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Computerized tomographic angiography (3D data representing coronary
arteries) and X-ray angiography (2D X-ray image sequences providing
information about coronary arteries and their stenosis) are standard and
popular assessment tools utilized for medical diagnosis of coronary artery
diseases. At present, the results of both modalities are analyzed individually by
medical specialists, and it is difficult for them to mentally connect the details of
these two techniques. This research aims to propose a new framework for
coronary artery registration in both modalities to provide the 3D position of the
stenosis diagnosed in X-ray angiography images.

In this study, coronary arteries from two modalities are registered in order to
create a 3D reconstruction and visualization of stenosis position. Over the last
decade, some algorithms have been developed to register coronary arteries
from the above modalities. However, most of them failed to register coronary
arteries in order to estimate stenosis points from X-ray angiography on
computerized tomographic angiography modalities. In this research work, we
report on new contributions to the major parts of a 3D multimodal cardiac data
reconstruction system.

The first contribution is to propose a fast, accurate and fully automatic method
for coronary artery segmentation and labeling from X-ray angiography, based
on the proposed modified Starlet Wavelet Transform for segmentation, so that
the method can be utilized for registering with other modalities. The average
accuracy, sensitivity, specificity, and precision values of the proposed method
in LCA angiograms from the data sets are 0.96934, 0.86014, 0.98439, and
0.87797, respectively, and in RCA angiograms, the values are 0.97425,
0.89962, 0.99587, and 0.93021, respectively. Obviously, the proposed method
is robust in all performance metrics. Also, by comparing the results, it shows
that the proposed method has minimum artifacts and it also segmented the
whole parts of the coronary arteries. Furthermore, the running time for the



proposed method is much better than other methods, as the whole process is
done in less than 1 s.

The second contribution is related to propose a fast and accurate method for
3D main coronary artery segmentation and labeling from CT Angiography
based on the proposed Intersection Tracking method and Improved vesselness
filter. By conducting experiments on the clinical data sets, it is proven that the
proposed method improved the ability of 3D coronary artery segmentation and
labeling from computerized tomographic angiography by increasing the overall
overlap evaluation to 95.76%. In addition, since no registration is needed prior
to applying the proposed intersection tracking method, and also segmentation
and labeling are applied at the same time in this work, hence, it is faster
compared to previous methods.

The feature-based coronary artery registration in computerized tomographic
angiography and X-ray angiography by using the provided features in both
modalities is the topic of the third contribution in this work. Tests using the
clinical data sets demonstrated that the proposed method aided the specialists
to find the location of stenosis lesion and also to determine the visual
relationship between the corresponding coronary arteries with the mean value
3D distance of 3.375 mm and standard deviation of £ 1.4137 mm in a maximum
processing time of 0.2 s for each coronary artery registration.

The proposed research work is applicable and portable for common personal
computers, as well as with respect to the standard medical acquisition
methods. Moreover, the medical acquisition standards remain unchanged in
this work, which means that no calibration in the acquisition devices is
required, and it can be applied to most computerized tomographic angiography
and X-ray angiography devices. Another benefit of this work would be each
corresponding coronary arteries from these two modalities can be registered
individually and finally, the results can be combined and displayed as a whole
coronary arterial tree including stenosis.
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Tomografi berkomputer angiografi (data 3D mewakili arteri koronari) dan
angiografi sinar-X (jujukan imej sinar-X 2D menyediakan maklumat mengenai
arteri koronari dan stenosis) adalah alat penilaian standard dan popular
digunakan untuk diagnosis perubatan penyakit arteri koronari. Pada masa ini,
keputusan dari kedua-dua modaliti dianalisis secara individu oleh pakar
perubatan, dan sukar bagi pakar untuk menghubungkan butiran kedua-dua
teknik tersebut menggunakan minda. Kajian ini mencadangkan satu rangka
kerja yang baharu untuk pendaftaran arteri koronori di dalam kedua-dua
modaliti untuk menyediakan lokasi 3D stenosis yang telah didiagnosis dari imej
angiografi sinar-X.

Dalam kajian ini, arteri koronari daripada kedua-dua modaliti tersebut
didaftarkan untuk pembinaan semula 3D dan visualisasi kedudukan stenosis.
Sepanjang dekad yang lalu, beberapa algoritma telah dibangunkan untuk
mendaftarkan arteri koronari dengan modaliti yang dinyatakan di atas. Walau
bagaimanapun, kebanyakannya gagal untuk mendaftarkan arteri koronari
untuk menganggarkan titik stenosis dari angiografi sinar-X kepada modaliti-
modaliti tomografi berkomputer angiografi. Dalam kajian ini, kami melaporkan
sumbangan baharu kepada bahagian-bahagian utama sistem pembinaan
semula data jantung 3D multimodal.

Sumbangan pertama adalah mencadangkan kaedah pensegmenan automatik
arteri koronari dan pelabelan dari angiografi sinar-X, berdasarkan cadangan
Starlet Wavelet yang diubahsuai untuk segmentasi supaya kaedah tersebut
boleh digunapakai untuk pendafttaran dengan modaliti-modaliti yang lain.
Purata nilai ketepatan, kesensitifan, pengkhususan dan kepersisan kaedah
yang dicadangkan dalam angiogram LCA adalah masing-masing 0.96934,
0.86014, 0.98439 dan 0.87797. Manakala nilai dari angiogram RCA adalah
masing-masing 0.97425, 0.89962, 0.99587 dan 0.93021. Jelas sekali, kaedah
yang dicadangkan kukuh dalam semua metrik prestasi yang diukur. Juga,



dengan membandingkan keputusan yang dicapai, ia menunjukkan bahawa
kaedah yang dicadangkan mempunyai artifak yang minimum dan
pensegmenan merangkumi keseluruhan bahagian arteri koronari. Tambahan
pula, masa larian bagi kaedah yang dicadangkan adalah jauh lebih baik
daripada kaedah lain dan secara keseluruhan proses yang diperlukan adalah
kurang daripada sesaat.

Sumbangan kedua adalah mencadangkan kaedah yang cepat dan tepat untuk
segmentasi 3D koronari arteri utama dan pelabelan dari angiografi CT
berdasarkan kaedah penjejakan persilangan yang dicadangkan dan penapis
pembuluh darah yang ditambahbaik. Eksperimen yang telah dijalankan ke atas
set data klinikal telah membuktikan bahawa kaedah yang dicadangkan dapat
meningkatkan penilaian pertindanan keseluruhan pensegmenan arteri koronari
3D dan pelabelan dari tomografi berkomputer angiografi sebanyak 95.76%. Di
samping itu, kaedah yang dicadangkan lebih pantas dari kaedah sebelumnya
kerana pendaftaran tidak diperlukan untuk kaedah penjejakan persilangan.
Pensegmenan dan pelabelan yang digunakan pada masa yang sama juga
memberi faedah kepada kaedah didalam kajian ini.

Penyarian sifat berasaskan pendaftaran arteri koronari dalam tomografi
berkomputer angiografi dan modaliti angiografi sinar-X dengan menggunakan
ciri-ciri yang disediakan di kedua-dua modaliti adalah sumbangan ketiga dalam
kajian tesis ini. Ujian menggunakan set data klinikal telah menunjukkan kaedah
yang dicadangkan dapat membantu pakar untuk mengesan lokasi stenosis
dan juga menentukan hubungan visual di antara arteri koronari yang sepadan
iaitu jarak 3D dengan nilai purata 3.375 mm dan sisihan piawai + 1.4137 mm
dalam masa pemprosesan maksimum iaitu 0.2 saat bagi setiap pendaftaran
arteri koronari.

Kajian penyelidikan yang dicadangkan adalah relevan dan mudah alih untuk
komputer peribadi dan memenuhi standard kaedah pemerolehan perubatan.
Selain itu, standard pemerolehan perubatan tidak berubah dalam kajian ini. la
bermaksud tiada penentukuran dalam peranti pemerolehan diperlukan.
Manfaat lain dari hasil kajian ini adalah setiap arteri koronari yang sepadan
daripada kedua-dua modaliti ini boleh didaftarkan secara individu. Akhir sekali,
hasil keputusan keseluruhan pepohon arteri koronari termasuk stenosis boleh
digabungkan dan dipaparkan.
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CHAPTER 1

INTRODUCTION

This chapter serves as the starting point for the entire thesis. It commences
with the presentation of the background of heart anatomy, coronary artery
disease, and coronary artery imaging techniques. Then, the motivation of the
research interest in the 3D multimodal cardiac reconstruction is presented. The
details of the research’s problem statement, research objectives, research
scope, and research contributions are given in the next sections, respectively.
The final section presents the organization of the whole thesis.

1.1 Background

This section presents a brief medical background and medical imaging
systems related to human heart. It starts with the basic concepts of heart
anatomy, as the subject of this thesis is computational algorithms for medical
assisted surgery. Subsequently, a brief view of diseases that may occur in
coronary arteries is explained, and coronary artery imaging techniques are
generally introduced. The properties of X-ray angiography and computerized
tomography angiography acquired in coronary artery imaging procedures are
explained in detail because they are used as the data sets of this thesis.

1.1.1 Heart Anatomy

A heart is an organ that provides oxygen and blood to all body parts. As
illustrated in Figure 1.1, the heart is separated by a divider called partition (or
septum) into two parts, and each part has two chambers. The heart is about
the size of any closed fist (12 cm in length and 9 cm in width), weighs about
300 g, and is particularly formed as a cone. It is located in the chest hole
merely posterior towards the breastbone, between the lung area and also
upper than the diaphragm. The heart is enclosed with a liquid-filled sac known
as pericardium and also comprises of heart muscle tissue that enables the
heart to contract and permits the synchronization with the heartbeat. The heart
wall can be split directly into three layers; endocardium, myocardium, and
epicardium. Endocardium is an internal layer, which is continuous with all the
internal lining of blood vessels. Myocardium is a middle layer wall of the heart,
and epicardium is an external protective layer of the heart. The body consists
of a complex network of hollow pipes known as blood vessels. Blood is
pumped away from the heart by means of arteries (arterial blood vessels) and
also returned to the heart through veins. According to [2], a cardiovascular
system consists of veins, arteries, the heart, and small blood vessels that
transport blood to entire the body. The major artery in the body is aorta.
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Figure 1.1: Examples of external and internal anatomies of the heart [1].

1.1.2  Coronary Artery Disease (CAD)

The cardiovascular system is liable for transporting around 3000 gallons of
blood in the body every day. The heart itself requires blood to perform its
functions properly. The source of feeding the heart with oxygen-rich blood is
coronary arteries. Indeed, the coronary arteries are a vital part of the
cardiovascular system, which mostly relies on the surface of the heart and
transports the blood to the heart muscle. As shown in Figure 1.2, coronary
artery vessels are categorized into two principal parts; right coronary artery



(RCA) and left coronary artery (LCA). RCA stems from the right aortic sinus
and LCA stems from the left aortic sinus. The first part of the left coronary
artery is referred to as the left main coronary artery (LM). This blood vessel can
be about 5 mm wide and less than 30 mm long. LM branches directly into a
pair of arteries; left circumflex coronary artery (LCX) and left anterior
descending coronary artery (LAD). LCX circles around the left side of the heart,
which is embedded throughout the surface of the rear side of the heart. LAD is
embedded throughout the surface of the front side of the heart. Each LCX and
LAD artery bifurcates into smaller sub-arteries; three septal arteries (S1~S3)
and three diagonal arteries (D1~D3) that originate from LAD, and also two
marginal arteries (OM1 and OM2) from LCX. The end of RCA bifurcates into a
pair of smaller arteries; right posterior lateral branch (R-PLB) and right
posterior descending artery (R-PDA).

Left main coronary

Aorta artery (LM)
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coronary artery
(LCX)

Right coronary
artery (RCA)
Right posterior lateral

branch (R-PLB)

Right posterior descending
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descending coronary
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Figure 1.2: Cardiovascular system anatomy — coronary arteries

Among the cardiovascular system diseases, coronary artery disease (CAD) is
an important issue, which usually stands behind the loss of life around the
world today. Therefore, a precise method to visualize coronary arteries is
highly needed. In fact, CAD is associated with blockage, as well as narrowing
the left or right coronary artery vessels. Figure 1.3 illustrates the effects of CAD
through build-up of fat and also cholesterol residua known as plaques within
coronary arteries. Plaque (or cholesterol) is often produced as a fatty material
in the liver and moves through the entire human body. After a while, the
amount increases and narrows the coronary arteries, as well as blocks the
blood circulation on the coronary arteries. This process is referred to
atherosclerosis, which partly or perhaps entirely blocks the blood circulation to
cardiovascular system. This problem might lead to injury or even led to the
death of parts of heart muscle, which caused heart attack.
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Figure 1.3: Coronary artery disease (CAD). A normal coronary artery with normal blood flow
and a coronary artery with plaque build-up [3].

1.1.3 Coronary Artery Imaging Techniques

In this section, the medical imaging techniques that can be used for coronary
artery imaging are introduced. Over the last three decades, there has been a
fast progress in cardiovascular imaging techniques that can be used for
diagnosing coronary artery diseases. As depicted in Table 1.1, there are
several coronary artery imaging techniques; cardiac X-ray angiography,
cardiac computerized tomography angiography (CCTA), magnetic resonance
angiography (MRA), single-photon emission computed tomography (SPECT),
and others.



Table 1.1: Advances in medical imaging techniques related to coronary arteries.

Year Medical imaging techniques

1 1895 Chest X-ray

2 1896 Fluoroscopy

3 1940 X-ray Angiography

4 1972 Computed Tomography (CT)

5 1984 Cardiac Computerized Tomography Angiography (CT Angiography)

6 1984 Magnetic Resonance Angiography (MRA) [4]

7 1990 Electron Beam Computerized Tomography (EBCT)

8 1990 Single-Photon Emission Computed Tomography (SPECT)

9 1991 Optical Coherence Tomography [5]

10 1994 Intracoronary Ultrasound [6]

11 2004 64-slice CT Scanning

Among these modalities, cardiac computerized tomography angiography (CT
angiography or briefly CTA), and also cardiac X-ray angiography (X-ray
angiography, X-ray arteriography or briefly angiography) are the best ways for
visualizing coronary arteries and CAD diagnosis. Therefore, these image
modalities have been focused, which are closely related to this work.

1.1.3.1 X-ray Angiography

X-ray angiography is well used to visualize coronary arteries and diagnose
their blockage and stenosis in real-time. Therefore, most physicians prefer to
use this modality instead of others to diagnose and treat CAD. Coronary artery
angiography is performed by injecting the radio-opaque contrast agent into the
coronary arteries and imaging using X-ray based techniques such as
fluoroscopy. A series of blood vessel radiographs is called angiograms (or
angiographs). As shown in Figure 1.4, a typical X-ray angiography suite setup
consists of a radiographic table, in which the patient lays on, a coronary
angiogram contrast injector machine, a C-arm device and one or more
monitors attached to the C-arm imaging device. The C-arm allows real-time
digital X-ray image acquisition in different planes, which is mobile in 360
degrees.
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Figure 1.4: A typical x-ray angiography suite setup (Taken from UiTM Medical Center).

Figure 1.5 shows some X-ray angiograms of coronary arteries from one
subject of the data set. The major drawback of X-ray angiography technique is
being invasive and also lack of 3D information about coronary arteries and
their stenosis point. A 3D coronary artery reconstruction becomes essential
after acquiring 2D X-ray angiograms.

Figure 1.5: X-ray angiograms of coronary arteries from one subject in different views
(Courtesy of UiTM Medical Center, Malaysia).

1.1.3.2 Computerized Tomography Angiography (CT Angiography)

Generally, CT scan is a form of X-ray, which utilizes a computer system to
generate cross-sectional images of the human body. In this technique, a 3D
image of a component can be reconstructed from a series of 2D X-ray. This
technigue was introduced by Hounsfield in 1972. Since then, five generations
of CT scan devices have been manufactured with different scanning motion
and tube-detector configuration. Table 1.2 presents five generations of CT
scanner technology.

The modern progress of CT scan devices signifies a promising future for CT
imaging utilized in coronary artery disease diagnosis. The speed benefits of



64-slice CT enable it to be used for cardiac imaging. Dual source CT scanner
together with dual X-ray tubes and also dual array of 64-slice detectors have
been introduced by Siemens in 2005. This technique permits better temporal
resolution by obtaining a complete CT slice in one fourth of the rotation.
Therefore, it reduces motion blurring at high heart rates and also makes it
possible to hold breath in shorter time. Using the advancement in subsecond
rotation speeds coupled with multi-slice CT (about 320 slices by 2009 [7]),
higher resolution and higher speed CT scanner can be acquired at the same
time. Therefore, it allows this technique to be utilized for cardiovascular
imaging.

Table 1.2: Five generations of CT scanner technology [8].

Minimum

Number of

Generation . Beam Configuration
scan time detectors
1st 2.5 min 1~2 Pencil thin Translate - rotate
2nd 10 sec 3~52 Narrow fan Translate - rotate
3rd 0.5 sec 256 ~ 1000 Wide fan Rotate - rotate
4th 1 sec 600 ~ 4800 Wide fan Rotate - fixed
5th 33 ms 1284 Wide fan electron beam Electron beam

CT angiography is a type of medical exam that mixes CT scan with the
injection of a specific dye, referred to as a contrast material, to generate
images of vessels in specific parts of the body. For this aim, the contrast
material is often injected into a vein started in the hand or arm. Figure 1.6
illustrates a typical CT angiography suite setup.

Figure 1.6: A typical CT angiography suite setup (Taken from UiTM Medical Center).

When CT angiography is done, a series of images will be created, which can
be observed as an axial view of cardiac components, such as cardiac
chambers, aorta, heart's muscle and coronary arteries as well. These images
are referred to as CT angiography slices throughout this thesis. From this
modality, one can get the 3D reconstruction of coronary arteries and also find



out whether a plaque build-up has narrowed patient’s vessels or not. Figure 1.7
shows some CT angiography slices from one subject of the data set.

Figure 1.7: Two sequential CT angiography slices from one subject. Red arrows point to the
coronary arteries (Courtesy of UiTM Medical Center, Malaysia).

1.2 Motivation and Importance of the Study

It is extensively recognized that coronary artery disease (CAD) is the major
reason behind death and also handicap throughout the world. In 2004,
approximately 7.2 million of deaths worldwide was caused by this disease.
Unfortunately, 82% of these deaths happened in middle and low-income
countries [9]. Coronary arteries are a principle resource utilized by the heart to
transport nutrition and also oxygen required to pump blood throughout the
body. Figure 1.8 shows a blockage inside a coronary artery caused by a mix of
waxy substances. Data information from the Unit of the Ministry of Health
Malaysia indicates that cardiovascular diseases have been the main reason
behind the death in hospitals, responsible for 25.4%-33% of deaths from 2006
to 2010 [10]. Therefore, a great number of research is performed at present to
determine the reasons behind cardiovascular disease and also to assist its
diagnosis and therapy.

Atherosclerosis
artery narrowed by

atherosclerotic
plaque
damagec .

Figure 1.8: Cross-sectional explanation of coronary arteries demonstrating a normal
(healthy) artery and a narrowed one (atherosclerosis) [11].



Coronary artery imaging techniques have played a significant role in the
research associated with coronary artery disease diagnosis and treatment. A
variety of medical imaging techniques have been utilized over the years.
Among these techniques, X-ray angiography and CT angiography are the best
method for specialists (cardiologists and cardiac surgeons) for the purpose of
coronary artery disease diagnosis and treatment. In spite of the increased
usage of X-ray angiography and CT angiography nowadays, however, some
important information cannot be obtained by using each of these modalities
alone, even for experienced specialists. From the technical standpoint, there
are several complexities to produce precise 3D stenosis positioning, as it is a
complicated task. These include:

e Limitations associated with the output of X-ray angiography
(angiogram), such as 2D information. However, it is possible to detect
all types of stenosis lesions in coronary arteries from this modality.

e Limitations associated with the output of CT angiography. For
example, it is not possible to visualize all types of stenosis lesions in
coronary arteries. However, the output of CT angiography is 3D and
also includes information about other cardiac components.

These limitations have been confirmed by expert cardiologists and surgeons
that participated in the validation stage of final results to detect stenosis
locations in 2D coronary X-ray angiography and 3D CT angiography. This
motivated the researcher to propose a set of computational algorithms for 3D
multimodal stenosis reconstruction using X-ray angiography and CT
angiography.

1.3 Problem Statement

Different modalities hold different information in assisting physicians in making
decision. Previously, they viewed these images in separate or adjacent
windows, and mentally fused these images together. Even though medical
image registration and image fusion have been successfully implemented for
other organs such as the brain and lungs, medical image registration and
fusion for the heart present different challenges [12-14]. First, since the heart is
beating, fusion requires synchronization with the rhythm of the heart for
different phases. Second, the heart is a non-solid organ, thus acquired images
give a vague impression.

Precise computer-assisted coronary artery analysis is consequential in later
diagnosis and treatment with cardiologists and cardiac surgeons. As explained
in Section 1.1.3, X-ray angiography and CT angiography are the best
modalities to visualize coronary arteries and CAD diagnosis. Individually, these
modalities provide valuable information, but do not represent complete
information about coronary arteries. Thus, it is important for specialists
(cardiologists or cardiac surgeons) to combine informative data in both
modalities. Indeed, specialists believe that access to some extra information
about stenosis points in coronary arteries extracted from angiogram, such as



the 3D position and their relative localization with respect to the corresponding
coronary artery from CT angiography, is an important aid in CAD diagnosis and
treatment.

There are several hybrid devices such as SPECT/CT, PET/CT, PET/MRI and
MRI/PET, which give combined informative data. To the best of our knowledge,
no hybrid device is available for combining the results of X-ray angiography
and CT angiography devices. Moreover, these devices are very expensive and
none returns the 3D position of stenosis lesion of coronary arteries. In a
successful manner, these two modalities are available in most hospitals
nowadays. Therefore, one way to aid specialists is to set up the connection
between stenosis points from an X-ray angiography along with their 3D
positions of coronary arteries from CT angiography, so that they have a 3D
informative model consisting of stenosis and coronary arteries’ information
from both modalities. To achieve this aim, it is highly required that first, the
coronary arteries are segmented and labeled, their control points are also
extracted precisely from both modalities. Then, an appropriate registration can
be computed based on these results.

1.4 Research Objectives

The main aim of this research project is to propose a new framework for
coronary artery registration in X-ray angiography and CT angiography
modalities to provide the 3D position of the stenosis. It will assist medical
specialists to perform diagnosis and treatment by providing them with the
relationship between these two modalities. To achieve this, stenosis lesion
positions are reconstructed in 3D through CT angiography and X-ray
angiography images registration. The following are the objectives in order to
achieve the main goal of the study:

. To propose a new method of segmenting and labeling the
coronary arterial tree in X-ray angiography images using enhanced
starlet wavelet transform.

) To introduce a method of 3D main coronary artery segmentation
and labeling in CT angiography using a new proposed intersection
tracking technique.

. To reconstruct 3D multimodal cardiac data using a new proposed
feature-based coronary artery registration in CT angiography and
angiogram.

15 Research Scope

The focus of this research is to propose a new method for coronary artery
registration from X-ray angiography and CT angiography images, which has
the ability to be applied for 3D stenosis point registration in these two
modalities. The proposed method deals with the C-arm 2D X-ray angiography
devices and 3D CT angiography machines, which can be used for 3D stenosis
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position visualization. Since the stenosis points can be visualized only in some
X-ray angiography’s frames, it is assumed that the best frame and also the
best view of angiograms has already been chosen by the specialist. In
addition, the medical acquisition standards in both X-ray angiography and CT
angiography remain unchanged, which means that no calibration is required in
the acquisition devices.

1.6 Research Contributions

The outcome of this research is a computer aided system that assist cardiac
surgeons and cardiologists to visualize 3D stenosis point through CT
angiography and X-ray angiography modalities. The contributions of this
research are as follows:

e A fast, accurate, and fully automatic method for coronary artery
segmentation from X-ray angiography images based on the proposed
modified starlet wavelet transform. The proposed method enhances
the ability of coronary artery segmentation from angiogram in
increasing the accuracy and reducing the artifacts in segmentation
results. As discussed in Chapter 4, the average accuracy, sensitivity,
specificity, and precision values of the proposed method in LCA
angiograms are 0.96934, 0.86014, 0.98439, and 0.87797, respectively,
and in RCA angiograms, the values are 0.97425, 0.89962, 0.99587,
and 0.93021, respectively. It also performs at least two times faster
than previous methods. Using this method, it is also feasible to label
coronary arteries and detect control points.

e A fast and accurate method for 3D main coronary artery segmentation
and labeling from CT angiography using the proposed intersection
tracking method. By conducting experiments on the clinical data sets, it
is proven that the proposed method improves the ability of 3D coronary
artery segmentation and labeling from CT angiography in increasing
the overall overlap evaluation to 95.76%, as discussed in Chapter 5. In
addition, since the segmentation and labeling are done at the same
time in the proposed method, without any further process, the method
is faster compared to previous methods.

e A fast and accurate method for coronary artery registration from CT
angiography and X-ray angiography images. The proposed method
enhances the ability of coronary artery registration in these two
modalities and also it reduces the time complexity compared to
conventional registration methods in these modalities. As discussed in
Chapter 6, clinical data set tests demonstrated that the proposed
method aided the specialists to find the location of stenosis lesion and
also to determine the visual relationship between the corresponding
coronary arteries, and a mean accuracy of 3.375 mm and standard
deviation of +1.4137 mm (3D distance) have been achieved in a
maximum processing time of 0.2 s for each coronary artery
registration.

11



1.7 Outline of the Thesis Structure

There are three styles of research structure in UPM based on the School of
Graduate Studies (GSO) guideline for thesis preparation (2009). The second
style has been chosen for this thesis, in which a thesis is inherently divided into
four parts; introduction, literature review, research methodology, and
conclusion. Each research chapter represents a separate study, which
includes its introduction, methodology, and also results and discussion. Thus,
this thesis only has four research parts, which complement the technical
elements that form the project under discussion. Subsequently, the overall
organization of the thesis is as follows:

e Chapter 1 serves as the introduction of this thesis. It starts with a
background about the heart anatomy, coronary artery diseases, and the
latest techniques used for coronary artery imaging, as this thesis is
involved with a medical problem statement. Next, a brief explanation of
what motivates the interest to do this research is presented. Moreover,
this chapter clarifies the problem statement, objectives, and scope of the
research.

e Chapter 2 gives a literature review on coronary artery segmentation and
labeling from angiogram, coronary artery segmentation, labeling and 3D
reconstruction from CT angiography, as well as coronary artery
registration in angiogram and CT angiography modalities. The current
challenges in each of these issues are also described.

e Chapter 3 presents the research methodology used to accomplish the
current research project. The chapter discusses the research steps
taken to conduct this study from the problem statement to performance
evaluation.

o Chapter 4 to 6 present the original contributions of this thesis, dedicated
to introduce the details of the proposed method for coronary artery
segmentation and labeling from angiogram, coronary artery
segmentation, labeling and 3D reconstruction from CT angiography, and
also coronary artery registration in these two modalities. Each of these
chapter consists of these parts: an introduction, the proposed
methodology, implementation, experimental results and discussion,
advantages and limitations of the proposed method, and summary.

e Chapter 7 includes the conclusions that can be drawn from the present
study. Additionally, this chapter suggests for future research and
continuation of this work.
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