaluate the registration results. For instance, not
realistic/clinically-acceptable deformations can yield fair similarity measures. In partic-
ular, in [Rohlfing 2012, the author demonstrates that image similarity does not provide
valid evidence for accurate registrations (as well as tissue overlaps).

In [Greene et al. 2009, Lu et al. 2010], the authors used pre-defined manual segmentations
of the organs of interest (prostate, bladder, rectum and bones) to softly and hardly con-
strain a deformable registration (by using the method of Lagrange multipliers for the hardly
constrained registration), respectively. Lu et al. also proposed an integrated automatic seg-
mentation and softly constrained non-rigid registration algorithm using a Bayesian frame-
work for application in prostate, without relying on manual segmentation (CBCT-based or
MR-based) IGRT [Lu et al. 2011]. Segmentation and registration alternatively constrain
each other in the loop, at each new step of the optimization process. The treatment-
day image segmentation part consists of evolving level-set deformable models using the
intensity-based region segmentation model of Chan-Vese (active contours without edges
model [Chan & Vese 2001|) under the constraint of a statistical shape prior retrieved from
a training database of images, and the constraint of the strutures mapped from the planning
image using the current iterative mapping estimate. The registration part is a hierarchi-
cal multi-resolution FFD transformation model based on cubic B-splines and constrained
by the matching between the manual planning-day segmentations and the treatment-day
segmentations estimated at the current iteration. Images were downsampled to a spatial
resolution of 4 mm x 4 mm x 4 mm. The images were acquired from patients who un-
derwent a protocol that eliminated the bowel gas from the rectum prior to imaging. This
had the effect of circumventing the challenging problem of dealing with variations in the
intensity appearance of the rectum, which commonly causes registration failures, or het-
erogeneous rectums, which makes segmentation difficult.

It is worth mentioning the interesting work of Chen et al. on the automatic segmenta-
tion of the prostate, bladder and rectum on CBCT images [Chen et al. 2009]. They use a
segmentation framework. Their three-stage approach first consists of evolving deformable
models to segment automatically and simultaneously the organs on the CT image using the
level set formulation. Secondly, they find a displacement field (driven by Demons forces)
between the CT and the CBCT only at points belonging to the surfaces of the organs in
the CT image, which allows them to estimate automatic CBCT segmentations. Finally,
they use the latter to initialize a segmentation process on the CBCT image using again
deformable models. However, their approach does not retrieve a dense deformation field
and hence cannot be used for IGART (Section 1.2.6.2).

In this chapter, our approach is to use a joint segmentation and registration varia-
tional framework to localize the prostate, the bladder and the rectum on in-room CBCT
scans for use in IGART. We simultaneaously solve for segmentation and registration. A
crucial motivation for our approach was the desire to use the (known) contours of the
organs of interest delineated on the initial planning CT scan by the radiation oncologist
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for treatment planning in order to guide the algorithm through the process of finding the
corresponding boundaries on the CBCT scan. For sake of simplicity, without loss of gen-
erality, we consider only one organ of interest. The statement of the problem is as follows.
We wish to register two images under the assumption that the segmentation of an object
of interest is known/available in one of the images. The method naturally combines the
registration of a fixed image, that is, the initial planning CT scan, to a moving image, that
is, the daily CBCT scan, with the evolution of an active contour on the moving image.
The active contour merely corresponds to the known segmentation of the given object in
the fixed image after propagation using the estimate of the transformation at the current
iteration of the registration process. The integration of segmentation and registration is
embedded in the formulation of the energy as a weighted sum of both contributions. The
segmentation term of the proposed method is an adaptation of the localized version of
the global region segmentation model of Chan and Vese [Lankton & Tannenbaum 2008],
for use in a registration framework. As a reminder, the segmentation energy functional of
Chan and Vese describes a curve evolution problem and assumes that the intensities of the
foreground and the background of the image are uniform (piecewise constant intensities)
[Chan & Vese 2001]. The energy, developed solely for the purpose of segmentation is ex-
pressed as a weighted sum of two fidelity terms and two regularization terms (the length
of the active contour and its inner area) in the following way:

E(cl,c2,<I>):)\1/QH(<I>(X))(I(X)—cl)2dx+/\2/g[l—H(‘I>(x))] (I(x) — c2)dx

+u/96(<1>(x)>\W’(X”d"*”/gH(@(X))dx (4.1)
Nl

where [ is the image to segment, ® is the level set function representing the active
contour which seeks to detect the object of interest, H is the Heaviside function, and ¢; and
co are the intensity means of the inner and the outer regions of the contour, respectively.
An implicit representation of the active contour based on level sets is used, which has
several advantages including contour topology preservation (no contour splitting or merging
possible). In a level set formulation, a curve C'is represented implicitly by the zero-level of a
Lipschitz function @ as follows: C' = {x/® (x) = 0}. This is a pure segmentation problem
in that the energy to minimize is a function of a function, here a function of ®. The
calculus of variations (Euler-Lagrange equation) and the gradient descent method are used
to find an optimal solution for ®. Later on, Lankton et al. proposed a natural framework
that allowed any region-based segmentation energy, including that of Chan-Vese, to be
re-formulated in a local way |Lankton & Tannenbaum 2008|. Local image statistics in the
neighborhood of each point along the evolving contour are calculated rather than global
image statistics, which is beneficial for the segmentation of objects with heterogeneous
feature profiles, as depicted in Figure 4.2. The energy functional that is minimized is:

E(®) = /Q 53 (x) /Q B(x,y)F (I(y),é(y))dydx+ A /Q 50 (x) VO ()]l dx  (4.2)

where B (x,y) is used to mask local regions, and selects all points y belonging to a ball
of a given radius centered on point z, and u, and v, denote the intensity means in the local
interior and the local exterior of the contour at point z, localized by B (x,y), respectively.
In particular,
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Figure 4.2 — Lankton et al. propose a localized version of
region-based segmentation energies where image statistics are
calculated in the neighborhood of each point along the evolv-
ing contour, divided into (a) a local interior shaded in red and
(b) an a local exterior shaded in red. (figure extracted from
[Lankton & Tannenbaum 2008])

for the piecewise-constant region-based segmentation functional of Chan-Vese.

In the hereafter, a selected number of previous studies that look similar to ours in the
methodology - in trying to combine segmentation and registration - are presented.
In [Yezzi et al. 2003|, the authors tackle a similar problem, the main differences being that
they aim at segmenting both images (so no known segmentation is available on any of the
images) by evolving two separate active contours and they use a rigid transformation to
map one segmentation to the other. Hence, two contours, C' and C , are jointly deformed.
They exploit the global region segmentation model of Chan and Vese [Chan & Vese 2001].
On the basis of Equation 4.1, albeit with an explicit curve representation (no level sets
used), Yezzi et al. formulate an energy as the sum of the energies of both curves, C' and
C, while enforcing the relationship C' = g(C), as follows:

E(9,C) = E1(C) + E2(9(C)) (4.3)

=/ ]I(x)—cl\zdx+/ 11 (%) — ] dx
C’Ln Cout
~ 2 ~
+/ ‘I(x)—éll dx—i—/ [(x)—é
éin CAfout

where (Y, and C,,; are the regions inside and outside C, respectively, and Cin and
Cout are the regions inside and outside C, respectively. They use segmentation techniques
(calculus of variations) to minimize their energy functional comprised of two unknows, one
of the two evolving curves and the rigid mapping, g.
Another valuable piece of work is that of Unal et al. who generalize the above-mentioned
work of Yezzi et al. in the presence of non-rigid transformations. However, they solve
for a deformation field only over the surface of the organ to segment in the two images
[Unal & Slabaugh 2005| through coupled partial differential equations (PDEs), whereas
we solve for a dense deformation field. One curve, denoted by C, deforms on the first
image and one curve, denoted by C, deforms on the second image. They use segmentation
techniques to estimate two unknowns, the deformation field, u (x,y), that maps one curve
to the other and one of the two evolving segmenting curves (the other is obtained using
the deformation field). Both contours, represented by level sets, move according to a
generic global region-based energy functional defined over both image domains, €2 and Q,
as follows:

(4.4)

2
‘dx

E(®,u) = E1 (C) + E2 (T (0)) (4.5)
= [ H @) R >dx+/g[ — H (® ()] Fou () x
+ QH B (%) d% + /Q [1—H(<I> (ﬁ))}Fout (%) d% (4.6)

+/5 ) [V®|? dx+/ [Vu (x)|? dx
Q Q
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where T is the non-rigid mapping such that T (C) = C, % = T (x) = x 4+ u (x), Fj,
and F,,; the region descriptors inside and outside contour C' (same for F’m, Fou and C’)
Other major differences between this model and ours are: we use local, rather than global,
image statistics to calculate the segmentation term, we do not optimize ® and u alterna-
tively but only u, and w is calculated over the whole image domain. We wish to make a
critical remark regarding the following assumption formulated in [Unal & Slabaugh 2005]:
® (x 4+ u) = @ (x). In fact, this is true only in the case of rigid transformations (e.g. this
is safely used in [Yezzi et al. 2003]) and no evidence has been provided by the authors that
the difference can be considered negligible.
The latter assumption is also used in |[Carole Le Guyader 2009] where an unusual combined
segmentation and registration framework is proposed. It can be considered as a topology-
preserving level-set-based surrogate for the popular Chan-Vese segmentation framework.
An image is segmented based on the active contour without edges proposed by Chan and
Vese [Chan & Vese 2001| and the displacement vector field between the curve served for
initialization (represented by a binary image) and the evolving segmenting curve (also rep-
resented by a binary image) is regularized by a non-linear elasticity-based smoother. The
energy functional, expressed as a weighted sum of the segmentation term and the regular-
ization term in terms of the displacement field, is minimized using the calculus of variations
(Euler-Lagrange equation). In our work, we do not make this assumption. The unknown
is the displacement field between a gray-value fixed image and a gray-value moving image.
The level-set function representing the evolving segmenting curve in the moving image is
not an unknown as the evolving curve is simply the estimate of the object contour in the
moving image obtained from the propagation of the known object contour in the fixed
image using the current estimate of the deformation field.

In our work, we propose a natural joint segmentation and registration problem formula-
tion where the above-mentioned localized version of the segmentation model of Chan-Vese
|Lankton & Tannenbaum 2008] is integrated in the registration framework. There has not
been any other work accomplishing the combination of a segmentation energy term based
on local image statistics and a registration energy term. We recall that our main goal is
to obtain a dense deformation field for use in IGART. Our decision to guide the registra-
tion process by a region-based segmentation term is driven by the desire to overcome the
problem of low contrast in the CBCT image using the more or less reliable saliency of the
boundaries of the organs in the pelvis. Furthermore, our decision to use local, rather than
global, image statistics for the segmentation term was motivated by the intensity inhomo-
geneity within the prostate and, more importantly, within the rectum, as well as within
the soft tissue between the organs. In fact, the use of a global region-based segmentation
models is inappropriate for our application per se as it would assume that the inner and
outer regions of the object to segment are homogeneous. Even the use of a narrow band
around the evolving contour would result in involving voxels of very different intensities in
the calculation of the inner and outer image statistics, respectively, causing the evolving
curve to fail in converging towards the organ boundary.

4.2 Methods

In this section, the mathematical framework for the proposed joint registration and seg-
mentation method is described thoroughly. The notations and the formulation of the
introduced method are first presented, and after that, the derivations that lead to the
resolution of the problem.
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4.2.1 Description of the proposed model

The combination of segmentation and registration takes place in the formulation of the
energy to minimize, designed as a weighted sum of two complementary components:

The similarity term The first component is a registration fidelity term, a global intensity-
based image similarity that drives the registration and estimates a dense deformation field
that maps the fixed image to the moving image in their entirety. For consistency with
Chapter 3, the NCC similarity measure was used (Section 1.3). We recall that the NCC
can be used for inter-modality registration providing that there is a linear relation between
the intensity histograms of both images, as is the case for CT and CBCT. In particular,
the NCC was used by Yang et al. to register the planning CT to the daily CBCT with
cubic B-spline FFD transformations in their study on CBCT-based dose calculation (they
evaluated the accuracy in using kV CBCT for dose caculation using phantom Catphan-
600, as well as prostate and lung cases) [Yang et al. 2007|. It was also used by Greene et
al. and Lu et al. for their softly and hardly constrained non-rigid registration algorithms,
respectively (Section 4.1) [Greene et al. 2009, Lu et al. 2010, Lu et al. 2011]. That said, a
more complex information-based similarity measure such as mutual information could be
used instead but at the cost of longer computation times.

The segmentation term The second component comprises two (inner/outer) segmen-
tation fidelity terms corresponding to a localized version of the piecewise-constant region-
based segmentation model of Chan-Vese [Chan & Vese 2001]. An implicit level set-based
representation of the active contour is used, which has several advantages including contour
topology preservation (no contour splitting or merging possible). In a level set formulation,
a curve C is represented implicitly as the zero-level of a Lipschitz function ® as follows:
C = {x/® (x) = 0}. The registration method proposed in this chapter makes use of the
localized version of the region segmentation model of Chan-Vese as follows. Local, rather
than global, image statistics are calculated in the moving image, in the inner and outer
regions of the neighborhood of all (or, to decrease computation times, a subset of) points
along the curve that results from the propagation of the known segmentation in the fixed
image using the current estimate of the transformation. In the course of the registration
process, the evolving contour is supposed to converge towards the object boundary, and
by doing so, the contribution of this segmentation term to the energy is expected to help
guide the optimization of the transformation parameters.

Contrary to a segmentation problem where the energy is a function of an unknown
function which is the evolving contour (e.g., represented by a level set function), a reg-
istration problem seeks to minimize a energy that is a function of the transformation
parameters which are variables. It seeks to find an optimal solution for the set of param-
eters (variables, not functions) that define the transformation. Therefore, the use of the
calculus of variations - basically used to optimize a function of a function - is no more
required but rather multi-variable calculus as we treat the cost energy as a multi-variable
function and not a function of a function. In appearance, in our problem there are two
unknowns which are the transformation parameters (variables) on one hand, and the level
set function embedding the evolving contour in the moving image on the other one, but
in fact, the level set function represents the evolving contour in the moving image wich
is related to the known object segmentation in the fixed image by the transformation pa-
rameters. Therefore, the only unknows that remain are the transformation parameters. In
other words, the partial derivatives of the energy function are derived by performing simple
derivatives with respect to the transformation parameters. The energy functional is solved
using a registration - not segmentation - framework. In particular, the partial derivatives
of the energy functional are not obtained using the calculus of variations as is the case for
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pure segmentation problems but rather calculating simple derivatives with respect to the
transformation parameters (Section 4.2.1.3).

4.2.1.1 Notations and definitions

Let 1: QCR3 5 Rand I:Q c R®— R denote the fixed image and the moving image,
respectively, and let 7' : R? — R? be a free-form deformation that maps from the space
of the fixed image to the space of the moving image. In this thesis, B-splines are used to
model transformation T. We denote by X =T (x) € Q the image of a point x € {2 under
T. We denote by C C Q the boundary of a region of interest (ROI), be it the prostate, the
rectum or the bladder, in image I. We wish to find a closed curve C c ) that represents
the boundary of the corresponding ROI in image I. C is related to C by C = T(C). Our
task boils down to simultaneously find the mapping T and the desirable contour Cina
simultaneous way as T and C are used in the expression of the energy, F, to minimize.
Yet, T is the only unknown of the problem as C'is obtained by C' = T(C). Let ® : @ — R
denote a Lipschitz level set function. Let Cj, C Q and Cyy; C Q be the innner and the
outer regions of contour C. Using a level set-based formulation, C, C;, and Cy,: are such
that:

C={xeQ/®(x)=0} (4.7)
Cin ={x€Q/®(x) <0} (4.8)
Cout =2\ Cip = {x € Q/P (x) >0} (4.9)

Similarly, we define C , C’m and C’out with respect to P.

The optimization of the cost function, FE, is performed using the gradient descent and
hence requires the computation of the gradient of F, i.e. the partial derivatives of F with
respect to the transform parameters, P = (p1,--- ,pm). For such needs, the knowledge of
the transformation Jacobian, J, with respect to the transformation parameters (not to the
position coordinates) for all mapped points is necessary. J is a matrix whose elements are
the partial derivatives of a mapped point, x = (2,9, 2) € I , with respect to the transform
parameters as follows:

ox
J=— 4.10
P (4.10)
op ... 0
8171 Opm
Y Y
=& - oL (4.11)
0z . 0z
6p1 6pm
(9p1 8p'm
_ | 91y(x) Ty (x)
= 8%1" e 8;7: (4.12)
IM(x)  OTu(x)
op1 Opm
(4.13)

It is assumed that the images I and I are smooth and compactly supported functions
on rectangular domains Q,Q C R3. For all mathematical derivations in Section 4.2.1,
a continuous formulation is used. The discret aspect of the data is only found at the
implementation stage (Section 4.2.2).

Basic notations
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Fixed image domain

Moving image domain

Fixed image

Moving image

Spatial coordinates of a point in the fixed image

Spatial coordinates of a point in the moving image

Fixed image intensity at point x

Moving image intensity at point X

Spatial transform referring to the mapping from the space of the fixed
image to the space of the moving image

Displacement field at point x

Boundary, inner and outer regions of an object in I, respectively
Numbers of voxels in I, C;, and C,;, respectively

Smoothed approximation of the Heaviside function to specify Cj, such that:

0 if &(x)>e€
H® (x) = 1 if &(x) < —e
i (1 + sin —”q;(ex)>) otherwise, with e = 107!

Evolving contour in I
Inner and outer regions of C'
Numbers of voxels in Cy, and Cyyt, respectively

Gradient of I at mapped point x + u (noted as gradl (x + u))

Jacobian of the transformation at point x (noted as j (x) in the following)
Gradient of a function f: Vf = %(az, y,z) el + %—5(:6, y,2) ez + %(x, Y, 2)es
where the {e;}, i € {1,2,3}, are the orthogonal unit vectors pointing in

the coordinate directions.

Intensity evaluated at point y +u (y € Q) in the binary image of a ball

(B : Q= R) of a given radius centered on point x +u (x € Q)

(intensity values are 1’s and 0’s in the foreground and background of the ball,

respectively)

Nin_tocal (X); Nout _1ocat (X)  Numbers of voxels in the inner and outer regions of the

neighborhood B of point X along C, respectively
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Some definitions

Global statistics:

For image I For image I

SI:/I(x)dX Sf:/f(x—i—u)dx
Q Q

SII:/IZ(X) dx Sff:/fQ(x+u) dx
Q Q

SII;, = / H(é)(x—i—u)) I? (x+u) dx
Q
STl = / (1 H (@ (x +w)] 72 (x+ u) dx
Q
Ny, = / H(®(x)) dx Ny = | H(®(x+u))dx
Q Q
Nout = / 1 H(®(x)] ax Nout = / 1 H(® (x+w)| dx
Q Q
N = Nzn + Nout
fin _ SAIm
N;
. Sjout
out — Nom

Mized formula

SI.f:/QI(x)f(x—i—u) dx

Local statistics for image I:

STon_toat () = [ Blx-tuy ) D (y +w) Ty +w dy
Sfout_local (x+u) = /QB(x—i-u,y—i-u) [1 —H(tﬁ (y—l—u))} I(y+u)dy
STk e (x4 0) = [ Bty +w H(b(y ) Py + ) dy

ijoutlocal(x‘*’u):/QB(X‘FuaY‘Fu) [1—H(<f>(y+U))} I?(y +u) dy

Nin_tocal (x +1) = / B(x+u,y+u)H(®(y+u))dy
Q

Noutlocal (X +11) = /QB (x+u,y+u) [1 — H(i) (y + u))} dy
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4.2.1.2 Cost function

The total energy E considered in this work is given by a weighted sum of the similarity
term, E,.4, and the segmentation term, E,.4 as follows:

E(ILIoT,C) = AEyeg(I, 10 T) + puEseq(C, T) (4.14)

The similarity term is simply the NCC, defined as:

. - o) DT (x)— 1) dx (415)

VIl ) = 1) ax Jo (1 (1 (x)) — 1) dx

Regarding the segmentation term, for sake of simplicity, we will write all the calculations
using global statistics, and adapt the final formulas for local statistics. Let Esey giobar be
the segmentation term using global statistics. Naturally,

Eseg_global = /QH((i) (T (X)))an (T (X)) dx + /

Q

(1= H(& (T (3x))) | Fout (T (x) dx

(4 16)
where F},, and F,,; are the (global) region descriptors inside and outside contour C re-
spectively. We use the piecewise-constant region-based segmentation model of Chan-Vese,
which means:

{F W(T) =T ()~ Lin)” (4.17)
Fout (T (X)) :(I (T (X>) - AOUt)2

Given I, I and a known contour C' of a ROI in I, the total energy can be formulated
as a function of only the transformation parameters. For p € {p1, -, pn}, we have:

fQ( )(I(x+u(x p)) — )dx

E(p)= — — (4.18)
VI (x f) dx [o (I (x+u(x,p) - 1)° dx
Ereg
+/ H(® (x +u(x,p))Fin (x +u(x,p)) dx (4.19)
Q
Eseq global_in
+/ [1 —H($ (x+u(x,p)))]ﬁout (x+u(x,p)) dx (4.20)
Q
In the following, for sake of simplicity, u (x,p) will be noted as u
Eseq global in = / H((i) (x+u)) (f2 (x +u) — 2finf (x +u) + ffn) dx (4.21)
- Q

:/H(Cﬁ(x—l—u))f?(x—ku) dx—QJZm/H(Ci)(x—i—u))f(x—&—u) dx
Q Q

—I—ffn/QH((i)(x—l—u)) dx
(4.22)

Using the notations defined in Section 4.2.1.1, we have:

~ 2
A A ST
Escgﬁglobaliin, = SIIZTL - Aln (423)

mn
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Similarly,
mmnilarly. o )
= STIoy — =2 (4.24)

out

Taking inspiration from Equation 4.2, we obtain the localized versions of Equations
4.23 and 4.24, respectively:

SI; (x+ u)2
Esriz] local in = / 0P (X + 11) Sjjln local (X + LI) - Aln_local dx (425)
o n Q - Ninilocal (X + ll)
and
S, (x+ u)2
- / 0P (x + u) STTout tocal (x+u)— _out_local dx| (4.26)
Q B Nout_local (X + 11)
Besides,

7 SI.ST
SIT — S

¢ (s11-52) (811 -5E)

Details on the calculation of ., and its derivatives can be found in [Staring 2006.

Breg = — (4.27)

4.2.1.3 Minimization of the cost function

The minimization of the total energy E is performed using the gradient descent which
requires the computation of the gradient of E, i.e. the partial derivatives of F¥ with respect
to the transform parameters, p1, -+, pm. For p € {p1, -+ ,pm},

OE 0B,  0Fwg
o A a M ap

(4.28)

For sake of clarity, all the derivations necessary to obtain the gradient of E are presented
in detail in Appendix 5.2.

4.2.1.4 The transformation model: B-splines

The cubic B-spline approximation function is used to represent the FFD. A lattice (also
commonly called grid or mesh) of user-defined nodes is overlaid on domain 2. Each node
contains a deformation vector, whose components are determined by optmizing the metric.
The node deformations are determined using the gradient descent algorithm. The deforma-
tion at any point of the fixed image is calculated by spline interpolation using the closest
nodes. B-splines are piecewise defined by polynomial functions, and have the properties
of being C? continuous, highly smooth at the places where the polynomial pieces connect
(knots), and locally controlled (in other words, they have limited support). The latter
means that perturbing the position of one control point only affects the positions of neigh-
boring control points, making the B-spline model particularly useful for describing local
deformationsand computationally efficient. The degree of freedom of the model depends
on the resolution of the control point grid, that is, the spacing between the control points.

We use a uniform control lattice, ®, defined as an (I + 3) x (m + 3) x (n + 3) grid
of control points spanning the integer grid in 2. Let ¢; ;x be the value of the control
point at position 4,7,k on grid ®, for i € {—1,0,...,l+ 1}, j € {-1,0,...,m+ 1} and
ke {-1,0,...,n+ 1}. The paramater domain of the fixed image is defined as

O ={(u,v,w)/0<u<,0<v<m, 0<w n}.
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The B-spline function, f, is defined as:

3 3
f(xv Y, z) = Z Z Z Bk(S)Bl(t)(b(i-i-k)(j-H)

3
k=0 k=0 (=0

where i, j, s and t. 0 < ¢t < 1. By and B; are uniform cubic B-spline basis functions
defined as: A cubic B-spline is composed of .. polynomial segments

(Bo(t) =155

Bi(t) = 3t3—2t2+4
By(t) = (—3t3+36z€2+3t+1
Bs(t) = %

Their role is to weigh the contribution of each control point to f(z,y) based on its distance
to (z,y).

4.2.2 Implementation
4.2.2.1 Software

In this chapter, contrary to Chapter 3, all the data processing and visualization were
performed on a Linux computer with distribution openSUSE 12.3 x86 64, with an Intel
Core 17-3930K, 3.20-3.80GHz processor, 12MB cache, 6 cores/12 threads, and 32GB RAM.
These specifications enabled us to run more than ten registrations at a time. For the
implementation of our DIR algorithm, the following open-source software, based on C++-,
was used:

o the Insight Toolkit ITK [Ibanez et al. 2005] *,
e elastix based on the ITK library [Klein et al. 2010] T,

e the ITK-based Command Line Image Toolkit clitk for the pre-processing of the
images, and the integrated image-visualization tool VV [Rit et al. 2011] ¥.

The software versions used were I'TK 4.5.0, elastix 4.7, CMake 2.8.10.2 and gcc 4.7.2.
We developed a new generic metric component based on the above-mentioned energy and
integrated it in the registration framework of elastix. For the implementation of the
metric, we used the existing I'TK image classes and followed the ITK coding style. The
source code we have implemented and the data we have used are freely available on request
in the spirit of reproducible research and open science. The parameter file used to run
elastix is presented in Appendix 5.2.

4.2.2.2 Algorithm

The algorithm is fully automatic and takes as inputs (1) the planning CT image, (2) the
daily CBCT image and (3) the binary image associated with the CT image and correspond-
ing to the organ of interest that we want to segment in the CBCT image in the course of
the registration process. Let us remember the direction of the transformation mapping: in
ITK, the transformation being optimized is the one mapping from the physical space of

*freely available at www.itk.org
tfreely available at http://elastix.isi.uu.nl/
Hreely available at www.creatis.insa-1lyon.fr/rio/vv
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the fixed image into the physical space of the moving image, as illustrated in Figure 4.3
extracted from [Ibanez et al. 2005]. At each iteration, the registration algorithm iterates
over the voxels of the fixed image and seeks the corresponding voxels in the moving image.
Not all the voxels in the moving image find a correspondence with a voxel in the fixed
image (“holes” in the moving image) and some voxels in the moving image will have more
than one corresponding voxels in the fixed image (“overlaps” in the moving image). In our
DIR algorithm, we make use of a known organ segmentation in the CT image, we map it
into the physical space of the CBCT image and we calculate local statistics in the neigh-
borhood of each mapped point along the mapped contour. Then to exploit the maximum
information from the known segmentation, the CT image is used as the fixed image.

s e

Fixed Image Grid Moving Image Grid

Fixed Image Moving Image
Physical Coordinates Physical Coordinates

Figure 4.3 — Different coordinate systems (the index grid and the physical coordinate system) are involved
in the registration process. In the ITK registration framework, the transformation being optimized is the
one mapping from the physical space of the fixed image into the physical space of the moving image. (figure
extracted from [Ibanez et al. 2005])

Our iterative DIR process is as follows.

Loop 1: for each voxel x in the fixed image I (or in a subset of voxels in I),

1. find the corresponding mapped voxel, X, in the moving image I by applying the
current transformation,

2. update the NCC similarity metric value and derivatives w.r.t. the transformation
parameters,

3. if % belongs to the evolving contour C,

(a) loop 2: iterate over the neighborhood of X to calculate the local statistics (and
their derivatives w.r.t. the transformation parameters) in the inner and outer
regions of the neighborhood,

(b) update the total segmentation term, that is, the sum of the local inner and outer
statistics over all voxels along C' (and its derivatives w.r.t. the transformation
parameters).

4.2.2.3 Parameters

In the experiments, the images were cropped around the organs of interest (prostate, rec-
tum and bladder) before registration in order to reduce computational time. The resolution
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of the CT and CBCT images to register were 1 mm x 1 mm x 1 mm. However, to further
reduce the algorithm run time, they could be downsampled, e.g., to 4 mm x 4 mm x 4 mm
as previously performed in |Greene et al. 2009, Lu et al. 2010, Lu et al. 2011]. The spatial
resolution of the B-spline control point grid was 1.0 cm. As a point of comparison, the
spacing between control points at the final resolution level was 2.0 cm, 0.8 ¢cm, and 1.0 cm
in |Greene et al. 2009], [Lu et al. 2010] and |Kim et al. 2013], respectively.

To speed up our algorithm at run time, we chose to use a subset of voxels in the im-
ages to compute the metric (and its derivative) in each iteration instead of all voxels. In
fact, based on their experimental results in [Klein et al. 2007], the developers of elastix
advocate the use of a very low number of spatial samples (around 2000), even with large
images and transformations with a large number of parameters, for global similarity met-
rics such as the mutual information or the cross-correlation. Given the non-exclusively
global nature of our metric (a combination of a global term, that is, the NCC, and a local
statistics-based term), and the lack of time to further investigate the impact of the number
of spatial samples on the exactitude of the metric, we wanted to be cautious and keep
a high number of spatial samples. We used a ratio of 1 voxel per 100, which amounts,
for example, to 104, 134 voxels out of 10,413,480 for a 253 x 245 x 168 image. However,
we believe that this ratio could be adjusted downwards with further investigation, which
would drastically and safely reduce computational time.

To calculate the local statistics at the voxels along the evolving contour, we did not
use a ball-shaped neighborhood as in [Lankton & Tannenbaum 2008|, but rather a cubic
neighborhood.

4.2.3 Dosimetric considerations

The ultimate goal of the estimation of a dense deformation field between the planning CT
image and the treatment CBCT image is to estimate the dose that would be delivered to
the organs on the day of the treatment, and help the radiation oncologist to make a decision
on whether adapting the treatment is necessary. To do so, there are two methodological
alternatives/approaches:

e The segmentations of the organs of interest on the treatment CBCT image are needed.
Because of time limitations, no manual segmentation on CBCT is scheduled in daily
clinical workflow. To obtain an automatic segmentation of the organs on the CBCT
image, the dense deformation field is used to propagate the manual segmentations of
the organs of interest from the planning CT image to the treatment CBCT image.
After applying a setup correction strategy as performed in clinical routine (using
RR), the DVHs of the organs of interest from the CBCT image are calculated using
the planned dose distribution. According to the shape and parameters of these
DVHs, the radiation oncologist can make a reasonably informed decision on adapting
or not the treatment plan to account for organ deformation. This procedure is
illustrated in Figure 4.4. The corresponding procedure that makes use of manual
CBCT segmentations of the organs of interest was presented in Chapter 3, Figure 3.4,
with the objective of comparing the DVHs obtained with different setup correction
strategies.

e The dense deformation field is used to map the planning CT image and the planned
dose distribution onto the treatment CBCT image. Then there are three possibilities.
The first one consists of computing the DVHs of the propagated segmentations from
the CT to the CBCT using the deformed planned dose distribution. The second
one consists of re-calculating the dose distribution on the basis of the deformed CT
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image and the planned beam arrangement, and compute the DVHs. And the third
one consists of re-optimizing the treatment plan on the basis of the deformed CT
image, calculate the new dose distribution and compute the DVHs.

In the Results section (Section 4.3), we will present some dosimetric results for one
single fraction following the first approach, depicted in Figure 4.4. However, it must be
borne in mind that to make a decision on the need of adapting the treatment, cumulative
DVHs must be considered rather than DVHs for one single fraction.

Planning CT

Planned dose

Manual segmentation

RR+DIR

Daily CBCT

Fraction DVHs

Automatic segmentation

Figure 4.4 — The procedure followed to estimate the dose that would be delivered to the organs on
the day of the treatment. The deformation field resulting from the “RR+DIR* (which stands for rigid
registration + deformable image registration) enables the automatic segmentation of the CBCT image.
After rigidly aligning the CBCT image with the planning CT using a setup correction strategy, the DVHs of
the segmentations of the organs from the CBCT image are calculated using the planned dose distribution.
The DVHs for a given fraction (i.e. using a given treatment-day CBCT) can be compared to the planned
DVHs, obtained using the planned dose distribution and the manual CT segmentations, in order to help
make a decision on whether adapting the treatment is necessary.

4.3 Results

4.3.1 Preliminary segmentation study based on local statistics

In order to give meaning to the incorporation of the localized version of the region segmen-
tation model of Chan and Vese into our registration framework, we first tested to segment
one slice of a selected CBCT image using the code of Lankton et al. freely available at
http://www.shawnlankton.com/2008/04/active-contour-matlab-code-demo/ and im-
plemented for 2D images. The prostate, the bladder and the rectum were segmented
independently. Several experiments were carried out where the radius of the ball-shaped
neighborhood used to calculate the local statistics, as depicted in Figure 4.2, was varied.
For all experiments, the number of iterations used was 1500, although in the vast majority
of cases, convergence had been reached well in advance. The computation times were about
a few minutes for a 289 x 230 image. It is to be noted that since local region statistics
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Results

must be computed for each of the points along the evolving contour, the complexity of the
algorithm is higher than methods based on global region statistics. Figures 4.5, 4.6 and 4.7
show the resulting segmentations of the prostate, rectum and bladder, respectively. Each
figure is composed of (a) the manual contour drawn manually by the radiation oncologist,
(b) the curve that initializes the segmentation process, here a square close to the object to
segment, and from (c) on, a series of resulting segmentations obtained with different radii.

We observed that the accuracy of the resulting segmentation highly depended on the
radius. The segmentation of the prostate seemed to be less accurate compared to that of
the rectum or the bladder. For the prostate, radii ranging from 1 mm to 15 mm appeared
to produce similar results, with perhaps a slightly higher accuracy with a 1-mm radius
(it was the only case where the evolving contour did not end up adhering completely to
the pelvic bones). For radii larger than 20 mm, the resulting contour not only included
the prostate, but also captured additional surrounding soft tissue that obviously did not
pertain to the prostate. For the rectum, relatively accurate segmentations were obtained
for radii ranging from 8 mm to 15 mm. The evolving curve fairly captured the inner
wall of the rectum as it successfully separated the highly heterogeneous content of the
rectum from the homogeneous intensity rectal wall. The shape was similar to that of the
manual contour which was defined in the middle of the rectal wall. For the bladder, for an
initialization inside the bladder, the most accurate segmentation was obtained with a 4-mm
radius. With smaller radii, the segmenting curve was stuck in local minima and unable
to reach the boundary of the bladder, and for larger radii, it spread out of the bladder in
order to detect farther, more salient structures. The curve failed in reaching the anterior
and posterior ends of the boundary of the bladder. In terms of the speed of convergence,
the larger the radius, the faster the curve was evolving with respect to iterations, but also
the longer the computational time.

105



Chapter 4 : A new energy for joint segmentation and deformable registration

(b) Initial contour (c) Final contour - radius=1 mm

(j) Final contour - radius=30 mm (k) Final contour - radius=35 mm
(convergence not reached) (convergence not reached)

Figure 4.5 — Prostate segmentation of a CBCT slice using an adaptation of the region segmenta-
tion model of Chan and Vese with local statistics based on local image statistics, as proposed by
[Lankton & Tannenbaum 2008|. Figure (a) shows the prostate contour drawn manually (ground truth),
Figure (b) shows the initialization and Figures (c)-(k) show the resulting segmentations using different
localizing radii.
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(a) Manual contour (b) Initial contour (c) Final contour - radius=1 mm

(j) Final contour - radius=15 mm (k) Final contour - radius=17 mm (1) Final contour - radius=20 mm

Figure 4.6 — Rectum segmentation of a CBCT slice using an adaptation of the region segmenta-
tion model of Chan and Vese with local statistics based on local image statistics, as proposed by
[Lankton & Tannenbaum 2008|. Figure (a) shows the rectum contour drawn manually, Figure (b) shows
the initialization and Figures (c)-(h) show the resulting segmentations using different localizing radii.
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(g) Final contour - radius=5 mm (h) Final contour - radius=10 mm (i) Final contour - radius=15 mm
(convergence not reached)

Figure 4.7 — Bladder segmentation of a CBCT slice using an adaptation of the region segmenta-
tion model of Chan and Vese with local statistics based on local image statistics, as proposed by
[Lankton & Tannenbaum 2008]. Figure (a) shows the prostate contour drawn manually, Figure (b) shows
the initialization and Figures (c)-(i) show the resulting segmentations using different localizing radii.

4.3.2 The proposed method

We present the potential of this method applied to one patient for which the bony RR
resulted into a fairly good localization of the target and a poor localization of the OARs
with Dice coefficients of 0.70, 0.46 and 0.59 for the prostate, the rectum and the bladder,
respectively. For this patient, who we will refer to as Patient A, we used the same CBCT
image as the one that served for the preliminary segmentation study (Section 4.3.1). We
will present the results obtained with only one evolving curve. We recall that the curve
evolves in the CBCT image domain. We chose to first focus our efforts on the target, that
is, the prostate. A fine-tuning of the weights A and p from Equation 4.14 yielded A = 1 and
p = 10719, We verified that this couple of parameters lead to a non negligible contribution
of the segmentation term to the total energy. Regarding the cubic neighborhood used for
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the computation of the local statistics along the evolving curve, we used a radius of 2 mm
which seemed to be an acceptable radius according to our preliminary segmentation study
(Figure 4.5).

Figure 4.8 shows the curve used for initialization. For the sake of consistency, the same
CBCT image slice as the one serving in Section 4.3.1 was inspected. The initial curve
corresponded to the automatic CBCT contour obtained after propagation of the manual
CT contour using a bony RR. Table 4.1 incorporates the results obtained for these patient
and images in terms of the Dice coefficient and the bidirectional distance (BD) for the
prostate with (columns 2-5) the RR methods of Chapter 3, (column 6) an ordinary NCC B-
spline DIR and (column 7) the proposed method. The Dice coefficient was slighly improved
by the proposed method relative to the NCC DIR, but the BD was slightly deteriorated.
Both methods achieved a better registration accuracy than the bony RR but did not
outperform the 8mm local RR in terms of the BD. Figure 4.9 illustrates the resulting
contours of the prostate in the fixed image domain, that is, the manual CBCT contours of
the prostate mapped into the CT image domain using the resulting deformation fields of
the NCC DIR and the proposed method, respectively. We observe that on the inspected
slice, the two automatic contours are close to the manual segmentation of the prostate but
their shape are quite different, proving that the segmentation term of the proposed method
has an impact on the registration result. Figure 4.10 depicts the evolution of the NCC
throughout the optimization process of the proposed method and the NCC DIR, as well as
that of the segmentation terms relative to the inner and outer local statistics throughout
the optimization process of the proposed method, respectively. The curves of the global
NCC image similarity are decreasing in a fairly similar way (Figure 4.10d). Nethertheless,
in the proposed method, the NCC seemed to decrease faster during the earliest dozens of
iterations, which lead us to believe that the segmentation terms had a beneficial effect on
the registration process. The segmentation terms did also decrease over iterations (except
in the last iterations), which is consistent with the fact that the resulting segmentation of
the prostate was found to be more accurate than the initial one.

Figure 4.8 — Initialization of the evolving contour used for the
calculation of the segmentation term of the proposed model su-
perimposed on the same CBCT image slice as that in Figure
4.5. The initialization corresponded to the automatic CBCT
contour obtained after propagation of the manual CT prostate
contour using a bony RR. Only one evolving contour was in-
volved in the registration process, but in an extended, future
version of this model, three evolving contours could be involved
simultaneaously.

Table 4.1 — Results for the prostate after RR and DIR for Patient A.

Without RR Manual-contour RR° Bony RR 8-mm local RR  NCC DIR the proposed method
Dice 0.67 0.83 0.70 0.81 0.81 0.82
BD* (mm) 3.58 1.81 2.91 1.96 2.29 2.44

*BD stands for Bidirectional Distance. It was calculed for each contour comparison by averaging the BLD values over the reference contour.

In the context of IGART, the ultimate goal of CT-to-CBCT DIR is to estimate the dose
that would be delivered to the organs on the day of the treatment, and help the radiation
oncologist to make a decision on whether adapting the treatment is necessary (see 4.2.3).
Figure 4.11 shows the DVHs of the CTV, the rectum and the bladder using the automatic
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Figure 4.9 — Slice of a CT scan with the corresponding prostate contours: (red) the manual contour
drawn by the radiation oncologist, (yellow) the automatic contour obtained with a bony RR serving as
initialization for the evolving contour of the proposed method, (blue) the automatic contour obtained with
an ordinary NCC DIR and (green) the automatic contour obtained with the proposed method using a
2-mm radius. We note that the automatic contours are presented onto the fixed image, that is, the CT
image, as the tranformation that is optimized by the registration is the one mapping from the fixed image
to the moving image.

segmentations obtained with the proposed method and the NCC DIR. To compute the
DVHs, the procedure presented in Figure 4.4 was followed. One first comment is that given
that, in this particular case, the Dice coefficients (for the three organs of interest) obtained
with the proposed method and the NCC DIR were close, it was logical to see similar DVHs.
Only significant differences in Dice coefficients would produce visible differences in DVHs.
This is particularly true for the CTV as the target considered in the dose planning is not
the CTV but the PTV ( = CTV + a treatment margin, see Section 1.2.3) to account
for geometrical uncertainties occurring during treatment. That said, both methods gave
DVHs of the CTV identical to the planned DVH. Regarding the OARs, the DVH of the
rectum obtained with the proposed method seemed to correspond to a better avoidance of
the rectum compared to the NCC DIR. However, due to poor Dice coefficients regarding
the bladder and the rectum for both methods (the proposed method: 0.47 and 0.54, the
NCC DIR: 0.48 and 0.54, for the rectum and the bladder, respectively), no clear conclusion
could be drawn from the DVHs. We recall that for this example, only one active contour
evolving around the prostate was considered in proposed method, which explains why the
results concerning the OARs are similar between the proposed method and the NCC DIR.
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Figure 4.10 — Sequence of the values of the different terms constituting the total energy at each iteration
during (a)-(b) the optimization process of the proposed method using A = 1 and p = 107*°, and (c) an
ordinary NCC DIR. Figure (d) shows the evolution of the NCC throughout the iterative process for the
two registrations (simple superimposition of (a) and (c)).
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Figure 4.11 — Comparison of the DVHs of (a) the CTV, (b) the rectum and (c) the bladder using (red

dashed line) the manual segmentations and the automatic segmentations obtained with (blue line) the
proposed method and (green line) the NCC DIR.
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4.4 Conclusion

In this chapter, we consider the organs deformable. In fact, IGART requires an accurate
localization of the organs from the treatment-day image to understand whether the in-
tial treatment plan will be/is being/has been delivered properly, and the organs in the
pelvis, in particular, the rectum and the bladder, can significantly deform in the course
of radiotherapy. Regarding the prostate, we observed in Chapter 3 that RR could fail in
allowing for localization, albeit in a very small number of cases. With the aim to improve
the localization of the organs compared with RR, this chapter was entirely devoted to
the methodological development of a new joint segmentation and deformable registration
framework for use in IGART. To deal with the poor contrast-to-noise ratio in CBCT im-
ages likely to misguide registration, we have conceived a new metric which included two
terms: a global similarity term (the NCC was used, but any other one could be used in-
stead) and a segmentation term based on a localized adaptation of the piecewise-constant
region-based model of Chan-Vese using an evolving contour in the CBCT image. The idea
was to take advantage of the knowledge of the organ segmentations from the planning
CT image, manually delineated by the radiation oncologist for clinical requirements. Our
principal aim was to improve the accuracy of the registration compared with an ordinary
NCC metric. Our registration algorithm is fully automatic and takes as inputs (1) the
planning CT image, (2) the daily CBCT image and (3) the binary image associated with
the CT image and corresponding to the organ of interest that we want to segment in the
CBCT image in the course of the registration process. We have presented the results for
one patient and a contour evolving around the prostate. The results are promising and
encourages the continuation of efforts to extend the proposed method and evolve a contour
around the rectum or the bladder and investigate its impact on the resulting deformation
field. In an extended, future version of our model (the code can be easily modified to fulfil
this objective), multiple segmenting contours could evolve simultaneaously in the course
of the registration process.
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Conclusions and perspectives

In the workflow of a radiation therapy, the last step is to ensure the maximum possible
geometric precision and accuracy for the radiation delivery. For that purpose, two comple-
mentary image-guided approaches are considered. The first approach (IGRT) is to verify
the positioning of the patient on the treatment table right before the beam delivery using
image guidance, and if necessary to improve the alignment of the patient to the position
used during planning, and hence the position of the target with respect to the system
coordinates of the treatment machine. The adjustment/correction of the position of the
patient is achieved by a displacement of the treatment table which allows a maximum of
6 degrees of freedom, that is, 3 translations and 3 rotations. Thus, in this approach, a RR
between the planning CT image and the treatment CBCT image is required in order to
find the displacements to apply to the treatment table. The second approach (IGART),
which is to be adopted after the first one, consists in determining whether the anatomy
of the treatment day needs an adaptation of the dose plan. It requires a CT-to-CBCT
DIR. The resulting deformation field could be used to automatically segment the organs
from the treatment image by propagating the manual segmentations from the CT image,
allowing to estimate the dosimetric effect of the initial plan on the treatment-day anatomy.
The final goal is to enable the radiation oncologist to make a reasonably informed decision
on updating or not the dose plan to account for organ deformation.

In this two-fold context, the main goal of the thesis was to provide methodological con-
tributions for automatic intra-patient image registration between the planning CT image
and the treatment CBCT image for prostate cancer. The challenge The prostate organe
rigide donc OK

5.1 Contributions

In the very beginning of the thesis, a number of efforts were made to harmonize our clini-
cal dataset. All the CT and CBCT images were associated with the segmentations of the
prostate, rectum and bladder which the radiation oncologist had manually delineated with
a great deal of care. The fact that the CT and CBCT images did not have the same slick
thickness and that not all slices were not delineated purposedly for sake of time prompted
us to implement an interpolation algorithm dedicated to binary images (Chapter 2). We
needed to be able to (1) downsample the binary images associated with the CT images
and made of continuously delineated slices, and (2) interpolate those associated with the
CBCT images and made of sparsely and equally spaced delineated slices, amounting to
estimate the missing contours. For that purpose, we used the shape-based interpolation
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method of Raya and Udupa [Raya & Udupa 1990] as such for case (1), and with a cou-
ple of additional essential steps for case (2) allowing to return to the same configuration
as case (1). The difficulty lied in case (2) and it is now possible to estimate the miss-
ing contours in a set of sparsely and equally spaced delineated slices. The source code is
available at the Insight Journal [Boydev et al. 2012| and the dataset is available on request.

Then the thesis was naturally divided into two parts of equal importance.

The first part (Chapter 3) was dedicated to IGRT, and more particularly, to the de-
velopment of a CBCT-based prostate setup correction strategy using CT-to-CBCT RR.
We have established a comparison between different RR algorithms: (a) global RR, (b)
bony RR, and (c¢) bony RR refined by a local RR using the prostate CTV in the CT
image expanded with 1-to-20-mm varying margins. A comprehensive statistical analysis
of the quantitative and qualitative results was carried out using the whole dataset. We
have shown that in a great majority of cases, the bony CT-to-CBCT RR performed fairly
well in the pelvis but was outperformed by our proposed 8-mm local RR. In fact, this
finding adds evidence to the common hypothesis that the prostate gland behaves as a rigid
body [van Herk et al. 1995] and that the deformation of the prostate during the course of
radiotherapy is small compared to the organ motion |Deurloo et al. 2005]. The bony RR
algorithm proved to be a good candidate to localize te prostate in the CBCT image but
relying only on the bony structure of the pelvis to guide the registration could be delusive
in cases where the prostate moves relative to the bones. We showed that in these cases,
an 8-mm local RR was beneficial. Besides, we have successfully identified the reasons why
the 8-mm local RR could fail in outperforming the bony RR. This happened in a very
small number of cases where the difference in the rectum anatomy (or intensity appearence
of the rectum) in the vicinity of the prostate between the CT and the CBCT was found
to be larger than a certain threshold. To quantify this threshold, we have defined a novel
practical method to automatically estimate rectal distension occurred in the vicinity of
the prostate between the CT and the CBCT images. It makes use of the manual CT con-
tours only and requires calculations of mean intensities in the prostate and in the portion
of the rectum included in the registration mask in both images after bony RR. Using
our measure of rectal distension, we have evaluated the impact of rectal distension on
the quality of local RR and we have provided a way to predict registration failure. On
this basis, we have devised recommendations for clinical practice for the use of automatic
RR for prostate localization on CBCT scans. We suggest starting with a bony RR, and
refining it by means of an 8-mm local RR if the difference in the rectum anatomy is limited.

The above-mentioned setup correction strategy using CT-to-CBCT RR allows account-
ing for the (rigid) motion of the target but not for organ deformations. In particular, the
rectum and the bladder can significantly deform in the course of radiotherapy, bringing
the need for adaptive radiotherapy. IGART requires an accurate localization of the organs
from the treatment-day image to understand whether the intial treatment plan will be/is
being/has been delivered properly. Chapter 4 was entirely devoted to the methodological
development of a new joint segmentation and deformable registration framework for use in
IGART. To deal with the poor contrast-to-noise ratio in CBCT images likely to misguide
registration, we have conceived a new metric which included two terms: a global similarity
term (the NCC was used, but any other one could be used instead) and a segmentation
term based on a localized adaptation of the piecewise-constant region-based model of Chan-
Vese using an evolving contour in the CBCT image. The idea was to take advantage of the
knowledge of the organ segmentations from the planning CT image, manually delineated
by the radiation oncologist for clinical requirements. Our principal aim was to improve
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the accuracy of the registration compared with an ordinary NCC metric. Our registration
algorithm is fully automatic and takes as inputs (1) the planning CT image, (2) the daily
CBCT image and (3) the binary image associated with the CT image and corresponding
to the organ of interest that we want to segment in the CBCT image in the course of the
registration process. We have presented the results for one patient and a contour evolving
around the prostate. The results are promising and encourages the continuation of efforts
to evolve a contour around the rectum or the bladder and investigate its impact on the
resulting deformation field. Our source code, that is, a new generic metric component
integrated in the registration framework of elastix, an I'TK-based software for image reg-
istration [Klein et al. 2010], is available on request in the spirit of reproducible research
and open science.

5.2 Perspectives

Surprisingly enough, our study on prostate localization in CBCT images using RR yielded
particularly accurate results in terms of Dice coefficients and BD values between the auto-
matic and the manual segmentations of the prostate (Chapter 3). We classified very few
cases out of 115 as failed registrations: 8, 6 and 3 with bony RR, our proposed strategy
(i.e. bony RR followed by 8-mm local RR) and our proposed strategy after replacing air in
rectum by soft tissue in the images, respectively. Indeed, on this basis, it was an ambitious
goal to improve the accuracy of the localization of the prostate in CBCT images using DIR.
We selected a case for which the localization of the prostate was fairly good (Dice 0.70)
using bony RR. The Dice was increased up to 0.81 using our proposed setup correction
strategy (i.e. bony RR followed by 8-mm local RR), also 0.81 using an ordinary NCC
B-spline DIR and 0.82 using our proposed DIR algorithm. However, the localization of the
organs at risk (rectum and rectum) remained poor and was not improved by any of the
DIR algorithms tested. There is hope that using our proposed DIR method with a contour
evolving around the rectum or the bladder improves the deformation field there. To go
even further, one could consider involving simultaneasouly as many evolving contours as
there are organs of interest in the image. In terms of the implementation, the code is easily
extendable for that.

Interestingly, the proposed DIR method can be generalized to any other anatomical
location, provided that the segmentation of one or more organs are given in the fixed im-
age. In the context of IGART, as explored in this thesis, the fixed image would be the
planning CT image, and hence the segmentations of all the organs of interest (target and
OAR) would be available.

As said earlier in the thesis, pelvic CT-to-CBCT DIR is challenging due to a poor
contrast-to-noise ratio in the CBCT image. Any DIR method would inevitably entail
errors. A natural and legitimate reflex is to try and improve upon the DIR algorithm
by exploiting and integrating as much a priori information as possible in order to reduce
registration errors. Indeed, that is precisely what we do in our proposed DIR method where
we use the known manual segmentations of the organs of interest from the planning CT
image to guide the registration process. However, other valuable approaches that aim to
reduce registration errors are worth attention. For example, improving the image quality of
the CBCT images will be beneficial for registration [Jin et al. 2010, Mail et al. 2009]. Also
a dietary protocol received by the patient to achieve empty rectum and full bladder before
the planning CT image and during treatment was shown to have a positive influence on
the performance of RR [Smitsmans et al. 2008]. We believe that such a protocol, applied
in a strict way so that the rectum and the bladder look similar from one day to another,
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will also have a great influence on the performance of DIR. Another approach would be to
use another imaging modality with higher soft-tissue contrast such as MRI. In fact, recent
MR-guided radiation therapy systems have been developed to facilitate real-time prostate
localization during treatment time (http://www.viewray.com/system).
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Appendix 1: elastix parameter file

// Parameter file for the proposed B-spline registration using a new generic metric based
// on a normalized cross-correlation similarity term and a segmentation term that uses
// local statistics in the neighborhood of points along an evolving curve.

// C-style comments: //

// The internal pixel type, used for internal computations

// Leave to float in general.

// NB: this is not the type of the input images! The pixel

// type of the input images is automatically read from the

// images themselves.

// This setting can be changed to "short" to save some memory
// in case of very large 3D images.
(F1xedInternalImagePlxelType "float")
(MovingInternallmagePixel Type "float'")

// The dimensions of the fixed and moving image

// Up to elastix 4.5 this had to be specified by the user.
// From elastix 4.6, this is not necessary anymore.
//(FixedImageDimension 2)

//(MovinglmageDimension 2)

// Specify whether you want to take into account the so-called

// direction cosines of the images. Recommended: true.

// In some cases, the direction cosines of the image are corrupt,
// due to image format conversions for example. In that case, you
// may want to set this option to "false".

(UseDlrectlonCosmes "true")

B \ain Components ¥R ook

// The following components should usually be left as they are:
(Registration "MultiResolutionRegistration")

(Interpolator "BSplinelnterpolator")

(Resamplelnterpolator "FinalBSplinelnterpolator")

(Resampler "DefaultResampler")
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// These may be changed to Fixed /MovingSmoothinglmagePyramid.
// See the manual.

(FixedImagePyramid "FixedRecursivelmagePyramid'")
(MovinglmagePyramid "MovingRecursivelmagePyramid")

// The following components are most important:

// The optimizer AdaptiveStochasticGradientDescent (ASGD) works
// quite ok in general. The Transform and Metric are important

// and need to be chosen careful for each application. See manual.
(Optimizer "AdaptiveStochasticGradientDescent")

//(Optimizer "QuasiNewtonLBFGS")

(Transform "BSplineTransform")

//(Metric "AdvancedMattesMutuallnformation")

(Metric "NormalizedCorrelationWithActiveContours")

1 skokskokskokskokskoskskokskok ok ok ok e 1 o f) s sekokskokskokskokskokskosksksksksk sk sk sk sk sk sk sk sk ok
// Transformation

// The control point spacing of the bspline transformation in
// the finest resolution level. Can be specified for each

// dimension differently. Unit: mm.

// The lower this value, the more flexible the deformation.

// Low values may improve the accuracy, but may also cause
// unrealistic deformations. This is a very important setting!
// We recommend tuning it for every specific application. It is
// difficult to come up with a good ’default’ value.
(FinalGridSpacingInPhysicalUnits 10)

// Alternatively, the grid spacing can be specified in voxel units.
// To do that, uncomment the following line and comment /remove
// the FinalGridSpacingInPhysicalUnits definition.
//(FinalGridSpacingInVoxels 16)

// By default the grid spacing is halved after every resolution,
// such that the final grid spacing is obtained in the last

// resolution level. You can also specify your own schedule,
// if you uncomment the following line:
//(GridSpacingSchedule 4.0 4.0 2.0 1.0)

// This setting can also be supplied per dimension.

// Whether transforms are combined by composition or by addition.
// In generally, Compose is the best option in most cases.

// It does not influence the results very much.
(HowToCombineTransforms "Compose")

//’ KoK KKK KRR KRR Kok skoskoskok skoskosk SlInllaI‘lty measure KKK KKK KKK KRR kR skoskoskoskoskoskosk

// Number of grey level bins in each resolution level,

// for the mutual information. 16 or 32 usually works fine.
'/ You could also employ a hierarchical strategy:
//(NumberOfHistogramBins 16 32 64)
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(NumberOfHistogramBins 32)

// If you use a mask, this option is important.

// If the mask serves as region of interest, set it to false.

// If the mask indicates which pixels are valid, then set it to true.
// 1If you do not use a mask, the option doesn’t matter.
(ErodeMask "false'")

// Kok sk ok Kok sk ok Kok sk sk kok skok kokosk ok Multiresolution Kok sk ok kok sk kokosk sk sk okok skokokskosk koksk

// The number of resolutions. 1 Is only enough if the expected
// deformations are small. 3 or 4 mostly works fine. For large
// images and large deformations, 5 or 6 may even be useful.

(NumberOfResolutions 1)

// The downsampling/blurring factors for the image pyramids.
// By default, the images are downsampled by a factor of 2

// compared to the next resolution.

// So, in 2D, with 4 resolutions, the following schedule is used:
//(ImagePyramidSchedule 8 8 44221 1)

// And in 3D:

//(ImagePyramidSchedule 8 8 8 444222111)

// You can specify any schedule, for example:
//(ImagePyramidSchedule 44432111

// Make sure that the number of elements equals the number
// of resolutions times the image dimension.

// >3k K KKK KR KRR koK skoskoskok koK Optimizer >3k 3K K KRR KR R R R SR SR Sk Ok koK Skosk ok skosk sk skoskoskosk

// Maximum number of iterations in each resolution level:
// 200-2000 works usually fine for nonrigid registration.

// The more, the better, but the longer computation time.
// This is an important parameter!
(MaximumNumberOflterations 151)

// The step size of the optimizer, in mm. By default the voxel size is used.
// which usually works well. In case of unusual high-resolution images

// (eg histology) it is necessary to increase this value a bit, to the size

// of the "smallest visible structure" in the image:
//(MaximumStepLength 1.0)

// KKK KKK KRR R koK skok ko Image sampling >3k 3K KK KR KKK R KRR Rk kR skoskosk skookk

// Number of spatial samples used to compute the mutual
// information (and its derivative) in each iteration.

// With an AdaptiveStochasticGradientDescent optimizer,
// in combination with the two options below, around 2000
// samples may already suffice.

// (NumberOfSpatialSamples 4096)

// Refresh these spatial samples in every iteration, and select
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// them randomly. See the manual for information on other sampling
// strategies.

(NewSamplesEverylteration "true")

(ImageSampler "Random")

/] RskRskskoskokokosk sk kok sk Interpol KKK R koskoskoskoskokoskokoskoskoko sk

ation and Resampling

// Order of B-Spline interpolation used during registration/optimisation.
// It may improve accuracy if you set this to 3. Never use 0.

// An order of 1 gives linear interpolation. This is in most

// applications a good choice.

(BSphneInterpolatlonOrder 1)

// Order of B-Spline interpolation used for applying the final

// deformation.

// 3 gives good accuracy; recommended in most cases.

// 1 gives worse accuracy (linear interpolation)

// 0 gives worst accuracy, but is appropriate for binary images

'/ (masks, segmentations); equivalent to nearest neighbor interpolation.
(FmalBSphneInterpolatlonOrder 3)

/ /Default pixel value for pixels that come from outside the picture:
(DefaultPixelValue -1000)

// Choose whether to generate the deformed moving image.

// You can save some time by setting this to false, if you are
// not interested in the final deformed moving image, but only
// want to analyze the deformation field for example.
(WriteResultImage "true'")

// The pixel type and format of the resulting deformed moving image

’(ResultlmagePixelType "short")
(ResultImageFormat "mhd")
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Appendix 2: Minimization of the cost function of the
proposed DIR method

The minimization of the total energy E is performed using the gradient descent which
requires the computation of the gradient of E, i.e. the partial derivatives of F with respect
to the transform parameters, p1,--- ,pm. For p € {p1, -+ ,pm},

E Ere FEse
57:/\8 9+Ma g

dp dp Op (1)

Derivative of the similarity term E,., We define E,.., = f—f‘ with f 4 being the
B

numerator of Equation 4.27, and f > the denominator. By taking the first variation of A
and B with respect to p, we have:

0A QA 9I|  O(x+u) @
op ol Ox op
XU N e

WV 9T (x) *(X)
gradl(x+u) op 7

s . ST - ,
= /Q I (x)gradl (x+u) j(x) dx — ~ /Q grad/ (x +u) j (x) dx (3)

and
B I? . R I R
(Zp = <SII— S;V) (/QI(X—i—u) gradl (x +u) j (x) dx—fv/ggradl (x+u) j(x) dx)
(4)
. B2A_p9B
Given that 6%’}')“” = e 9% we obtain by substitution:
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FOI‘p € {pla"' apm}a

OF,. 1 A
reg _ I (x) gradl (x +u) j(x) dx (5)
o \/(SH_S}VI““> (51— 55) Ug
_ 'Sjg/ﬂgradf (x+u) j(x)dx ©
SIf — SLs1 A ) |
_M(/QI(X-I—u)gradI(x—l—u)](x)dX (7)
_ % Qgradf (x+1u) j(x) dx)] -

Derivative of the segmentation terms Just as in Section 4.2.1.2, for sake of simplicity,
let us first treat the case that deals with global statistics.

alaseg _ aEseg_globul_in + 0 (9)
Op op Op

Taking the first variation of Esey giobal in (4.23) w.r.t. p yields:

Shin”
8Esegfglabnlii,n . 9 (SII”L) _ a( N; )

1
Op Op dp (10)
where
0 (SIIm> . OH (® (x + u)) . AI? (x +u)
= I’ (x+u dx+ [ H(®(x+u dx (11
e 5 [ 16 () (1)
:/IAQ(x+u)a{I oo 8(X+u)dx
Q od Ox Op
x+uh_ P
grad‘i) 3(x)
o
+/H(<i>(x+u))a{ o1 de
Q ol 0x xiu dp (12)
N——
gradl (x+u)
= / 6® (x +u) grad® j (x) 1% (x +u) dx
Q
+2/H(ci>(x+u))f(x+u) gradl (x 4+ u) j (x) dx
Q
and (13)
oSy 7 A o
— i — 42N, - S, /5@ x+u) grad®j(x) I (x+u) dx
et =4y ([ o8 6cv ) amadd 60 F x4

+ /Q H(®(x +u)) gradl (x +u) j (x) dx)

- Sfm2/ 5@ (x +u) gradd j (x) dx]
Q

(14)
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Similarly,
~ A S 2
8 _ 8 (SIIOUt) a (SJ\{;;Zi ) (15)
Ip - op Ip
where
0 (Stipu) ) . )
_— = —/ 6@ (x +u) grad® j (x) I (x + u) dx
dp 0 (16)
+2/ [1—H(q3(x+u))}f(x+u) gradl (x 4+ u) j (x) dx
Q
and (17)
SAoth
0() [ ; b (o)
o =+ 2Nout - Slout | — ; ¢ (x + u) grad® j (x) ,J (x +u) dx
out

+/Q[1 - H((ﬁ (x+u))} gradl (x +u) j (x) dx>

— SfoutZ/ 6d (x + u) grad® j (x) dx
Q

(18)

With local statistics, and by neglecting the first variations of 6® (x + u) and B (x +u,y + u)
w.r.t. p, Equation 9 becomes:

for p S {plv e 7pm}7

8Ese 8Ese( ocal n 0
9 _ seg_local + (19)
Op Op op
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where

aE.&:(—;{/flocalim
op

:/Q(S@(XJru)

—|—2/gl’>’(x+u,y+u)H(§>(y—|—u))f(y—l—u) gradf(y—l—u)j(y) dy

/B(x+u,y+u)6<i>(y+u) grad(i)j(y) f2(y+u) dy
Q

1
o 2
Nin_local (X + u)

X (/B(x+u,y+u)5<i)(y—|—u) grad® j (y) I (y +u) dy
Q

2Ninilocal (X + ll) : Sfinilocal (X + ll)

+/B(x+u,y+u)H(<i>(y+u))grad_f(y+u)j(y) dy)
Q

- Sjin_local (x+ u)2 / B(x+u,y+u)id(y+u) grad® j (y) dyH dx
Q
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and

0

Op
:/Q&I)(x—i-u)
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