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ABSTRACT 

The ability to detect atherosclerotic plaque from optical coherence tomography (OCT) 

images by visual inspection is usually limited. We developed a texture based 

segmentation method using supervised and unsupervised classification to detect 

atherosclerotic plaque from OCT images without any reliance on visual inspection. Our 

Supervised method involves extraction of statistical textural features using the Spatial 

Gray Level Dependence Matrix (SGLDM) method, feature extraction and feature 

selection method, and application on supervised algorithm (K-nn). Our second method 

is based on unsupervised classification involves extraction of statistical textural features 

using the SGLDM method, application of an unsupervised clustering algorithm (K-

means) on these features, and mapping of the segmented regions of features back to the 

actual image. We verified our results by visually comparing them to photographs of the 

vascular tissue with atherosclerotic plaque that we used to generate our OCT images. 

Our method could be potentially used in clinical cardiovascular OCT imaging.  
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CHAPTER 1:  INTRODUCTION 

 
 Cardiovascular disease is one of the main causes of premature death in many countries, 

accounting 29% deaths in Canada annually [1],   4.35 millions of deaths each year in 

Europe, and 35% of death in the United Kingdom [2, 3]. Each year, about 250,000 

potential years of life are lost in Canada due to cardiovascular diseases [4].This 

emphasizes the importance of detecting and diagnosing the conditions that cause such 

adverse cardiac events. The main cause of acute coronary syndromes and sudden 

cardiac death is Atherosclerosis. Atherosclerotic artery disease arises due to the 

accumulation of plaque inside the arteries. Over 60 % of myocardial infarctions and 

sudden cardiac deaths are caused due to atherosclerotic plaques [5]. Atherosclerosis is a 

process in which blood lipids such as cholesterol accumulate on artery walls. As 

cholesterol continues to deposit in artery walls, these fatty materials turn into plaques. 

This condition may eventually lead to narrowing or blocking of arteries.  

There are several imaging modalities that can detect atherosclerosis. For coronary artery 

imaging, the imaging methods can be divided into two categories: invasive imaging and 

noninvasive imaging [6, 7]. Cardiac magnetic resonance and multi-detector x-ray 

computed tomography are the leading non-invasive techniques that have to potential to 

image vulnerable plaque. Invasive imaging mainly includes X-ray angiography, 

intravascular ultrasound (IVUS) and optical coherent tomography (OCT). Despite the 

advances in non-invasive imaging methods, the option to immediately invoke treatment 

ensures that catheterizations will continue to be relied upon clinically to locate and then 

treat target lesions.  Invasive intravascular imaging will continue to play an important 
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role for as long as interventional strategies such as balloon angioplasty, stenting and 

atherectomy remain front-line treatments of the disease.  Intravascular ultrasound 

(IVUS) imaging, introduced in the late 80s, produces circumferential tomographic 

images of the vessel wall. IVUS is capable of providing 3D anatomical information and 

is becoming increasingly used to assess plaque burden as well as guide and evaluate 

interventional catheterization procedures.  Typical IVUS catheters operate between 20 – 

40 MHz providing a 40 – 20 µm upper limit on the spatial resolution of the images.  

Practically, IVUS images have 2 to 5 times lower resolution than optical coherence 

tomography.  Optical coherence tomography (OCT) is capable of achieving imaging 

resolution in the axial dimension on the 10 µm scale.  The higher resolution available 

from IV-OCT systems is its primary advantage over the established IVUS technology. 

With the higher resolution available from IV-OCT, detailed anatomical features of the 

vessel wall and plaque are easily visualized compared to IVUS. The argument for using 

IV-OCT to guide interventional procedures is compelling as the high resolution 

afforded by IV-OCT enables monitoring of several risk factors associated with 

atherosclerosis. 

 1.1  Motivation 

Cardiovascular disease is the leading cause of death and hospitalization in Canada. It 

accounts for approximately 32% of all deaths and 15% of total hospitalizations. 80% of 

Canadians have at least one risk factor for cardiovascular disease. These risk factors 

include smoking, alcohol, physical inactivity, obesity, diabetes, or high blood pressure 

or high cholesterol. While the death rates from cardiovascular disease declined 30% 

between 1994 and 2004, it still remains Canada’s leading cause of death. 
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Cardiovascular disease (CVD) covers a wide range of diseases. Not all of them are 

directly due to atherosclerosis, but many of the major diseases are related to it. Major 

effects of atherosclerosis are myocardial infarction commonly referred to as a heart 

attack, cerebral infarction, also  known as ischemic stroke, aortic aneurysms (abnormal 

bulging or swelling of a portion of a blood vessel), and peripheral vascular disease. 

Atherosclerosis can begin to develop very early in life starting from age 

15 years onwards. The lesions that provoke the symptoms often are not stenotic, i.e., 

causing artery narrowing, and, thus, are not detectable by conventional contrast 

angiography. For this reason, the visualization and determination of the composition of 

vascular plaque is more important than the degree of stenosis. 

Among all imaging modalities for coronary arteries, IVUS and OCT are currently the 

most capable in imaging the vessel’s wall. OCT has a spatial resolution of 10-20 µm, 

which is ten times higher than the resolution of IVUS. Furthermore, using histological 

controls, it has been demonstrated that OCT is superior to IVUS, making OCT better 

suited for detecting important features of vulnerable plaque components, including 

thickness of fibrous cap, thrombus and density of macrophages [8- 10]. To our 

knowledge, texture segmentation of atherosclerotic plaque has not been previously 

performed on OCT images. However, a large body of literature exists for texture 

segmentation of atherosclerotic plaque using IVUS, magnetic resonance imaging (MRI) 

[11- 13].  

 1.2 Problem statement 

The ability to detect atherosclerotic plaque from optical coherence tomography (OCT) 

images by visual interpretation is often limited and complicated by the high frame rate 
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of modern intravascular OCT systems. We developed a texture based segmentation 

method to detect atherosclerotic plaque from OCT images without reliance on visual 

ability. This method involves extraction of statistical textural features using spatial gray 

level dependence matrix (SGLDM) method, application of unsupervised and supervised 

learning using K-means clustering and k-nn algorithms and thereby detecting the plaque 

region on OCT images. We evaluated our results by comparing the obtained segmented 

results of atherosclerotic plaque with actual photographs of vascular tissue. The 

statistical properties of tissue can be well characterized using OCT images because of 

their higher resolution and because they frequently display a characteristic texture due 

to speckle [14]. Our texture based segmentation method using OCT images could be 

used to differentiate atherosclerotic plaque regions from healthy tissue regions. 

This thesis aims to provide methods that could help speed up and/or increase the 

accuracy of the detection/ diagnosis of atherosclerosis disease.  

1.3 Methodology 

To address the stated problem and achieve our objectives, the following methods and 

techniques were used to automatically detect atherosclerotic regions: 

1. Experimental set up   

We used an OCT system, at the Institute of Biodiagnostics, National Research 

Council Canada, in Winnipeg, to acquire images of vascular tissue. OCT is a 

minimally invasive imaging modality that provides cross sectional images. 

Among various OCT techniques, we used swept-source OCT system (SSOCT). 
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2. Animal model and tissue preparation (performed by colleagues at the Institute of 

Biodiagnostics, National Research Council Canada, Winnipeg) 

We used myocardial infarction prone Watanabe heritable hyperlipidemic 

rabbits, referred as   WHHLMI rabbits [15, 16] to obtain samples of vascular 

tissues with atherosclerotic plaque.  Arterial samples harvested from seven 

WHHLMI rabbits aged 309, 316, 330, 332, 360, 450, 480, 577, 655 and 666 

days were obtained. Segments of tissue starting from the ascending aorta to the 

external iliac artery were excised from all specimens and subdivided into 20~30 

mm long sections. WHHL rabbits show hypercholesterolemia due to a 

deficiency of LDL receptors, and a very similar lipoprotein metabolism to 

humans [16]. 

3.  Image preprocessing 

Raw OCT images contained floating point numbers so we performed image 

normalization on each OCT vascular image file to achieve a uniform distribution 

of intensities on a standardized intensity range and to improve contrast.  This 

was performed using a Min-Max normalization operation.  

We also performed image segmentation using automatic thresholding technique 

to improve the image quality. 

4. Feature generation and feature normalization 

To generate the texture features on our processed OCT vascular images, we used 

SGLDM method.  SGLDM is a well known method for extracting second order 

texture features. This method is based on an estimate of second-order joint 

conditional probability density functions p (i, j: d, θ) [17-20]. These probability 
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density functions, p (i, j: d, θ), measure the probability that two pixels, which 

are located with an inter sample distance, d and direction, θ, have gray levels i 

and j. To detect the atherosclerotic plaque using these SGLDMs, we extracted 

11 texture features in two directions with d = 1. 

5. Unsupervised and supervised classification 

Pattern recognition/classification is a broad field that has developed to address 

problems such as face recognition, manufactured product inspection, speech 

recognition, and breast cancer screening etc. One major division is between 

supervised and unsupervised classification techniques. Supervised methods 

require that the classifications of the samples be known and provided to the 

classifier. Unsupervised methods, on the other hand, do not require a priori 

knowledge of sample classifications, i.e., class labels are unknown. In this 

thesis, we performed both automatic supervised and unsupervised learning to 

classify plaque from normal tissue. To perform supervised classification, we 

employed a K-nn classifier. And to perform unsupervised classification, we 

designed a kmeans clustering algorithm. In order to verify the results of our 

unsupervised classification, we compared our resulting segmented OCT images 

with different locations on photographic images of vascular tissue with 

atherosclerotic plaque.  

 1.4 Thesis outline 

In chapter 2, an overview of atherosclerosis diseases and their development is provided. 

Also we presented how atherosclerosis is related to cardio vascular disease.  
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 In chapter 3, the basic principles of OCT and SSOCT, and their applications are 

presented.  

In chapter 4, an overview of pattern recognition /classification, texture feature 

generation technique using SGLDM, and the design of the supervised classifier to 

classify plaque and healthy tissue from vascular OCT images are explained.  

In chapter 5, we describe the design of our unsupervised classifier to detect 

atherosclerotic regions from OCT vascular images. We validated our method and results 

by comparison with photographic images of vascular tissues.   

Conclusions and suggestions for future work are included in chapter 6.  
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CHAPTER 2: ATHEROSCLEROSIS 

2.1 Introduction  

Cardiovascular disease continues to be a leading cause of morbidity and mortality 

around the globe, for both men and women [21]. It is estimated that cardiovascular 

diseases are responsible for 29% of deaths in Canada annually [1].  Atherosclerosis is 

mainly responsible for coronary heart disease, ischemic strokes, and peripheral vascular 

disease [22]. One of the main causes of acute coronary syndromes and sudden cardiac 

death is atherosclerosis.  This chapter emphasizes background on atherosclerosis, 

development of Atherosclerotic plaque, signs and symptoms of Atherosclerosis, 

morphology of Atherosclerotic plaques, risk factors of atherosclerosis, different types of 

Atherosclerosis, literature review on imaging vascular plaque and the description of 

animal model we used in our study. 

2.2 Background  

The arteries blood vessels are susceptible to various diseases that can reduce blood 

flow, alter blood pressure and produce blood clot. Atherosclerosis is the most common 

and clinically significant of these diseases. Atherosclerosis is the derived from the greek 

word “athero” meaning porridge and refers to plaque . “Sclerosis” meaning hardening , 

refers to connective tissue of this disease [23]. Atherosclerosis is the specific form of 

arteriosclerosis. Arteriosclerosis means “hardening of the arteries”. Arteriosclerosis 

comprises of three patterns of vascular diseases. Atherosclerosis is one of these vascular 
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disease which thickens intima of the artery wall, which can cause luminal reduction and 

reduces blood flow. 

Definition of Atherosclerosis: It is defined as chronic inflammatory fibro-proliferative  

(relating to the growth and proliferation of fibroblasts, the most basic connective tissue 

cell.) disease of arterial intima [24]. 

2.3 Development of Atherosclerosis  

Atherosclerotic plaques can be characterized into stable plaque and unstable or 

vulnerable plaque. Vulnerable plaque is liable to complications and prone to rupture. 

Plaque rupture can also be called as the process underlying thrombus formation 

(formation of blood clot that forms within a blood vessel or inside the heart).  

Vulnerable plaques are formed when the fat droplets in the blood are absorbed by the 

artery. When an artery absorbs these fat droplets, it releases inflammation causing 

proteins (called Cytokeins). These Cytokeins make the artery’s wall sticky, which then 

attracts immune system cells called monocytes. These monocytes squeeze into artery 

walls and absorb the fat droplets and thus block the blood flow in artery. This 

inflammatory process forms the vulnerable plaque. When this inflammation is 

combined with other factors such as high blood pressure, diabetes, it can cause plaque 

disruption.  The disrupted plaque spills its contents into the bloodstream. The sticky 

cytokines on the artery wall captures blood cells. When these blood cells clump 

together, they could form a large clot and eventually block the artery.  
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The normal artery wall consists of three main layers that surround the arterial lumen 

(the part of artery where blood flows).  The inner layer is called intima, the middle layer 

is called media and the outer layer is known as adventitia 

 

Figure 2.1  Three main layers of normal coronary artery 

 

The intima, which is composed of a very thin layer in a normal artery, is separated from 

the lumen by a single layer of endothelial cells called as endothelium.  This layer forms 

physical and functional barrier between the circulating blood in the lumen and tissue. 

This location, is the most likely to develop an atherosclerotic plaque. 

Endothelial cell damage is the inital and most crucial lesion in the development of 

Atherosclerosis. A very high concentration of blood homocysteine (an amino acid) is 

known to damage endothelium and cause Atherosclerosis [25]. 
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2.4 Signs and symptoms of Atherosclerosis 

The earliest visible change of atherosclerosis is accumulation of lipid in the artery walls. 

These are flat and yellow fatty streaks, it indicates that the damaged endothelium has 

lost its ability to prevent passage of cholesterol into arterial wall [25].  Symptoms of 

atherosclerosis in many cases are clinically in apparent [26]. The first sign or symptom 

in many cases is heart attack or stroke. However people with significant atherosclerosis 

have history of increased cholesterol levels and may also experience angina.  

 

2.5 Morphology of Atherosclerotic plaque 

There has been studies based on coronary angiographic shows that plaque which is most 

likely to produce blood clot formation resulting in myocardial infraction (heart attack) 

causes stenosis ( narrowing) of vessel of 10-40%. This type of plaques remains 

asymptomatic for years. They are characterized by large lipid rich surrounded by thin 

fibrous caps. Rupture can occur at the edges of thin fibrous caps and expose the lipid 

cores of plaques into the blood forming the blood clot that may totally block the blood 

flow [22]. When a coronary artery becomes completely blocked, and when there is no 

blood flow, myocardial infarction (Heart attack) occurs.  Plaques with lipid rich cores 

and thin fibrous caps are more unstable than the stenotic plaques (plaques that narrows 

the vessel). Stenotic plaques are generally have thicker fibrous caps which makes them 

more stable and they generally do not cause myocardial infarction or death.  
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Figure 2.2. Advancing atherosclerosis where accumulating plaque results in a progressive narrowing of 

the vessel and blocks blood flow. 

 

 

2.6 Risk factors of atherosclerosis: 

A review article by Stocker and Keaney [27] summarizes risk factors that are strongly 

and consistently associated with cardiovascular disease.  

AGE: Age is one of the most important risk factors. Atherosclerosis worsens steadily 

with increasing age. According to the American Heart Association about 82 % of 

people who have a coronary heart disease are 65 or older. At older ages, women are 

more likely than men to have heart attacks. From age 40-60, the number of heart attacks 

increases fivefold  than in younger age groups [28].  
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GENDER: Gender is also an influential factor. A number of clinical studies have 

suggested that men are much more prone to develop atherosclerosis than women [29]. 

There have been speculations that estrogens may protect women, however there is no 

firm evidence supporting such speculations [30]. 

BLOOD CHOLESTROL: High level of low-density lipoprotein (LDL) is the most 

important risk factor for cardiovascular heart disease.  LDL refers to class and range of 

lipoproteins which carry cholesterol in the blood.  The risk of cardio vascular disease 

and other complications of atherosclerosis double with every 40 mg/dL rise of total 

LDL cholesterol level [30]. The WHO estimates that over 60% of cardio vascular 

disease in developed countries is due to excess of blood cholesterol level [32, 14].  

HYPERTENSION: Hypertension can be defined as systolic blood pressure in excess of 

140 mmHg or diastolic blood pressure above 90 mmHg. Patients with systolic blood 

pressure have five times more risk to atherosclerosis than those with normal blood 

pressure. There is a linear relation between blood pressure elevation and the increased 

risk of atherosclerosis [33].  

SMOKING: Numerous observational studies show that smoking increases 

atherosclerotic disease by 50% (80% in heavy smokers) and doubles the risk of cardio 

vascular disease [34]. About half of all regular smokers will suffer a fatal myocardial 

infarction eventually [31]. Passive smoking also increases the risk of cardio vascular 

disease compared to nonsmokers [35 ]. Statistics shows that smokers have 70% greater 

risk of death from cardio vascular disease than nonsmokers [28].  
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DIABETES: In patients with diabetes the risk of cardio vascular disease is two–three 

folds greater than and twice as high in diabetic males and three times as high in diabetic 

females than non-diabetics. Diabetes not only increase the risk of cardio vascular 

disease but it also increases the effect of other risk factors associated with 

cardiovascular disease such as raised cholesterol levels, raised blood pressure, smoking 

and obesity. In diabetic people, coronary heart disease causes almost 60% of their 

deaths [36,37].Thus diabetes represents a major risk factor to atherosclerosis.  

OBESITY: There has been substantial research effort that shows that obesity is 

associated with an increased risk of coronary heart disease [38]. It is likely that 

inflammation induced by obesity accelerates atherosclerosis [39].  Also, it has been 

estimated that 30% of cardiovascular disease in developed countries is related to 

physical inactivity [40]. The adverse effect of obesity is more pronounced when the fat 

is concentrated in the abdomen.  

 

2.7 Types of Atherosclerotic lesions: 

According to the American Heart Association, atherosclerotic lesions can be classified 

into the following 8 types: 

Type I (Initial change lesion): This type of lesion is comprised of a small group of 

isolated macrophage foam cells (a large white blood cell, found primarily in the 

bloodstream and connective tissue, that helps the body fight off infections by ingesting 

the disease-causing organism) in the sub endothelial regions of intima.   
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Type II (Fatty streak lesion): As the lesion grows, it contains multiple layers of foam 

cells and includes lesions grossly called fatty streaks.  

Type III (Preatheroma): At this stage, the lesions contain isolated pools of densely 

packed collection of extracellular lipids droplets (cholesterol), surrounded by foamy 

macrophages.  These droplets disrupt the smooth intimal muscle cells. 

Type IV (Atheroma): These lesions contain confluent core of extracellular lipids. This 

extracellular lipid is the immediate indication of a larger and more disruptive core of 

extracellular lipids. At this stage, a fibrous cap is formed and the penetration of plaque 

into the media could occur.  

Type V (Fibroatheroma): At this stage, the lesion develops into a more advanced form 

and is characterized by a thick layer of fibrous connective tissue.  

Type VI (Thrombotic lesions): This type of lesion generally has an underlying 

morphology of type IV or V. 

 

2.8 Review of literature on imaging vascular plaque 

There are several imaging modalities that can detect atherosclerosis. Cardiac magnetic 

resonance and multi-detector x-ray computed tomography are the leading non-invasive 

techniques that could image vulnerable plaque. Despite the advances in these non-

invasive imaging methods, the option to immediately invoke treatment ensures that 

catheterizations will continue to be relied upon clinically to locate and then treat target 

lesions.  Intravascular imaging will continue to play an important role for as long as 

interventional strategies such as balloon angioplasty, stenting and atherectomy remain 

front-line treatments of the disease.  Intravascular ultrasound (IVUS) imaging, 
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introduced in the late 80s, produces circumferential tomographic images of the vessel 

wall. IVUS is capable of providing 3D anatomical information and is becoming 

increasingly used to assess plaque burden as well as guide and evaluate interventional 

catheterization procedures.  Typical IVUS catheters operate between 20 – 40 MHz 

providing a 40 – 20 µm upper limit on the spatial resolution of the images.  Practically, 

IVUS images have 2 to 5 times lower resolution compared to OCT.  OCT is capable of 

achieving imaging resolution in the axial dimension on the 10 µm scale.  The higher 

resolution available from IV-OCT systems is its primary advantage over the established 

IVUS technology Like IVUS, IV-OCT provides circumferential images of the vessel 

wall that enable 3D reconstruction of the vessel topography.  With the higher resolution 

available from IV-OCT, detailed anatomical features of the vessel wall and plaque are 

easily visualized compared to IVUS.  The argument for using IV-OCT to guide 

interventional procedures is compelling as the high resolution afforded by IV-OCT 

enables monitoring of several risk factors associated with atherosclerosis. 

Optical spectroscopic techniques, such as Fluorescence, Near-Infrared (NIR) and 

Raman spectroscopies are the other imaging modalities used to detect plaques. 

Fluorescence spectroscopy allows detection of chemical composition of plaque from a 

examined area. It is possible to recover spatially resolved images with fluorescence, 

depending upon the exciting wavelength used and fiber optic excitation collection 

geometry. The excitation wavelength normally tends to be either in the UV range or 

visible range [41-43]. Advantage of fluorescence spectroscopy is that it can proficiently 

detect atherosclerosis.  However it lacks sufficient spatial information to measure size 

of plaque regions. 
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NIR spectroscopy is another technique to detect plaque. NIR spectroscopy measures 

both absorption and scattering to characterize cholesterol and collagen content in plaque 

[44]. It can penetrate deep into tissue and thus makes it easier to differentiate between 

vulnerable and stable plaques [45]. The disadvantage of NIR spectroscopy is that it 

cannot correlate plaque thickness and lipid core depth, which is an important parameter 

in plaque detection [46].  

Raman spectroscopy is an optical technique that yields information on biochemical 

composition information of tissue and can detect specific types of plaque especially 

calcium-laden and cholesterol-laden plaque [47]. The advantage of this technique is that 

the vibrational energy states are very specific to atom bonding types and thus makes it 

easier to identify biological compounds. However there are many disadvantages of this 

technique. It has a longer recording time of samples which may increase risk to patients.  

Also, when recording Raman signals, fluorescence emission is usually present which 

has to be separated from the Raman signals. Raman spectroscopy can extract 

information from depths exceeding few hundred micrometers [47].  

Non-linear microscopy is another imaging technique that can detect atherosclerotic 

plaque. Non linear microscopy is based on non-linear optics. There has been studies that 

showed that multimodal non linear optical microscopy can provide a mean to visualize 

the extracellular components of plaque which can be used to determine the plaque 

structure [48]. 
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2.9 Animal Model  

 

Vascular samples of atherosclerotic plaques were harvested from myocardial infarction 

prone Watanabe heritable hyperlipidemic rabbits (WHHLMI) [15] (by colleagues at the 

Institute of Biodiagnostics, National Research Council Canada, Winnipeg).  This work 

was approved by the local animal care committee at Institute for Biodiagnostics, 

National Research Council Canada.  Arterial samples harvested from seven WHHLMI 

rabbits aged 309, 316, 330, 332, 360, 450, 480, 577, 655 and 666 days were obtained. 

Segments of tissue starting from the ascending aorta to the external iliac artery were 

excised from all specimens and subdivided into 20~30 mm long sections. 
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CHAPTER 3: OPTICAL COHERENCE TOMOGRAPGHY 

3.1 Introduction 

An optical technique which utilizes light and fiber-optics to image subsurface biological 

tissues is known as optical coherence tomography. Optical Coherence Tomography 

(OCT) is a light based imaging modality, that provides the ability to view, cross-

sectional images of biological tissues with high spatial resolution. OCT is analogous to 

ultrasound imaging, in which sound waves are used to create images with a resolution 

of a few hundred microns.  In Ultrasound imaging, sound waves are incident on 

biological tissues which could be imaged using the reflected sound waves.  The 

resolution of the images depends on the frequency of the sound waves. The sound wave 

frequencies for a typical ultrasound system are approximately 10 MHz, which yield 

spatial resolution of approximately 150 μm. However, OCT measures the back-

reflection of infrared light waves rather than sound to create images. The use of the light 

allows for approximately 10 times higher imaging resolution. The axial and lateral 

resolution of OCT is about 15 μm and 25 μm respectively, which is 10–20 times greater 

than standard B-mode ultrasound imaging.  

Although OCT was originally developed for the field of optometry, it is currently being 

used in many clinical applications [49] including cardio vascular imaging [50]. OCT 

provides enhanced depth and clarity for viewing biological tissues compared to other 

medical imaging devices. 
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Compared to other imaging modalities, OCT has the following advantages: 

(1) Time-domain and spectral-domain OCT are based on ‘low-coherence 

interferometery’, which is capable of achieving high-resolution cross-sectional images 

[51-53]. 

(2) The light source used in OCT is usually NIR, which is not harmful.  

(3) The OCT system is optical fiber-based, thus can be easily made compact and low 

cost.  

(4) OCT enables tissue to be imaged in situ and in real time [54]. 

Because of these and other advantages, OCT has established itself as an important tool 

in biomedical imaging.  

 

 3.2 OCT Operating Principles 

OCT imaging systems are divided into two categories: time-domain OCT and Fourier 

domain OCT. Fourier Domain OCT system is further subdivided into spectral-domain 

OCT referred to as SD-OCT and swept source OCT termed SS-OCT. The system used 

in this work is a SS-OCT which is located at the Institute of Biodiagnostics, National 

Research Council Canada, in Winnipeg. We thus briefly review SS-OCT operating 

principles. 
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The basic set up of a SS-OCT system is shown in figure 3.1.  

The narrow bandwidth frequency swept Laser light source is divided equally into 

sample and reference beam by an fiber optic coupler. The sample beam is incident on 

the tissue to be images and is back reflected from its internal structure at different 

depths. The reference is reflected from a fixed reference mirror at fixed delay. The 

sample and reference beam have a time offset determined by path length difference 

which is based on the depth of structure in the tissue. And therefore the light echo delay 

in sample beam will have frequency offset from the reference beam because the 

frequency sweep is a function of time, shown in below figure 3.2., (sample beam and 

reference as represented in difficult colors). When the reflected light from reference 

mirror and sample are combined the modulation in intensity is produced at a frequency 

is determined by this frequency offset which is proportional to path length difference. 

The echo delay is measured by digitizing the photo detector signal over a single 

frequency sweep of laser light source, and then by Fourier transforming the modulation 

frequency signal yields the axial scan measurement of the magnitude and echo delay of 

light from the tissue. 
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Figure 3.1 Basic configuration of a SS-OCT setup 

 

 
Figure 3.2 Represents frequency offset of sample beam from reference beam. 
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Advantages of  SS-OCT [55]: 

1. SS-OCT measures all the echo delay of light from the tissue at the same time 

unlike time domain OCT. 

2. Mechanical scanning of reference path length is not required and hence there is 

a significant increase in imaging speed and axial scanning rate.  

3. Line scan cameras are not required and therefore it has significant impact on 

OCT imaging of scattering tissues. 

 

3.3 Experimental Imaging setup 

The experimental setup for SS-OCT imaging was provided by Institute of 

Biodiagonstic, National Research Council of Canada (IBD-NRC). The wavelength-

swept laser source, has a central wavelength of 1310 nm, a sweep rate of 30 kHz and a 

sweep range of 110nm. It provides an axial OCT resolution of about 12  m in air.  The 

SS-OCT unit was configured as a Mach-Zehnder interferometer with balanced optical 

detection.This experimental set up is shown in figure 3.3 
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Figure 3.3 Experimental imaging set up 
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3.4 Application of IVOCT 

OCT can be used for numerous applications. It has the potential to be used in 

many medical fields and applications. Heart disease and cancer and are two of the most 

promising areas of application. OCT imaging has the potential to improve the current 

cardiovascular therapies and procedures such as stenting and balloon angioplasty by 

providing vascular images in real time to guide stent placement and balloon inflation. 

OCT has the capability of visually identifying plaques in the blood stream, therefore it 

can differentiate between stable plaques and unstable plaques which are probably 

responsible for up to seventy percent of all heart attacks. In summary it could make 

diagnosis of artherosclerotic disease more accurate and faster. As technology becomes 

increasingly more advanced, it may be possible for medical physicians to perform 

biopsies only using optical coherence tomography imaging. 

Intravascular optical coherence tomography (OCT) is a minimally invasive microscopic 

imaging technology that has been developed for the identification of vulnerable plaque 

[56-59]. Since OCT uses optical fiber probe, it is easily adaptable to coronary catheters 

[60] to insert into arteries and acquire the imaging of arterial pathology. The first 

investigation of IVOCT demonstrated its potential to perform micron-scale tomographic 

imaging of the internal microstructure of in-vitro atherosclerotic plaques [61]. Further 

development of OCT technology enabled intracoronary imaging in human patients [62-

65]. 

OCT can distinguish three layers of artery wall. It demonstrates intima as signal rich 

layer, the media as signal poor middle layer, and adventitia as the signal rich layer [53]. 
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With regard to tissue characterization, OCT can identify three types of vascular plaques 

(fibrous, fibrocalcific, and lipid-rich plaques).   

Yabushita et al. developed the first steps in validating IVOCT imaging and testing the 

accuracy of objective image criteria for differentiating between components of 

atherosclerotic plaque. In their histology-controlled OCT study, a total 357 specimens 

were obtained and histopathology was used to validate the accuracy of OCT for 

characterizing plaque type. Validation test yielded a sensitivity and specificity ranging 

from 71% to 79% and 97% to 98% for fibrous plaques, 95% to 96% and 97% for 

fibrocalcific plaques, and 90% to 94% and 90% to 92% for lipid-rich plaques, 

respectively. The results from this study demonstrated that OCT is highly sensitive and 

specific for differentiating lipid-rich plaques from other plaque types [60].  

OCT is also capable of identifying additional plaque components that may be associated 

with coronary events. Some of these features are described below [66]. 

Calcific Nodules: 

Calcific nodules have been associated with plaque thrombosis in some cases [67, 68]. 

Studies have shown that, compared to histopathology, OCT can be used to diagnose 

calcific nodules with 96% sensitivity and 97% specificity [66]. 

Cholesterol Crystals: 

Studies have shown that presence of cholesterol crystals increases the stiffness of lipids 

pools and thereby it may decrease the likelihood of plaque rupture [69]. OCT images of 
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cholesterol crystals demonstrated linear, oriented and highly reflecting structures within 

the plaques [70].  

Giant Cells: 

Giant cells (Multinucleated macrophages) are an inflammatory response to a foreign 

body such as cholesterol crystals within atherosclerotic plaques. Giant cells can be 

identified by OCT as large highly reflecting regions [66].  

3.5 Comparison of IVOCT with Other Imaging Modalities  

There are multiple imaging modalities that have been utilized to detect vulnerable 

plaques which include ultrasound (IVUS) [71-74], computed tomography [75-78], and 

magnetic resonance imaging [79, 80]. Several features of IVOCT that make it attractive 

for intra-vascular imaging are high resolution, small size of fiber-based imaging probes 

and availability of image processing techniques to assess OCT images to extract 

diagnostic information. With higher resolution available from IV-OCT, detailed 

anatomical features of the vessel wall and plaque are easily visualized compared to 

IVUS as shown in figure 3.3. 
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Figure 3.4 a circumferential OCT image                Figure 3.4.b  IVUS circumferential image of a 

coronary vessel                                                                 of the coronary vessel 

 

 

OCT has been proven to be equivalent in detecting calcified plaque morphologies, in 

comparison with high resolution IVUS. Also, previous studies have shown the clinical 

application of OCT and its superiority to IVUS in detecting characteristics of vulnerable 

plaque [81]. Although IVUS is not capable of identifying microstructural features of 

vulnerable plaque, it can identify non-atherosclerotic vessels and arterial disruptions. A 

study was conducted to compare OCT-IVUS image pairs obtained from different 

patients [82]. In all cases it was found that IVOCT observations were more consistent 

than IVUS. On the basis of these findings, IVOCT has emerged as a promising imaging 

modality for extracting plaque diagnostic information. Studies have also shown that 

using texture analysis, it may be possible to differentiate between visually uniform 

tissue types in OCT images [83].  
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CHAPTER 4: SUPERVISED CLASSIFICATION OF 

ATHEROSCLEROSIS 

 

Pattern recognition/classification is a broad field in machine learning that has developed 

to address problems such as face recognition, speech recognition, and cancer detection, 

etc. One major division in pattern recognition is between supervised and unsupervised 

classification techniques. Supervised methods require that the classifications of the 

samples be known and provided to the classifier. Unsupervised methods, on the other 

hand, do not require a priori knowledge of sample classifications, i.e., class labels are 

unknown. In this chapter, we describe the texture features based design of our 

supervised classifier of atherosclerosis. 

Our Supervised method is divided into following five sections,  

1. Preprocessing of our raw OCT vascular images. 

2. Extraction of statistical texture features and feature normalization.  

3. Feature selection.  

4. Classification using supervised learning algorithm (Knn). 

5. Validation using leave one out cross validation (LOOCV). 
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4.1. Preprocessing of our raw OCT vascular images 

Our raw OCT vascular images are represented as floating point numbers, so we 

performed segmentation using image normalization on each image file to achieve a 

uniform distribution of intensities on a standardized intensity range and to improve 

contrast. After image normalization, each pixel had a brightness value ranging from 0 to 

255. This was performed by a Min-Max normalization operation, which preserves all 

relationships of the data values exactly. It would compress the normal range if extreme 

values or outliers exist. Min-Max normalization is carried using the following formula:  

min(Image)
                             Image = × 255                                            (4.1) 

max(Image)-min(Image)

 

After normalizing our image file, we performed automatic image segmentation to 

improve the image quality. 

Examples demonstrating raw and preprocessed images are shown below: 

 (a)         (b) 

Figure 4.1(a) Raw OCT image of vascular tissue with atherosclerotic plaque from a 11 month old 

WHHLML rabbit at 60
th

 B-scan. (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque from a 11 month old WHHLML rabbit at 60
th

 B-scan. 
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(c)          (d) 

Figure 4.1(c) Raw OCT image of vascular tissue with atherosclerotic plaque from a 11 month old 

WHHLML rabbit at 120
th

 B-scan. (d) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque from a 11 month old WHHLML rabbit at 120
th

 B-scan. 

 

 (e)        (f)      

Figure 4.1(e) Raw OCT image of vascular tissue with atherosclerotic plaque from a 11 month old 

WHHLML rabbit at 160
th

 B-scan. (f) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque from a 11 month old WHHLML rabbit at 160
th

 B-scan. 
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(g)      (h) 

Figure 4.1(g) Raw OCT image of vascular tissue with atherosclerotic plaque from a 11 month old 

WHHLML rabbit at 200
th

 B-scan. (h) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque from a 11 month old WHHLML rabbit at200 B-scan. 

 

 

To design our supervised classifier, we used a total of 72 OCT B scan images. In 

supervised learning class labels has to be known. To verify the class labels we also 

compared the OCT images with actual photographic images of vascular tissues.  We 

divided the images in two classes, Class A: Healthy vascular tissues. Class B: Vascular 

tissue with atherosclerotic plaque. We further divided these images into training and 

testing from each class. We used 44 training images and 28 testing images for 

classification. For training the classifier, we used 22 images for each class, and for 

testing, we used 14 images for each class.  

Training Class A: 22 Healthy vascular tissues Images. 

Test Class A: 14 Healthy vascular tissues Images. 

Training Class B: 22 Atherosclerotic plaque Images. 

Test Class B: 14 Atherosclerotic plaque Images. 
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4. 2 Extraction of statistical texture features and feature normalization 

 

Definition of texture: Texture can be defined as a regular repetition of an element on a 

surface. Image texture is a spatial property. A single pixel in an image has no texture. 

Texture gives us information about the spatial arrangement of different characteristics 

like intensity, color, etc., of an image. In medical imaging texture analysis plays an 

important role in the characterization of tissues. Texture analysis in medical imaging is 

an ongoing field of research, with applications ranging from the segmentation of 

specific tissue structures, detection of lesions and differentiation between healthy and 

unhealthy tissues.  

 

4.2.1 Feature extraction:  

We extracted texture features on our processed OCT vascular images using the SGLDM 

method, which is a known method for extracting second order statistical texture 

features. Features derived from the SGLDM method have been widely used for 

classification of tissue images [83-86].  Rosenfeld and Troy [87] and Haralick et al.  

[88] first proposed SGLDM matrices for arbitrary spatial distances  and angular 

directions. The two parameters used to construct SGLDM matrices are 1. Relative 

distance among image pixels, d and 2. Relative orientation among pixels  . 

The SGLDM method determines the probability of occurrence of grey levels with 

respect to relative spatial pixel positions in an image. The SGLDM matrices are based 

on an estimate of second-order joint conditional probability density functions p (i, j: d, 

θ) [89-92]. These probability density functions, p (i, j: d, θ), measure the probability that 
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two pixels, which are located with an inter sample distance, d and direction, θ, have 

gray levels i and j. To detect the atherosclerotic plaque using these SGLDMs, we 

extracted 11 texture features in two directions as shown in figure 4.1 with d=1.  

Even though these textural features contain information about textural characteristics of 

an image, it is difficult to identify which specific textural characteristic is represented 

by each of these features [88]. However few of the features have visual definition like 

F1 (Angular second moment) is the measure of smoothness of the image. The less 

smooth the region is , the lower the ASM.  

F2 (Contrast), is a measure of local gray level variations of pixels in an image.  

F4( Inverse difference moment) as defined in table 4.1, takes high value for low contrast 

images since it has the i-j ( local gray level variation) in the denominator.  

F8 (Entropy), is the measure of randomness in an image. For smooth images, the value 

of entropy will be low.  

Other features represent the nature of gray level transition within the image. 

 

Figure 4.2 The two orientations we used to construct SGLDM matrices. 
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Example to construct SGLDM matrices:  

Let I (i,j) be an 4 ×4 image .  

1 2 1 2

1 2 0 1
                                                       (4.2)

1 0 2 1

1 2 2 1

I

 
 
 
 
 
 

                   

 A 4×4 image with three grey levels Ng= 0, 1, and 2 

 

 

(0,0) (0,1) (0,2)
1

(1,0) (1,1) (1,2)

(2,0) (2,1) (2,2)

A
R

  

  

  

 
 


 
  

    

 The SGLDM matrix for a pair (d,  ), R is the total number of pixel pairs 

 

0

0 3 2    0
1

( 1) 2 0 6    1
23

2 6 2    2

                          0 1 2

A d

 
 

 
 
  

 

The SGLDM matrix for image in 4.2 with d = 1,  =0 

For each of the intensity pairs, such as (0, 0), we count the number of pixel pairs at 

relative distance d =1 and orientation  =0◦ that take these values. 
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We calculated the following features from SGLDM matrices : 

 

Table 4.1 SGLDM features and their mathematical expressions. 

 

Feature Number Feature name Formula 

F1 Angular Second 

Moment(0) 

2( ( , ) ) 
i j

P i j  

F2 Contrast(0) 
-1

2

0
-

( , )       
gN

n i j
i j n

n P i j




 
 
 
 
 

    

F3 Variance(0) 2( - ) ( , )   
i j

i P i j  

F4 Inverse Difference 

Moment(0) 2

( , )

1 ( - )i j

P i j

i j
  

F5 Sum(difference) 

Average(0) 

2( -1)

(-)

0

( ) 
gN

x y

i

iP i



  

F6 Sum Variance(0) 2 -2

2

5

0

( - ) ( )      
gN

x y

i

i F P i



  

F7 Sum Entropy(0) 2 -2

0

- ( ) log{ ( )}     
Ng

x y x y

i

P i P i 



  

F8 Entropy(0) - ( , ) log ( , )  
i j

P i j P i j  

F9 Difference Variance(0) -1
2

5 -

0

- ( - ) ( )      
Ng

x y

i

i F P i


  

F10 Difference Entropy(0) -1

- -

0

- ( ) log ( ) 
Ng

x y x y

i

P i P i


  

F11 Information Measure II of 

correlation(0) 

21-exp(-2( - ))xy xyH H  

Where, 
2 - ( ) ( ) log( ( ) ( ))    xy x y x y

j i

H P i P j P i P j   

F12 Angular Second 

Moment(90) 

2( ( , ) ) 
i j

P i j  

F13 Contrast(90) 
-1

2

0
-

( , )       
gN

n i j
i j n

n P i j
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F14 Variance(90) 2( - ) ( , )   
i j

i P i j  

F15 Inverse Difference 

Moment(90) 2

( , )

1 ( - )i j

P i j

i j
  

F16 Sum(difference) 

Average(90) 

2( -1)

(-)

0

( ) 
gN

x y

i

iP i



  

F17 Sum Variance(90) 2 -2

2

16

0

( - ) ( )      
gN

x y

i

i F P i



  

F18 Sum Entropy(90) 2 -2

( )

0

- log{ ( )}     
Ng

x y i x y

i

P P i 



  

F19 Entropy(90) - ( , ) log ( , )  
i j

P i j P i j  

F20 Difference Variance(90) -1
2

16 -

0

- ( - ) ( )      
Ng

x y

i

i F P i


  

F21 Difference Entropy(90) -1

- -

0

- ( ) log ( ) 
Ng

x y x y

i

P i P i


  

F22 Information Measure II of 

correlation(90) 

21-exp(-2( - ))xy xyH H  

Where, 
2 - ( ) ( ) log( ( ) ( ))    xy x y x y

j i

H P i P j P i P j   

 

Where,  

 

P(i, j) , (i, j)
th

 entry in SGLDM matrix, = P(i, j)/R. 

 

Px(i) , the marginal probability of ith entry = 
1

( , )
gN

j

P i j


 . 

Ng is the number of gray levels in the images 

 

Py(i) , the marginal probability of jth entry = 
1

( , )
gN

j

P i j


  

  

4.2.2 Feature normalization 
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The scale of the features lied within a different dynamic range. We normalized the 

entire 22 feature vector. Feature normalization ensures that all the features have same 

influence on performance of the classifier. Each feature vector of an image is 

normalized as follows:  

-
ˆ                                                                                                                                              (4.3)  

x x
x




 

Where, x̂  is the normalized value , x is the raw feature vector , x   is the sample mean 

and σ  is the standard deviation.  

 

4.3. Feature selection 

We generated 22 features, out of which some may be not very informative or may have 

high mutual correlation. Also, to achieve good generalization performance of the 

classifier, the dimension of the feature space must be relatively small with respect to the 

number of training points.  In this study, we reduced the dimension of feature space by a 

feature selection procedure. It is a method that selects the most informative features so 

as to reduce their number and retain class discriminatory information. Our feature 

selection consists of three steps,  

1. Scalar feature selection suing Fisher’s Discriminant ratio (FDR) as a class 

separability criterion and also finding the cross correlation between the pairs of 

features and ranking them. 

2. Finally we employed exhaustive search method to find the top 5 features.  
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After the feature normalization procedure, features were ranked in descending order 

using FDR criterion by considering each feature independently. FDR [93] was 

calculated using the following equation 

 

 
2

1 2

2 2

1 2

-
                                                                                           (4.4)     FDR

 

 



 

Where,  1  and 2  are mean values of each feature of all the data point from both the 

classes and 2

1  and 2

2  are the variances of each feature from the two classes.  

 

Table 4.2. Fisher discriminant ratio of all 22 features. 

Feature Number FDR value Feature Rank 

F2 1.859 1 

F9 1.834 2 

F12 1.06 3 

F1 0.985 4 

F6 0.915 5 

F20 0.851 6 

F13 0.823 7 

F17 0.784 8 

F15 0.772 9 

F8 0.56 10 

F5 0.536 11 

F14 0.513 12 

F18 0.476 13 

F7 0.469 14 

F16 0.452 15 

F3 0.37 16 
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F19 0.341 17 

F21 0.249 18 

F11 0.145 19 

F10 0.109 20 

F22 0.096 21 

F4 0.08 22 

 

Scalar features selection process considers each feature independently and doesn’t take 

into account the existing correlation between feature pairs. Finding the cross correlation 

between the feature pairs, will result in further effective feature selection process.  The 

formula for finding the cross correlation between feature pairs are given as follows: 

, ,

1

2 2

, ,

1 1

                                                                                   (4.5)

N

n i n j

n
i j

N N

n i n j

n n

x x

x x

 

 




 

 

Where i and j are the index of the feature number,  i ≠ j , 

N= number of classes, (N=2) 

We again ranked the features according to their cross correlation and selected the top 16 

features out 22 

 

 

Table 4.3. Feature ranking of top 16 features 

Feature 

rank 

Feature 

number  

1 F2 

2 F9 

3 F6 

4 F5 

5 F8 

6 F10 

7 F4 
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8 F3 

9 F7 

10 F1 

11 F15 

12 F14 

13 F18 

14 F21 

15 F12 

16 F19 

 

 

From all 22 features, we selected 16 top ranked features and applied exhaustive search 

method to select the final combination of 5 best features. 

Exhaustive search method, is the technique in which all possible combinations of 

features will be exhaustively formed. And for each combination of features, the class 

separability measured is calculated. We used the following measure as class separability 

criterion for exhaustive search method 

 

The class separability criterion, J [94] used  in exhaustive search method is as follows  

1J  Trace(S )                                                                                                                (4.6)w mS

 

Where, Sm is mixture scatter matrix,  

m w bS = S +S                                                                                                                           (4.7)

 

Where Sw is within class scatter matrix, Sb is between class scatter matrix. 

The combination of our final 5 best features is F2, F4, F6, F9 and F10.  
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4.4 Image classification Algorithm  

We employed a non parametric image classification program in the selected feature 

space to classify atherosclerotic plaque in young and old WHHML rabbits. In this work 

we used K nearest neighbor classifier (K-nn) with K=5. The K-nn classifier is based on 

non-parametric density estimation techniques. The Knn classifier decides the class label 

of an object by analyzing its k nearest neighbors within the training points [95]. 

Example of K-nn with K=3 and K=5 is shown in figure 4.1.  

When K=3, the test data point (black circle) is assigned to green square class because 

there are two squares inside the inner circle.  

When K= 5, the test data point (black circle) is assigned to red cross class because the 

majority of points inside the outer circle are red cross. 

 

 

 

 

 

 

Figure 4.3. Example of K nn with K=3 and K=5  
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 Given an unknown sample, the K-nn classifier identifies 5 nearest neighbors using 

Euclidean distance measure, regardless of the class label. Out of these 5 nearest 

neighbor samples, it identifies the number of samples that belong to the class A 

(Healthy vascular tissues Images.) and class B (Atherosclerotic plaque Images).  An 

unknown sample is classified to either of the classes with the maximum of nearest 

neighbors’ vote.  According to the K-nn rule, each unlabeled sample is classified by the 

majority vote of its nearest neighbors in the training set. This rule is independent of 

underlying joint distribution on the sample points and their classifications [96]. 

4.5 Validation  

To evaluate our classifier’s performance we applied leave one out cross validation 

(LOOCV) method. The total number of dataset available was limited; LOOCV is very 

useful when there’s only limited dataset available [97].  In this method one sample from 

the dataset is set aside, and the classification model is built on the remaining N-1 

samples.  The left out sample is then classified by this new model. This procedure is 

repeated N times, and each time a different sample is set aside as shown in Figure 4.3.   
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Figure 4.4.  Schematic illustration of the data partitioning for leave one out cross-validation 

Of our 58 training samples, 57 samples were used for training the classifier and the 

validation was carried out using the excluded samples. This same procedure was 

repeated 58 times, each time leaving out a different sample. For each misclassification 

an error was counted. We obtained LOOCV error as 4.54%. 

 

Classification Error  10.71% 

Validation Error 4.54% 
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Following are the images used for training and testing purpose. 

Training Images of class B (22 images) 

 (1)                        

Figure 4.5.1.  Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 60
th

 B-scan. Figure4.5.2. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 

 

 (3)                           (4) 

Figure 4.5.3. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 70
th

 B-scan. Figure4.5.4. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 

(5)                              (6) 

Figure 4.5.5. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 80
th

 B-scan. Figure4.5.6. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 
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   (7)                          (8) 

Figure 4.5.7. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 90
th

 B-scan. Figure4.5.8. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 

 

(9)                              (10) 

Figure 4.5.9. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 100
th

 B-scan. Figure4.5.10. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 
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 (11)                           (12) 

Figure 4.5.11. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 110
th

 B-scan. Figure4.5.12. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 

 

(13)                             (14) 

Figure 4.5.13. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 120
th

 B-scan. Figure 4.5.14. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 

 

 (15)                              (16) 

Figure 4.5.15. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 130
th

 B-scan. Figure 4.5.16. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 
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 (17)                            (18) 

Figure 4.5.17. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 140
th

 B-scan. Figure4.5.18. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 

  (19)                           (20) 

Figure 4.5.19. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 150
th

 B-scan. Figure4.5.20. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 

 

 (21)                         (22) 

Figure 4.5.21. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 11 

month old WHHLML rabbit at 160
th

 B-scan. Figure4.5.22. Photographic image of vascular tissue 

with atherosclerotic from a 11 month old WHHLML rabbit. 
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Testing images of class B(14 Images) 

 (1)                                 (2) 

Figure 4.6.1. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 60
th

 B-scan. Figure4.6.2. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

 (3)                                   (4) 

Figure 4.6.3. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 70
th

 B-scan. Figure4.6.4. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

(5)                                  (6) 

 

Figure 4.6.5. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 80
th

 B-scan. Figure4.6.6. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 
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 (7)                                (8) 

 

Figure 4.6.7. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 90
th

 B-scan. Figure4.6.8. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

(9)                                (10) 

Figure 4.6.9. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 100
th

 B-scan. Figure 4.6.10. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

(11)                           (12) 

 

Figure 4.6.11. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 60
th

 B-scan. Figure4.6.12. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 
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(13)                              (14) 

Figure 4.6.13. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 70
th

 B-scan. Figure4.6.14. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

(15)                                (16) 

 

Figure 4.6.15. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 80
th

 B-scan. Figure4.6.16. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

(17)                             (18) 

 

Figure 4.6.17. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 90
th

 B-scan. Figure4.6.18. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 
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 (19)                              (20) 

Figure 4.6.19. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 100
th

 B-scan. Figure4.6.20. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

(21)                           (22) 

Figure 4.6.21. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 110
th

 B-scan. Figure4.6.22. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 

 

(23)                         (24) 

 

 

Figure 4.6.23. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 10 

month old WHHLML rabbit at 120
th

 B-scan. Figure4.6.24. Photographic image of vascular tissue 

with atherosclerotic from a 10 month old WHHLML rabbit. 
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 (25)                             (26) 

 

Figure 4.6.25. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 22 

month old WHHLML rabbit at 60
th

 B-scan. Figure4.6.26. Photographic image of vascular tissue 

with atherosclerotic from a 22 month old WHHLML rabbit. 

 

(27)                         (28) 

 

Figure 4.6.27. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 22 

month old WHHLML rabbit at 70
th

 B-scan. Figure 4.6.28. Photographic image of vascular tissue 

with atherosclerotic from a 22 month old WHHLML rabbit. 
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Training Images of class A (22 Images) 

(1)                      (2) 

 

Figure 4.7.1. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 150
th

 B-scan. Figure 4.7.2. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(3)                     (4) 

Figure 4.7.3. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 160
th

 B-scan. Figure 4.7.4. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(5)                       (6) 

Figure 4.7.5. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 170
th

 B-scan. Figure 4.7.6. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(7)                     (8) 

Figure 4.7.7. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 180
th

 B-scan. Figure 4.7.8. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(9)                  (10) 

Figure 4.7.9. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 190
th

 B-scan. Figure 4.7.10. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(11)                   (12) 

Figure 4.7.11. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 200
th

 B-scan. Figure 4.7.12. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(13)                  (14) 

Figure 4.7.13. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 210
th

 B-scan. Figure 4.7.14. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(15)              (16) 

Figure 4.7.15. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 60
th

 B-scan. Figure 4.7.16. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

(17)            (18) 

 

Figure 4.7.17. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 70
th

 B-scan. Figure 4.7.18. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 



57 
 

(19)                (20) 

Figure 4.7.19. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 80
th

 B-scan. Figure 4.7.20. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(21)               (22) 

Figure 4.7.21. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 90
th

 B-scan. Figure 4.7.22. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(23)               (24) 

Figure 4.7.23. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 100
th

 B-scan. Figure 4.7.14. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(25)                (26) 

Figure 4.7.25. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 110
th

 B-scan. Figure 4.7.26. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(27)                    (28) 

Figure 4.7.27. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 120
th

 B-scan. Figure 4.7.28. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(29)                    (30) 

Figure 4.7.29. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 130
th

 B-scan. Figure 4.7.30. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(31)                     (32) 

Figure 4.7.31. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 140
th

 B-scan. Figure 4.7.32. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

(33)              (34) 

Figure 4.7.33. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 150
th

 B-scan. Figure 4.7.34. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(35)                  (36) 

Figure 4.7.35. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 160
th

 B-scan. Figure 4.7.36. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(37)                          (38) 

 
Figure 4.7.37. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 170
th

 B-scan. Figure 4.7.38. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(39)                            (40) 

Figure 4.7.39. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 180
th

 B-scan. Figure 4.7.40. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(41)                  (42) 

Figure 4.7.41. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 190
th

 B-scan. Figure 4.7.42. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(43)                  (44) 

Figure 4.7.43. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 200
th

 B-scan. Figure 4.7.44. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

Testing Images of class A (14 Images) 

(1)                   (2) 

Figure 4.8.1. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 60
th

 B-scan. Figure 4.8.2. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(3)                        (4) 

 

Figure 4.8.3. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 70
th

 B-scan. Figure 4.8.4. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(5)                          (6) 

Figure 4.8.5. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 80
th

 B-scan. Figure 4.8.6. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(7)                        (8) 

Figure 4.8.7. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 90
th

 B-scan. Figure 4.8.8. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(9)                     (10) 

Figure 4.8.9. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 100
th

 B-scan. Figure 4.8.10. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

(11)                    (12) 

 

Figure 4.8.11. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 110
th

 B-scan. Figure 4.8.12. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

(13)                   (14) 

Figure 4.8.13. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 120
th

 B-scan. Figure 4.8.14. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(15)                   (16) 

Figure 4.8.15. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 130
th

 B-scan. Figure 4.8.16. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(17)                   (18) 

 

Figure 4.8.17. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 140
th

 B-scan. Figure 4.8.18. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(19)              (20) 

 

Figure 4.8.19. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 150
th

 B-scan. Figure 4.8.20. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(21)                     (22) 

Figure 4.8.21. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 160
th

 B-scan. Figure 4.8.22. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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(23)                      (24) 

 

Figure 4.8.23. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 170
th

 B-scan. Figure 4.8.24. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(25)                    (26) 

Figure 4.8.25. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 180
th

 B-scan. Figure 4.8.26. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 

 

(27)                      (28) 

 

Figure 4.8.27. Preprocessed OCT image of vascular tissue with atherosclerotic plaque from a 4 

month old WHHLML rabbit at 190
th

 B-scan. Figure 4.8.28. Photographic image of vascular tissue 

with atherosclerotic from a 4 month old WHHLML rabbit. 
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CHAPTER 5: DETECTION OF ATHEROSCLEROTIC PLAQUE 

USING UNSUPERVISED ALGORITHM  

 

5.1 Introduction 

In the previous chapter, we described classification of atherosclerosis using supervised 

classification. In this chapter, we turn to unsupervised case, where the class labels of the 

dataset are unknown. Thus the concern now is to organize the dataset into sensible 

clusters or groups, which will help in finding the similarities or difference in the dataset. 

Unsupervised classification is also known as clustering analysis.  The illustration of 

supervised and unsupervised classification is given below, Figure 5.1.a describes the 

supervised classification of training set {(x1, y1) (x2,y2) }, where x1,x2 are data points 

and y1,y2 are class labels and figure 5.1.b describes the unsupervised case where the x1, 

x2 are the data points but the class labels are unknown. 

             

Figure 5.1.a Example of supervised case              Figure 5.1.b Example of unsupervised case 
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In this chapter we described the preliminary study using SGLDM method along with 

clustering algorithm to detect the atherosclerotic plaque region from normal tissue on 

OCT images. In spite of high resolution of OCT images, visual classification of 

vascular tissue and plaque regions is not easy. However examination of such OCT 

images reveals that they frequently display a characteristics texture due to speckle [14]. 

In this chapter, we show that the detection of atherosclerotic plaque on OCT vascular 

images based on the texture segmentation using clustering algorithm can be carried out 

successfully without reliance on visible structures.  

To the author’s knowledge, detection of atherosclerotic plaque on OCT image based on 

texture segmentation has not been performed previously. However literature exists on 

atherosclerotic plaque segmentation using Intravascular Ultrasound (IVUS) [98], 

computed tomography (CT) [99] and Magnetic resonance Imaging (MRI) [100]. OCT 

offers a combination of micron-scale morphological imaging with penetration depths of 

1~3 mms which makes it unique among other imaging modalities.  

Texture segmentation is the process of identifying different regions based on their 

texture. The statistical properties of the texture can be measured by the region 

histograms and their moments. There are different methods to extract texture features 

using statistical technologies. There exist a large body of literature for texture feature 

extraction using the gray level difference method (GLDM), the gray level run length 

method (GLRLM), and the power spectral method (PSM) [101-103]. However studies 

have shown that the Spatial Gray level dependent matrix (SGLDM) method is the most 

powerful texture feature extraction method [104].   
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Our unsupervised method is divided into following five sections,  

1. Preprocessing of our raw OCT vascular images. 

2. Extraction of statistical texture features.  

3. Feature normalization and mapping the extracted features back to original image. 

4. Classification using supervised learning algorithm (Knn). 

5. Validation using actual photographic images. 

5.2 Preprocessing of our raw OCT vascular images 

Our raw OCT vascular images contained floating point numbers, so we performed 

segmentation using image normalization on each image file to achieve a uniform 

distribution of intensities on a standardized intensity range and to improve contrast. 

After image normalization, each pixel has a brightness value ranging from 0 to 255. 

This was performed by Min-Max normalization operation. It preserves all relationships 

of the data values exactly. It would compress the normal range if extreme values or 

outliers exist. Min-Max normalization is carried using the following formula:  

min(Image)
                             Image = × 255                                            (5.1) 

max(Image)-min(Image)

 

After normalizing our image file, we performed automatic image segmentation using a 

threshold to improve the image quality. 
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5. 3 Extraction of statistical texture feature 

We extracted texture features on our processed OCT vascular images using SGLDM 

method, which is a known method for extracting second order statistical texture 

features. Features derived from the SGLDM method have been widely used for 

classification of tissue images [83-87].  Rosenfeld and Troy [88] and Haralick et al.  

[89] first proposed SGLDM matrices for arbitrary spatial distances  and angular 

directions. The two parameters used to construct SGLDM matrices are 1. Relative 

distance among image pixels, d and 2. Relative orientation among pixels,  . 

The SGLDM method determines the probability of occurrence of grey levels with 

respect to relative spatial pixel positions in an image. The SGLDM matrices are based 

on an estimate of second-order joint conditional probability density functions p (i, j: d, 

θ) [90-93]. These probability density functions, p (i, j: d, θ), measure the probability that 

two pixels, which are located with an inter sample distance, d and direction, θ, have 

gray levels i and j. To detect the atherosclerotic plaque using these SGLDMs, we 

extracted 11 texture features in two directions 

We calculated the features from SGLDM matrices as shown table 4.1 

 

5.4 Feature normalization 

The scale of the features lied within a different dynamic range. We normalized the 

entire 22 feature vector. Feature normalization ensures that all the features have same 

influence on performance of the classifier. Each feature vector of an image is 

normalized as follows:  
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-
ˆ                                                                               (5.2)  

x x
x


  

Where, x̂  is the normalized value, x is the raw feature vector, x   is the sample mean 

and σ is the standard deviation.  

 

5.5 Unsupervised clustering algorithm 

After feature normalization, we carried out atherosclerotic plaque detection on OCT 

images using K-means clustering algorithm [105], which is considered as a popular 

clustering techniques due to its simplicity and fast convergence. We applied K-means 

clustering algorithm on the feature space to segment the air, plaque and healthy vascular 

tissue regions and mapped the segmented features back to original image.  

The K-means algorithm generally requires four parameters: (1) number of clusters; (2) a 

distance metric; (3) Initialization of cluster centroids and (4) a convergence criterion. 

Figure 5.1 shows an illustration of  k -means clustering . 
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Figure 5.2.a Original dataset 

 

 

Figure 5.2.b Random Initialization of cluster centroids 
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Figure 5.2.c Assigning data points to the to the closest cluster centroid 

 

 

Figure 5.2.d Moving each cluster centroid to the mean of the points assigned to it. 
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Figure.5.2.d Again assigning data points to the to the closest cluster centroid 

 

 

Figure.5.2.e Moving each cluster centroid to the mean of the points assigned to it. 
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  K means algorithm works in two steps: 

Inputs to K means classifier are  

1. Training data set = { x1, x2, ……xk} 

2. Number of cluster (K) 

Step 1 : Initialization of cluster centroids m1, m2, m3.. mn randomly. 

Step 2:  Repeat step 2 until convergence 

{ 

find the distance between every data point and the cluster centroid, and then assign the 

data points xi to the closet cluster centroid mj.  

For every i, 

  arg min                                                                                         5.3i i j
j

x m    

Moving each cluster centroid mj to the mean of the data points assigned to it 

For every j 

1

1

1{ }

                                                                                             5.4

1{ }

k

i i

i
j m

i

i

j x

m

j


















 

 1 denotes the indicator function.  
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As our OCT images consisted of regions representing air, plaque, and healthy vascular 

tissue and air, we selected the number of clusters, K=3. We defined distance between 

each cluster by a Euclidean distance metric and initialized cluster centroid randomly. 

The dataset in feature space was initially partitioned into 3 clusters and the data points 

were randomly assigned to the cluster centroid. For each data point, we calculated the 

city block distance from the data point to cluster centroid. If the data point was not 

closest to its own cluster, it was to be shifted into the closest cluster. Otherwise, the data 

point was not shifted. The process continued until convergence was achieved. 

5.6 Validation  

The results of segmentation show that the plaque region on OCT images could be 

detected correctly. For validation, we compared our resulting segmented OCT images 

with different locations on photographic images of vascular tissue with atherosclerotic 

plaque. As shown in Fig. 5.3, Fig. 5.4, Fig. 5.5, Fig. 5.6, Fig. 5.7, Fig. 5.8, Fig. 5.9 and 

Fig. 5.10 (with window sizes of 32×32) both plaque and healthy tissue regions were 

correctly segmented. The highlighted area on all the OCT images is the detected 

atherosclerotic plaque regions. 
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(a)                                            (b)                                  (c) 

 

 

 

(d)                                              (e) 

 

Figure  5.3.(a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 10 month old 

WHHLML rabbit at 100
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 100
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 100
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
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(a)                                (b)                           (c)                          

      

 

 

                                      (d)                                   (e) 

Figure  5.4 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 10 month old 

WHHLML rabbit at 150
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 150
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 150
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
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(a)                                (b)                           (c)                 

               

 

                                    (d)                                  (e) 

Figure  5.5 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 10 month old 

WHHLML rabbit at 250
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 250
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 250
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
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(a)                                (b)                              (c)                      

          

   

                                                     (d)                               (e) 

Figure  5.6 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 10 month old 

WHHLML rabbit at 300
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
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                                (a)                                               (b)                               (c) 

 

       

                                               (d)                                           (e) 

Figure  5.7 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 19 month old 

WHHLML rabbit at 60
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 60
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 60
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
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(a)                                (b)                             (c)                    

            

   

                                       (d)                                   (e) 

Figure  5.8 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 19 month old 

WHHLML rabbit at 100
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 100
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 100
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbi 
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(a)                                            (b)                                        (c)         

 

                       

 

                                        (d)                                    (e) 

 

Figure  5.9 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 19 month old 

WHHLML rabbit at 180
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 180
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 180
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit 
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(a)                                        (b)                                               (c) 

 

 

 

                                  (d)                                              (e) 

Figure  5.10 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 19 month 

old WHHLML rabbit at 230
th

 B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 230
th

 B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 230
th

 B-

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit 
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In following section we demonstrated plaque detection with different window sizes.  

Figure 5.11 shows the demonstration with window size of 16×16 

 

 

 

(a)                                                 (b)                                       (c) 

 

                              (d)                                          (e) 

Figure 5.11 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 10 month old 

WHHLML rabbit at 300th B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300th B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300
th

 B- 

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
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Figure 5.12 shows the demonstration with window size of 8×8 

 

 

(a)                                                 (b)                                       (c) 

 

 

 

                                      (d)                                          (e) 

 

Figure 5.12 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 10 month old 

WHHLML rabbit at 300th B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300th B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300
th

 B- 

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
 

Figure 5.13 shows the demonstration with window size of 64×64 
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(a)                                                 (b)                                       (c) 

 

 

                                       (d)                                          (e) 

Figure 5.13 (a) Raw OCT image of vascular tissue with atherosclerotic plaque  from a 10 month old 

WHHLML rabbit at 300th B-scan (b) Preprocessed OCT image of vascular tissue with 

atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300th B-scan(c) Results of our 

unsupervised clustering showing three different classes  (d) Plaque detection result OCT image of 

vascular tissue with atherosclerotic plaque  from a 10 month old WHHLML rabbit at 300
th

 B- 

scan(e) Photographic image of vascular tissue with atherosclerotic from a 10 month old WHHLML 

rabbit. 
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In this chapter we implemented an automated unsupervised learning algorithm which 

incorporates an unsupervised learning using K-means clustering, to detect the plaque 

region from OCT vascular images of tissue. Our method extracted the texture features 

of the OCT vascular images based on their statistics rather than the visible structure. 

Our results show excellent matching with actual photographs of vascular tissue with 

atherosclerotic plaque. To the best of our knowledge, this is the first automated method 

to detect atherosclerotic plaque from OCT images of vascular tissue. Our plaque 

detection approach is an important prerequisite to assess plaque vulnerability clinically. 

The ability of our method to detect invisible change in tissue structure could have 

significant impact to help diagnosis of atherosclerosis disease.  
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CHAPTER 6: CONCLUSION AND FUTURE WORK  

 

In this thesis, we presented two different methods to classify atherosclerotic plaque on 

OCT vascular images without reliance on visible structures.  

We performed classification of atherosclerosis using automatic supervised classification 

technique and detection of atherosclerosis using unsupervised learning algorithm based 

on texture analysis. We achieved excellent classification and segmentation result in both 

supervised and unsupervised methods. Therefore our proposed plaque detection 

technique could be potentially used in clinical cardiovascular OCT imaging.  

We performed supervised classification of atherosclerotic plaque by employing a non 

parametric classifier (Knn classifier). This method consists of feature extraction process, 

feature normalization, feature selection process and finally the design of the classifier.  

The feature extraction process was carried using SGLDM method, which is known to 

the best method to extract texture features [14]. Since the scale of all the features varied 

dynamically, we normalized them using a min-min normalization operation. To reduce 

the dimension of feature space and to ensure good generalization of our classifier, we 

employed feature selection process. Our feature selection process is further divided into 

three methods, 1. Scalar feature selection, 2. Feature selection by using cross correlation 

measure, 3. Finding the group of final set of features.  

In scalar feature selection process, we consider each feature independently. To carry out 

scalar feature selection, we used Fisher discriminant ratio as cost function. We ranked 

all the features in descending order using scalar feature selection based our already 
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defined cost function. We then calculated the cross correlation between the pairs of all 

the features and found the top 16 features out of 22 set of features. To further reduce the 

dimension of our feature space, we carried an exhaustive search method, to find the 

combination of 5 best features. Finally we fed our group of final 5 features to k-nn 

classifier. To validate our classification result employed a leave one out cross validation 

method. Our validation and classification error was only 4.54% and 10.4% respectively. 

The combination of OCT imaging modality and our proposed plaque detection 

technique can also be used as prerequisite to assess the plaque vulnerability clinically. 

Therefore our proposed method could be used to help clinicians in diagnosis of 

atherosclerosis disease. To the best of our knowledge, this is the first attempt to perform 

automated classification of atherosclerosis on OCT images without relying on its visible 

structural features.  In future work, our supervised classifier can be extended to handle 

real time atherosclerosis detection application.  It can also extend our classifier to 

differentiate different types of plaques associated with coronary arties disease and to 

quantify plaque burden.  

We also developed an automatic unsupervised technique to detect atherosclerosis from 

OCT vascular images of tissues. Our method involves extraction of statistical textural 

features using the Spatial Gray Level Dependence Matrix (SGLDM) method, 

application of an unsupervised clustering algorithm (K-means) on the these features, 

and mapping of the segmented regions of features back to the actual image. We verified 

the validity of our results by visually comparing them to photographs of the vascular 

tissue with atherosclerotic plaque that we used to generate our OCT images.  
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The ability to detect atherosclerotic plaque from optical coherence tomography images 

by visual inspection is usually limited. It is further complicated by the high frame rates 

of modern intravascular OCT systems. The ability of our method to detect invisible 

change in tissue structure could have significant impact to help diagnosis of 

atherosclerosis disease using intravascular OCT imaging. Also, our proposed method 

can provide an important prerequisite to assess plaque burden clinically.  To our 

knowledge, this is first automatic technique to detect atherosclerotic plaque based on 

unsupervised algorithm.  

Future research may further help classify different types of plaque using OCT vascular 

images.  

In this thesis we developed and implemented two techniques to classify atherosclerosis 

from OCT vascular images based on statistical texture features.  
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