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1.1 Cardiovascular system

The cardiovascular system is a blood distribution network which consists of the
heart, blood vessels, and blood. The heart is about the size of a closed fist and
functions as the body’s circulatory pump which takes in deoxygenated blood returned
from the body and delivers it to the lungs to release carbon dioxide and absorb oxygen
before pumping it into the artery network. On average, the heart beats 70 times per
minute and even at rest, the heart can easily pump over 7 ton of blood throughout the
body every day. Blood vessels transport blood from the heart to all body tissue and
back again quickly and efficiently. There are three major types of blood vessels: the
arteries, which carry blood away from the heart; the capillaries, where the actual
exchange of gases, nutrients, and waste products between the blood and the tissues
takes place; and the veins, which carry blood back to the heart. All vessels contain a
hollow area called the lumen through which blood can flow and the lumen size
corresponds with the amount of blood that can pass through it. Blood is composed of
blood cells suspended in plasma. On average, an adult has about 5 liters of blood. The
main function of blood is to deliver substances like nutrients, wastes, hormones and
gases which not only help to maintain the body’s homeostasis, but also play major
roles in the body’s defense against infection [1, 2].

1.2 Coronary circulation

The heart powers the whole cardiovascular system [3] while the blood transported
to the myocardium is delivered by the coronary circulation in which the left and right
coronary arteries branch off from the aorta and deliver oxygen-rich blood to the left
and right sides of the heart. The deoxygenated blood from the heart muscle is returned
to the vena cava by the coronary sinus. Figure 1 shows part of the cardiovascular
system near the heart including the coronary circulation system. Only when healthy,
these arteries are capable of autoregulation to maintain coronary blood flow at levels
that appropriate to the heart muscle demands. Since the coronary circulation is the
only source of blood supply to the myocardium and it contains little redundant blood
supply, the ischemia caused by coronary vessel narrowing or blockage could be fatal
[4].

1.3 Coronary artery disease

Coronary artery disease (CAD), which causes coronary heart disease (CHD), is the
number one cause of death in the developed countries and a major cardiovascular
disease in the rest of the world. Healthy arteries are elastic and smooth, but when CAD
occurs, mixtures of cholesterol, inflammatory cells, lipoprotein and calcium, called
plaques, start to deposit under the intima. The artery walls become thick and rigid
while plaques release chemicals to promote the healing. In addition, plaques slowly
build up and narrow the coronary arteries so that the blood flow to the myocardium
becomes insufficient as Figure 2 presented. On the other hand, the ischemia can occur
acutely as a sudden rupture of vulnerable plaques or thrombi can immediately reduce
or even totally block the blood supply to heart or other organs. The traditional risk
factors for CAD are high level of low-density lipoprotein (LDL) cholesterol, low level of
high-density lipoprotein (HDL) cholesterol, high blood pressure, family history,
diabetes, smoking, being older than 55 for women and being older than 45 for men.
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High stress, lack of physical activity and obesity are also suspicious risk factors [5].
Without proper treatment, CAD will weaken the heart muscle and lead to arrhythmias,
heart attack, heart failure and stroke.
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Figure 1-1. Part of the cardiovascular system near the heart including four heart
chambers, main arteries and veins are labelled in blue text. On the heart, the coronary
vessels are labelled in red text. (Source: http://en.Wikipedia.org/wiki/ File:Coronary_
arteries.png)
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Figure 1-2. Coronary artery disease is caused by plaques build up in the coronary
artery. Plaques can rupture and cause blood clots which block the supply of blood and
oxygen to the heart. A blockage that is not treated properly will cause the affected heart
muscle to die. (Source: http://www.nlm.nih.gov/medlineplus/ magazine/issues/
winter09/articles/winter09pg25-27.html)
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1.4 CAD treatment

CAD cannot be fully cured, but in most of the cases, proper treatments are able to
relieve the symptoms like chest pain and lower the risk of death. There are three main
strategies of treatment: lifestyle changes, medications and medical interventions.

A healthy lifestyle including weight control, smoking cessation, physical exercise
and healthy diet can be a preventive measure to delay or even prevent the
atherosclerosis development which usually takes many years and could have no sign
at all in the beginning. Patients with CAD can also benefit from the healthy lifestyle as
it reduces the risk of further episodes and there is hope that CAD can be regressed
before it causes serious CHD.

When lifestyle changes are insufficient, many different types of medications can be
used to treat CAD. Antiplatelet drugs, such as aspirin, can keep platelets in the blood
from sticking together. Anticoagulants are another class of drugs that prevent blood
from clotting. Cholesterol-modifying drugs, like statins, decrease the level of LDL
cholesterol which is one of the primary materials of plaques. Calcium channel
blockers are used to decrease blood pressure, alter heart rate and alleviate chest pain.
Beta blockers can reduce the oxygen request of myocardium by lowering the heart rate
and blood pressure. On the other hand, Nitroglycerin can relax coronary arteries to
increase the blood supply. Medications may help patients to delay or even avoid the
demands of medical surgery. However, medications usually have side effects and are
limited when facing severe CAD situations.

Medical interventions are required when lifestyle changes and medications do not
work sufficiently. Coronary surgery and percutaneous coronary intervention (PCI) are
the two primary means of revascularization. Coronary artery bypass graft (CABG)
surgery was first introduced in 1960 and the idea is grafting healthy arteries or veins
from other parts of the body to the narrowed coronary arteries. The grafted vessel
bypasses atherosclerotic narrowing and creates a new path for blood flow to the heart
muscle. CABG is particularly suitable for situations like the left main coronary artery
blockage, multiple artery narrowings and poor heart function, but also has risks as any

type of surgery.

PCI is a class of nonsurgical procedures that utilize coronary catheterization to
open narrowed or even blocked coronary arteries, which serves as a chance for non-
surgical candidates [6]. Coronary catheterization accesses the coronary circulation
and blood filled chambers of the heart using a catheter for both diagnostic and
interventional (treatment) purposes. During the catheterization, a guide wire is
inserted into a big vessel in the arm or groin through a needle, and threaded to the
heart under the guidance of a special x-ray imaging system. It helps doctor position
catheters correctly. Next, the needle is replaced by a tapered tube called sheath.
Through the sheath, a hollow guiding catheter is slid over the guide wire to the target
region and then the guide wire can be removed. After the catheter reaches the right
spot, diagnostic tests or treatments on the heart can be applied through it. For PCI
treatment, a second guide wire is threaded through the guide catheter and passes the
vessel blockage. It assists another catheter with a balloon on the end (balloon catheter)
through the guide catheter to the narrowed region. Once in place, the balloon is
inflated with a high pressure to push the plaque against the artery wall, relieving the
blockage and restoring blood flow. Next, the balloon is deflated and withdrawn
together with the catheter, guide wire and sheath. Unless the artery is too small, a
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medical device called stent can be implanted during the PCI. A coronary stent is a tiny
tube-like mesh that is used to support the narrowed vessel wall and keep the lumen
open during the follow up. When implanting, a stent is constrained on a deflated
balloon and delivered to the narrowed region during or after the balloon angioplasty.
While the balloon is expanding, the stent is opened to support the vessel wall (Figure
3). In addition, there are also self-expanding stents. An introduction of stent is given in
the next section. The advantages of PCI relative to CABG include less procedure time,
ease of use, no general anesthesia, faster patient recovery and decreased systemic
complications. Commonly, PCI is the first choice for stable as well as unstable CAD
patients and it may delay or eliminate the future need for coronary artery bypass
surgery [7-9].

Figure 1-3. Stenting for coronary artery disease. First, the stent restricted on a deflated
balloon is threaded to the narrowing of the vessel. The balloon is inflated to press
plaques against the vessel wall and open the stent at the same time. The balloon is
deflated and removed, leaving the stent to keep the lumen open. (Source:
http://www.themedschoolproject.com/2012/02/valentines-day-special-way-to-mans.
html)

1.5 Coronary stent

1.5.1 Bare metal stents

The PCI procedure, which was pioneered by Griintzig in 1977, has become the
most frequently performed therapeutic procedure in medicine [10]. The coronary
balloon angioplasty was a breakthrough in treating CAD and quickly accepted
worldwide. However, unpredictable risks of acute vessel closure caused by occlusive
coronary dissection became evident. Sometimes, an emergency CABG surgery is
required to save the patient. Besides, in up to one third of cases, too much tissue grows
within the treated portion of the artery which re-narrows or even blocks the artery
during the follow-up [11]. It is called late restenosis and mainly caused by constrictive
remodeling [12, 13], elastic recoil [14] or the neointimal hyperplastic healing response
[14, 15]. Although the luminal enlargement could be performed many times, it costs
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more and does not eliminate the risks. These problems diminished the value of
balloon angioplasty.

After a series of trial tests [16, 17], bare metal stents (BMS) were heralded as the
second revolution in interventional cardiology to overcome the disadvantages of
balloon angioplasty [11]. It provides a solution to acute vessel closure by moving
intimal and medial flaps away from the lumen and maintaining radial support to
prevent elastic recoil. The rate of sub-acute occlusion was successfully reduced to 1.5%
so that emergency bypass surgery becomes a rare occurrence during the PCI.
Furthermore, the late restenosis rate was significantly decreased by more than 10%
[17]. By 1999, angioplasty paired with coronary stent implantation comprised 84.2% of
all PCI procedures [18].

1.5.2 Drug-eluting stent

Despite the tremendous success in preventing the acute recoil and post-injury
arterial shrinkage associated with balloon angioplasty, BMS still has a high restenosis
rate of 22% during the follow up. As the implanted stents are foreign objects, they
increase the risk of sub-acute thrombosis and late in-stent neointimal hyperplasia.
The neointimal hyperplasia inside the stent was even more prominent than with
balloon angioplasty, necessitating repeat treatment in numerous patients [19].

To reduce the in-stent neointimal hyperplasia, drug-eluting stents (DES) were
invented. A drug-eluting stent consists of three components: a metallic stent as the
platform, a polymer layer covering the stent as the carrier and some antiproliferative
medicines as the agent. The medicines are slowly and continuously released into the
artery to prevent it from becoming blocked again. Large trials have proved that the in-
stent restenosis rate dropped greatly, but the increased risk of late stent malapposition
and late stent thrombosis became evident [10].

1.5.3 Bioresorbable vascular scaffold

Metallic stents, including BMS and DES, are both permanent devices. As they
caged the vessel, late luminal enlargement and advanced vascular remodeling could
no longer occur. To solve their problems, the principle of temporary vascular scaffold,
called bioresorbable vascular scaffold (BVS) was put forward (Figure 4). A BVS should
provide a solid support to the vessel wall after the implantation to prevent acute vessel
closure and recoil and persistently release antiproliferative medicines to prevent the
restenosis. After restoring the artery, the scaffold will be fully degraded or resorbed
during the follow-up. In the end, a BVS leaves no foreign object in the vessel but all
future options open for the patient. Current trials showed that BVS has a better
outcome in many fields than metallic stents [20, 21]. This nascent technology is
evolving rapidly and more research and trials are ongoing for validation and
improvement.
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Figure 1-4. A comparison of a bioresorbable vascular scaffold (A) and a drug-eluting
stent (B) (Source: http://interventions.onlinejacc.org/article.aspx?articleid= 1112042)

1.5.4 Stent design

Over the years, stent designs including pattern, material, coating and tissue-metal
interface have been developed in addition to accompanying drug treatments.
Although none of the current designs of coronary stents are ideal, constant research
and improvement are being made especially with respect to homogeneous
distribution of force, ease of placement, stability and conformability [22]. For example,
the stent cell pattern affects the ability of vessel wall support. Small cells usually have
better support but they can lower the side branch access through them.

1.6 Invasive imaging techniques

Symptoms of CAD, like chest pain, shortness of breath, palpitations and even
fatigue, can be used for diagnosis. However, to diagnose and evaluate the CAD
accurately, medical imaging techniques are necessary. For the past fifty years,
sophisticated research of imaging the heart and vascular vessels has been studied
enormously. Two main strategies of imaging techniques have been investigated:
invasive imaging, such as coronary angiography, intravascular ultrasound (IVUS) and
intravascular optical coherence tomography (IVOCT) and noninvasive imaging, such
as computed tomography (CT), magnetic resonance imaging (MRI), x-ray and
echocardiography. In the beginning, noninvasive methods were most preferred as
they are safe and cheap. After the increased understanding of coronary artery diseases,
the limitation of noninvasive methods became evident as they do not have sufficient
resolution and penetration to give a detailed description of small structures, for
example atherosclerosis, specifically vulnerable plaque with thin cap, the neointimal
thickness and tissue coverage of struts. Nowadays, invasive imaging methods have
become dominant for CAD diagnosis and treatment guidance.

1.6.1 Coronary angiography

Coronary angiography, since the 1960s, has been one of the most matured invasive
imaging techniques for artery blockage diagnosis, evaluation and treatment. It is a
modality that utilizes special x-ray and harmless dye (contrast) to show the insides of
arteries. Similar as the PCI procedures, it is applied using the cardiac catheterization
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procedure. Once the catheter is properly placed, the contrast will be injected through
the catheter and released into the bloodstream. The mixture flows through the
coronary arteries, making the lumen visible in the x-ray images. Due to the volume of
the mixture, the vessel lumen size can be appreciated so that when a plaque has built-
up inside an artery, a narrowed or restricted blood flow can be visualized. If the
angiography reveals a blocked artery, a PCI procedure could be applied to restore
blood flow instantly and the contrast will be injected again to assess the treatment
outcome.

Coronary angiography is the traditional way of imaging during diagnostic and
interventional coronary procedures as it can easily provide an accurate real-time
illustration. The images can support accurate and highly reproducible measurements
for clinical decision-making and research to estimate the regression and progression
of coronary obstructions, particularly the lumen size, for the PCI outcome assessment
[23]. However, coronary angiography loses accuracy in the presence of vessel
superposition or foreshortening. Furthermore, only the lumen of the vessel is
visualized by x-ray angiography, while the information about the vessel wall and
plaque is absent. Therefore, it only has limited ability to characterize tissue and
plaques beyond the detection of dissections and very advanced plaques with extensive
calcification in the vessel wall. Thus, there are some scenarios in which
complementary information is required besides the coronary angiography.

1.6.2 IVUS

IVUS imaging is a sound-based technique for visualizing arterial structure. A
catheter with a high frequency ultrasound transducer mounted on the tip is threaded
to the target vessel region by using cardiac catheterization. Because circulating blood
is an excellent medium for transmission of ultrasound waves, the ultrasound
transducer can emit a beam of ultrasound to the vessel tissue and receive the echo
signal to acquire two-dimensional (2D) cross-sectional images of coronary arteries.
The catheter is pulled back through the target region to generate real-time three-
dimensional (3D) images and the images are recorded on the fast external storage for
future analysis.

The frequency of ultrasound used in IVUS has a typical range of 20 - 40 MHz. The
higher frequency of the signal results in the higher resolution of the images, but the
lower penetration depth of tissue. Current IVUS imaging systems have a resolution of
100 - 250 um. IVUS not only has the advantage of accurate determination of luminal
dimensions of vessels, but also has the potential to assess the presence and extent of
the atherosclerotic plaque and the characterization of arterial wall components.
Compared with coronary angiography, IVUS does not cause radiation damage or
require contrast injection. However, its common pullback speed is only 0.5 - 1
mm/sec, therefore, the IVUS imaging can be influenced by cardiac motion.
Furthermore, the IVUS resolution still has limitations when measuring tiny structures
like the vulnerable cap of a plaque.

1.6.3 IVOCT

IVOCT has emerged as an attractive new imaging modality, which offers superior
resolution (approximately 10 um) for in-vivo coronary plaque morphology. Figure 5(A)
illustrates a commercial IVOCT system. Like IVUS, IVOCT uses an imaging catheter to
acquire cross-sectional images of the target vessel, but instead of ultrasound, the
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IVOCT imaging catheter emits near-infrared light beam to the vessel tissue. Due to the
speed of light, interferometry techniques are necessary to measure the backscattered
light since a direct quantification is not available. The reflected light from a point of the
sample and the reference light generate an interference pattern so that a detector can
create a pixel for this specific site based on the produced light and dark pattern. The
imaging catheter is being rotated and pulled back by a motor when acquiring images
and a fluid-filled semitransparent polymer tube, named protective sheath, is used to
cover the imaging catheter. After scanning cross-sections successively at different
transverse positions, a full 3D image of the vessel is generated. This procedure is
usually assisted by a standard guide wire. Therefore, a typical IVOCT image always
contains the imaging catheter, protective sheath, guide wire and vessel lumen. Besides
these common components, there also could be stent struts, side branches, thrombi,
plaques and other lesions. The major limitation of IVOCT is blood attenuation due to
the backscattering properties of red blood cells, thus the blood is temporarily
displaced from the field of view during imaging acquisition by infusing saline or
contrast through the vessel. An example of a typical IVOCT image is given in Figure
5(B).

There are two IVOCT imaging systems: the time-domain IVOCT and the frequency-
domain IVOCT [24]. The frequency-domain IVOCT imaging system facilitates high-
speed pullbacks (20 mm/sec) during image acquisition without necessitating transient
balloon occlusion of the coronary artery. The high pullback speed also greatly
alleviates the impact of cardiac motion. However, some errors and artifacts still can be
found in IVOCT images which may induce imprecise assessment and measurements.
For example, the optic path length of the imaging catheter could be slightly different
during the whole pullback run which results in different image scale as Figure 5(C)
presented. Hence, an image calibration, called Z-offset correction, should be applied
throughout the entire pullback to adjust the image scale. If the blood is not completely
displaced, there will be residual blood in the lumen which blurs the boundary of the
protective sheath and lumen like Figure 5(D). Residual blood artifacts also could be
mistakenly labelled as thrombi. The small air bubbles inside the protective sheath can
cause bright noise which will significantly attenuate the signal from behind and make
poor definition of the protective sheath and imaging catheter. The seaming artifact is
the result of rapid artery or imaging catheter shifting in a single frame, leading to
misalignment of the lumen border. Figure 5(E) illustrated these two artifacts. In
addition, when the imaging catheter passes a vessel tortuosity or simply sweeps during
the pullback, its rotational speed could be nonuniform which conduces to nonuniform
rotational distortion. It would lead to shape distortion or focal image loss [24-27].
There are also artifacts owing to the eccentric catheter position, such as sunflower
artifact of metallic stent struts which appears as a bending of stent struts toward the
imaging catheter. It means that a metallic strut parallel to the lumen wall could appear
obliquely oriented to the lumen wall because when the light beam from the imaging
catheter rotates over the strut, only the portion that is perpendicular to the light beam
reflects light back. Thus, the strut orientation and apposition could be mistakenly
assessed [28, 29]. An example is given in Figure 5(D). All these artifacts should be
reduced in the next-generation IVOCT systems.
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Figure 1-5. An IVOCT imaging system (St. Jude Medical, Westford, MA, USA) and an
IVOCT image are presented in the figures (A) and (B). The top part of (B) is the cross-
sectional image of vessel lumen which including the imaging catheter, protective
sheath, guide wire, vessel lumen and metallic stent struts. The bottom section
illustrates the longitudinal cut-up view of the whole scanned vessel region. The image
center region is zoomed in in figure (C) which indicates the Z-offset correction failure
as the 4 fiduciaries should align to fit the outer surface of the protective sheath. In
figure (D), the residual blood results in bright noise inside the lumen and the eccentric
imaging catheter causes the sunflower artifact of metallic stent struts (Arrow). An
example of bubble noise in the protective sheath is given in figure (E) at 1 o’clock and
the image behind it is blurred relative to other regions. At 2 o’clock, there is also a
seaming artifact. (Source: http://professional-intl.sjm.com/products/vas/
intravascular-diagnostics-imaging/ffr-oct/c7-xr-oct-intravascular-imaging-system#
overview)

Although not perfect, IVOCT is currently the only intravascular imaging technique
having sufficient resolution to delineate the microscopic characteristics of fine
structures, such as the thin fibrous cap thickness, thin neointimal hyperplasia and
plaque type. Moreover, IVOCT can detect subtle structural changes after PCI
procedures, such as plaque disruption including tissue prolapse and protrusion with
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high sensitivity [30]. Due to the high frequency light source, IVOCT has a limited
penetration ability of about 3 mm. However, within the limitation, IVOCT has better
sensitivity and specificity for detecting calcification, lipid pool, fibrous cap, fibrosis,
neointimal hyperplasia, intracoronary thrombus and thin cap plaque than IVUS [31].
IVOCT has been increasingly used for PCI guiding and evaluation [32].

1.7 Image processing challenges in IVOCT images

In recent years, IVOCT with both original 2D cross-sectional images and 3D
reconstructions has been a powerful tool in the diagnosis and treatment of complex
CAD. The demand for IVOCT-based applications is increasing, such as IVOCT-guided
PCI, stent analysis and diagnostic assessment of coronary atherosclerosis including
lipid necrotic core, thin fibrous cap, and inflammation region. Althougth enormous
progress has been made since the invention of IVOCT, there are still increasing
challenges in IVOCT image processing. The imaging catheter, guide wire, protective
sheath and lumen are the common components in all typical IVOCT pullback runs
and need to be segmented in many situations. For example, because the high intensity
of imaging catheter affects the lumen segmentation, S. Tsantis, et al. detected the
imaging catheter using Hough transform [33]. However, this method could be
influenced by imaging catheter mirror artifacts [34] which appear as several concentric
circles around the real imaging catheter. In order to measure in-stent neointimal
hyperplasia, S. Gurmeric, et al. removed the imaging catheter by using a Gaussian
filter and a morphological opening operation [35], which erases many details from the
image and does not result in the position of imaging catheter. We also found that the
imaging catheter can also mislead stent strut detection which is based on intensity
analysis and it can be segmented by applying a min-filter over the whole pullback run
in the z-direction [36]. However, this method is only applicable to Z-offset corrected
pullback runs in which the imaging catheter is located in the same position. Appearing
like a metallic stent strut, a guide wire could be mistakenly detected as a strut by many
methods [36-39] and should be filtered out. Moreover, the guide wire and its shadow
can obstruct the protective sheath and lumen contour detection, vessel wall analysis
and 3D reconstructions [40, 41]. In the current commercial IVOCT systems, the
protective sheath acts as a reference for optimal Z-offset determination within a
pullback run because it has a fixed diameter [26]. This calibration of Z-offset is critical
for accurate measures as 1% change in the magnitude of the ideal Z-offset can result in
about 13% error in area measurements. Besides, small Z-offset errors can also amplify
contour distortion, which may result in misinterpretation of the image [25]. However,
the current calibration can fail due to the air bubble noise in the protective sheath,
wrong manual adjustment and proximity of protective sheath to vessel wall. According
to statistics, only 38% of the IVOCT images illustrated in peer-reviewed papers were
calibrated correctly [34]. Lumen contour detection is one of most common image
segmentation steps for such as region of interest definition, in-stent restenosis and
lumen area measurement. The existing methods include Markov random field and
wavelet transform analysis [33], fuzzy c-means clustering and wavelet transform [42]
or deformable spline model [35]. However, in many cases, a light-weight and fast
lumen contour estimation is more suitable for real-time applications.

IVOCT images have already been extensively used to guide, analyze and evaluate
the stent implantation, which leads to optimized stent size, inflation pressure,
deployment position and post-processing which thereby reduces the risk of restenosis
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and thrombosis and increases the post-intervention minimal stent area. For example,
an under-expanded stent cannot provide sufficient support to the vessel wall and
thereby can result in late neointimal hyperplasia. Before covered by healing tissue,
malapposed struts are also a main predisposing factor of acute in-stent thrombosis.
Accurate strut position detection in the post-stenting IVOCT images can verify stent
apposition to the vessel wall and provide additional information related to the
presence of edge dissections, stent fracture, plaque protrusion, and the need for post-
dilation or additional stenting. Detected struts also assist the 2D strut distribution
analysis because nonuniform struts can influence the stenting treatment outcome.
Fewer struts and a big maximum inter-strut angle contribute to in-stent restenosis,
plaque rupture and thrombus [43-45]. The demands of 3D stent reconstruction have
been rising as it is a more effective way to present the deployed stents and offers the
possibilities for precise stent measurements, such as stent cell size and maximum
circular unsupported area. Furthermore, 3D stent cell pattern can affect the spatial
support to the vessel wall, bending flexibility and the dosing of antiproliferative
medicines released from DES. Hence, both 2D and 3D information are necessary for
stent design evaluation and optimization [46-49]. In addition, the strut area is of
interest for the analysis of the bioresorption process of neoteric bioresorbable vascular
scaffolds [50, 51].

Side branch detection is another important application as they are one of the most
reliable landmarks for image registration and labeling. In both research and clinical
practice, features in IVOCT pullback runs at different time-points may need to be
compared, for instance, the valid lumen size or BVS strut area. IVOCT is also popular
in image fusion with many other modalities like IVUS and near-infrared spectroscopy
images, which would offer more tissue characterization information to increase our
understanding of vessel morphology and aid the management of complex vascular
pathology. Besides, the position and size of side branches in the lesion region should
be taken into account for stenting and blood volume analysis as a stent in front of a
side branch can cause thrombus formation and obstruct the blood flow to the side
branch. With both 3D reconstructed stents and side branches, cardiologists can assess
the side branch access through stent cells, which may help them to decide if the stent
ostium in front of a side branch needs to be expanded [52-55].

1.8 Motivation and objectives

As mentioned above, IVOCT, as a novel imaging modality, has played an active role
in a wide range of CAD applications, including research and clinical routine. Due to its
unparalleled high resolution and the ability to delineate complex vascular structures
[56], IVOCT technology makes many precise measurement and novel applications
possible. However, currently, a lot of analyses in IVOCT images are still relying on the
manual work which decreases their value. The goal of this thesis is to develop robust
and accurate (semi)automated methods that can detect and segment the interesting
components in IVOCT pullback runs, such as implanted stent struts and side branches
in 3D for accurate measurement, so that the results could contribute to medical
research as well as for clinical decision-making. As such, the specific objectives of this
thesis are threefold:

1. To develop fast and reproducible approaches for the metallic stent strut and
BVS strut detection in IVOCT pullback runs for quantitative analysis, 3D
reconstruction and PCI improvement.
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2. To precisely measure the stent cell size and side branch access through stent
cells in 3D space by reconstruct stent cell contours and stent surfaces based
on the detected struts, so that the stent influence to the vessel wall and side
branches could be assessed.

3. To detect side branches in IVOCT pullback runs fully automatically based on
precise segmentation of all the common components in typical IVOCT images
for stenting optimization and image registration. The segmentation methods
also can be used for other advanced image processing.

1.9 Thesis outline

The remainder of this thesis is organized as follows:

Chapter 2 presents a novel automated algorithm to detect metallic stent struts in
IVOCT pullback runs [57]. This method detects the pixels that belong to a strut by
analyzing the intensity profile of every scan line and clusters these pixels using the
constraint of stent strut shadow regions. Guide wires are automatically removed. The
detected struts can later be used for 3D stent reconstruction, coverage measurement,
implantation validation and follow-up analysis.

Chapter 3 introduces an automatic method to detect the new BVS struts in IVOCT
pullback runs [58]. The translucency BVS struts appear as black cores with bright
boundaries which are very different from the metallic stent strut. Two different
strategies were used for BVS strut detection in baseline and follow-up datasets,
separately. In both situations, the black core areas are segmented and their centers are
computed. The validation results suggest that this method can be a useful tool for BVS
analysis and 3D visualization.

Chapter 4 studies the impact of an implanted stent to the vessel wall and side
branches in the deployment region [52]. Stent cells are reconstructed in 3D space
through simple user interactions in 2D space. Stent cell size is measured based on a
precisely reconstructed 3D stent surface from detected struts. Moreover, a 2D
approximation of the 3D stent cell surface is generated for maximum circular
unsupported surface area measurement. In the end, stent covered side branches are
segmented to combine with stent cells for side branch access measurement. The
accuracy and robustness of this method were validated in both phantom and in-vivo
IVOCT datasets.

Chapter 5 describes a fully automated side branch detection method which utilizes
a precise segmentation pipeline for all the common components in typical IVOCT
pullback runs including imaging catheter, guide wire, protective sheath and lumen
[59]. The algorithmic results from segmentation pipeline and side branch detection
method contain only a little error compared with the ground truth and, thereby
suggest the new segmentation and detection methods could be used to improve our
previous presented methods, guide stenting operation and register images.

Chapter 6 summarizes the main work described in different chapters of this thesis.
This chapter also includes the future perspectives on the IVOCT imaging modality
with respect to CAD diagnosis, treatment and research.
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