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Abstract 

Optical coherence tomography (OCT) is a light-based intravascular imaging modality with 

superior optical resolution (10-15µm) compared to any other intravascular imaging modality 

available in clinical practice. The superior resolution of OCT provides the ability to explore 

the stent-vessel interface at stent-strut level analysis, as well as analyse plaque with near 

microscopic details. This thesis mainly focuses on two important aspects of the clinical utility 

of OCT; 

1) Refining the methods of plaque analysis using OCT 

2) Evaluating the potential role of OCT plaque analysis in risk stratification of patients 

with acute coronary syndrome (ACS). 

 

Refining the Methods of OCT Plaque Analysis 

 

Despite the consensus guidelines for OCT plaque analysis, there is an existing gap in selecting 

the appropriate frame intervals for analysis of various plaque features.‘Chapter 2’ of this thesis 

investigates the impact of various frame intervals on quantification of plaque macro- and micro 

features. The results from an analysis of 3,108 OCT frames revealed no significant difference 

in the quantification of large plaque features (including lipid and calcium) using 200 µm 

(consecutive frames), 400 µm (alternate frames) and 1 mm (every fifth frame) frame intervals. 

The mean difference in lipid arc (LA) was <1° (0.5%) using 400 µm and 1 mm intervals 

compared to 200 µm frame interval. However, smaller plaque features including macrophages, 

microchannels and cholesterol crystals were significantly underestimated. Macrophages were 

underestimated by 57% and 85%  using  400 µm and 1 mm frame intervals, respectively. 
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Furthermore, stented segments of coronary arteries in routine OCT pullbacks are excluded 

from the analysis of various plaque features, potentially missing crucial information. In 

‘Chapter 3’ of the thesis, OCT data from 52 patients undergoing percutaneous coronary 

intervention (retrospectively recruited from two different centres) were analysed to investigate 

whether various plaque features can be analysed behind the struts with accuracy. Additionally, 

to test the clinical utility of plaque analysis behind the struts, the association between plaque 

features behind the struts and microvascular dysfunction was investigated in 128 consecutive 

patients, who underwent OCT imaging post-stent deployment. The results demonstrated that 

plaque lipid can be measured accurately post-stenting. The LA was similar pre- (55° [13°-93°]) 

and post-stenting (40° [18°-87°]) with a median difference of (1° [-7°-16°], p=0.054). 

Macrophages were significantly underestimated pre-PCI  (9 [3-19]) versus post-PCI (8 [3-14])  

with a median difference of 3 [1-7]. Also, patients with microvascular dysfunction vs normal 

flow post PCI showed more plaque behind struts: LA (89º [50º-139º] vs 62º [29º-88]; p< 

0.001); and calcium arc (CA)(24º [6º-45º] vs 7° [0º-34º]; p=0.031). Multivariate logistic 

regression analysis showed that abnormal TIMI flow post-stenting was associated with 

diabetes [Odds ratio (OR) 2.87, CI 1.01-8.19, p=0.048], LA (OR 1.29, 95% CI 1.14-1.38, p< 

0.001) and CA (OR 1.26, CI 1,07-1.40, p=0.005). 

 

Broadening the role of OCT plaque analysis in risk stratification of patients with ACS. 

 

 Previous reports have indicated that plaque morphological features can predict future 

cardiovascular outcomes. However, currently there are limited data regarding whether the OCT 

plaque features can predict cardiovascular outcomes. In ‘Chapter 4’ of this thesis association 

between existing risk stratification tools (GRACE and SYNTAX scores) with various OCT 

plaque features was investigated on multi-vessel and single vessel (culprit and non-culprit) 
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OCT pullbacks in 104 patients. Multi-vessel OCT plaque analysis showed that both LA 

(R=0.32, P=0.001) and CA (R=0.35, P<0.001) were positively correlated with GRACE score. 

LA (R=0.34, P=0.001), macrophages (R=0.22, P= 0.023), microchannels (R=0.23, P=0.018) 

and presence of thin-cap fibro-atheroma (TCFA) (R=0.21, P= 0.036) were all positively 

correlated with the SYNTAX score. Analysis of non-culprit single vessel OCT showed that 

LA (R=0.29, P =0.015) and CA (R=0.46, P <0.001) positively correlated with the GRACE 

score. Both LA (R=0.37, P =0.001), TCFA (R=0.25, P =0.036) and Macrophages (R=0.32, P 

=0.007) were correlated positively and plaque free wall (PFW) (R=- 0.34, P=0.004) negatively 

with the SYNTAX score. The number of high-risk OCT plaque features positively correlated 

with GRACE score (R=0.34, p< 0.001) and SYNTAX score (R=0.42, p<0.001). The median 

number of high-risk plaque features increased across GRACE  tertiles (2 [1-3], 2 [2-4], 4 [3-5] 

respectively) and SYNTAX tertiles 2 [0-4],3[2-4] and 4 [2-5] respectively). 

 

In ‘Chapter 5’ of this thesis, the association between 18F- sodium fluoride and OCT plaque 

features of vulnerability is investigated at ‘coronary segment-level’ as well as at ‘patient-level’ 

analysis in 62 patients with ACS in a prospective manner. Out of a total of 286 coronary 

segments studied, those with elevated 18F-fluoride uptake (n=60) had higher LA (74◦ [35º -

117 º] versus 48º [15º-83º], p =0.021), higher prevalence of macrophages [37 (62%) versus 89 

(39%), p =0.008] and lower PFW (50◦ [7◦-110◦] versus 94◦ [34◦-180◦], p =0.027), when 

compared with 18F-Fluoride negative segments. Also, culprit lesions were analysed based on 

18F- fluoride positivity. In 18F- fluoride positive culprit lesions  CA was significantly higher 

than those culprit lesions without 18F-fluoride uptake (10º [1º- 43º] vs 0º [0º- 6º], p=0.004). 

Interestingly, non-culprit lesions with 18F- fluoride uptake compared to those without the 

uptake, showed significantly higher LA (74º [35º-116º] vs 40º [13º-76º], p<0.001), CA (6º [0º-

34º] vs 0º [0º-7º], p=0.020) , presence of macrophages [22 (55%) vs 68 (35%), p=0.005] 
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cholesterol crystals [7 (18%) vs 12 (6%), p=0.017]  and smaller PFW (41º [6º-105º] vs 105º 

[40º-193º], p=0.017). The plaque morphology of 18F- fluoride positive non-culprit lesions was 

similar to that of culprit lesions. In a patient-level analysis, subjects were grouped by increasing 

number of coronary lesions positive for 18F- fluoride (group1=0, group2=1 and group 3 ≥2). 

The proportion of patients with the presence of calcium increased across the three groups 

(Group 1=20% vs. Group 2=, 43% vs. Group 3=86%; p<0.001). Presence of macrophages also 

increased across the three groups (Group 1=10% vs. Group 2=14% vs. Group 3= 38%, p= 

0.028).  Whereas, PFW decreased across the three groups (Group1=75% vs. Group 2=43% vs. 

Group 3=33%, p=0.008) 

 

Conclusion 

 

This doctoral thesis contributes to the existing knowledge of plaque analysis using OCT. The 

scientific work in this thesis will help to refine the methods of OCT plaque analysis including 

the importance of choosing appropriate frame intervals for accurate measurement of OCT 

plaque features. The results of this thesis also provide the scientific evidence for the feasibility 

of plaque analysis behind the struts and the clinical utility of analysing plaque behind the struts. 

Additionally, this thesis contributes important clinical data regarding the potential role of OCT 

plaque features in risk stratification of patients with ACS. The association between high-risk 

plaque features and existing clinical and angiographic risk stratification tools is demonstrated. 

Furthermore, the association between high-risk OCT plaque features and 18F-fluoride uptake 

has demonstrated the potential role of this novel non-invasive imaging technique in risk 

stratification of patients admitted with ACS 
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Chapter 1 Introduction 

 

1.1 The Burden of Cardiovascular Disease  

Cardiovascular disease (CVD) remains the leading cause of death worldwide, with an 

estimated 17.9 million people having died from CVD in 2016 [1]. CVD causes more than 4 

million deaths each year across Europe, accounting for 45% of all the deaths and 900 000 

deaths across the US in 2016 [2, 3]. According to the Australian Heart Foundation, there were 

43,477 deaths (27% of all deaths in Australia) attributed to CVD in 2017. On average, 119 

Australians die from CVD each day, or one every 12 minutes [4, 5]. 

In addition to profound morbidity and mortality, CVD is associated with huge economic health 

burden. In Australia, in 2012-13, $5.0 billion was spent providing health care to admitted 

patients with CVD. This accounted for 11.1 per cent of the total admitted health expenditure – 

the largest share of health expenditure of any disease group [6]. It was estimated that acute 

coronary syndrome (ACS) events in Australia cost governments alone $1,930.2 million in 

2017-18, with the majority of the cost attributable to non-ST segment myocardial infarction 

(NSTEMI) events, driven by a large number of NSTEMI separations [7]. In 2010, 

cardiovascular disease accounted for 25.8% of the burden of disease in Australia based on years 

of life lost (YLL) – or premature death. Based on YLL, the burden attributable to CVD in 

Australia is second only behind cancer (33.7%) [8]. 

ACS is one of the most important causes of mortality and morbidity associated with CVD. 

ACS has been a major source of the socioeconomic burden through multiple hospital 

admissions, time taken out of work and the implications in terms of disability and chronic 

treatment. Despite seminal advancements in invasive and pharmacological treatments for ACS, 
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the risk of complications for this potentially life-threatening disease remains considerably high 

[9].  Existing risk stratification tools for ACS patients enables targeted initiation of preventative 

therapies and subsequent risk reduction [10]. However, modest prognostic capabilities of 

existing risk stratifying tools underscore the ongoing need for new tools to refine risk 

stratification in these patients [10]. 

 

1.2 Myocardial Infarction (MI) and Acute Coronary Syndrome (ACS) 

ACS is almost always associated with rupture of an atherosclerotic plaque and partial or 

complete  thrombosis of the infarct related The consequences of ACS depend on degree and 

location of obstruction and range from unstable angina to myocardial infarction (MI) including 

non-ST-segment elevation myocardial infarction (NSTEMI) and ST-segment elevation 

myocardial infarction (STEMI) [11]. 

 

1.2.1 Definition of Myocardial Infarction (MI) 

Heart attack or myocardial infarction (MI) is a clinical (or pathologic) event caused by 

myocardial ischemia associated with the evidence of myocardial injury or necrosis [12, 13].  

The universal definition of myocardial infarction has been defined in the consensus document 

of The Joint European Society of Cardiology/American College of Cardiology document. The 

following criteria meet the diagnosis of myocardial infarction [14, 15]. 

 Detection of rise and/or fall of cardiac biomarkers (preferably troponin) with at least 

one value above the 99th percentile of the upper reference limit together with evidence 

of myocardial ischemia with at least one of the following; 

 Electrocardiogram (ECG) changes indicative of new ischemia [new ST-T changes or 

new bundle branch block] 
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 Imaging evidence of new loss of viable myocardium or new regional wall motion 

abnormality  

The Joint European Society of Cardiology/American College of Cardiology has collaborated 

to define myocardial infarction [14, 15]. According to the latest (fourth) universal definition, 

myocardial infarction is defined as acute myocardial ischemia with detection of a rise and/or 

fall of troponin values with at least one value above the 99th percentile upper reference limit 

(URL) and at least one of the following [16]. 

 Symptoms of ischemia 

 Electrocardiogram (ECG) changes indicative of new ischemia [new ST-T changes or 

new left bundle branch block (LBBB)] 

 Development of pathological Q waves in the ECG 

 Imaging evidence of new loss of viable myocardium or new regional wall motion 

abnormality  

 Identification of coronary thrombus by angiography or autopsy 

 

1.3 Clinical Symptoms of Myocardial Ischemia/Myocardial Infarction 

Possible clinical symptoms suggestive of ongoing myocardial ischemia or myocardial 

infarction include various combinations of the chest, upper extremity, jaw, or epigastric 

discomfort with exertion or at rest. The discomfort associated with acute MI usually lasts 20 

min or more. Often, the discomfort is diffuse, not localized, not positional, not affected by the 

movement of the region. Chest pain may be accompanied by dyspnoea, diaphoresis, nausea, or 

syncope [17]. 
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1.4 Acute Coronary Syndrome (ACS) 

ACS refers to any group of clinical symptoms compatible with acute myocardial ischemia and 

covers the spectrum of clinical conditions ranging from unstable angina (UA) to NSTEMI to 

STEMI [18]. 

The initial classification of patients presenting with ACS is based on the ECG (Figure1.1). 

Two categories of patients may be encountered [19] : 

1. Patients with acute chest pain and persistent (>20 min) ST-segment elevation. This is 

termed ST-elevation ACS (STE-ACS) and generally reflects an acute total coronary 

occlusion. Most of these patients will ultimately develop a STEMI.  

2. Patients with acute chest pain but without persistent ST-segment elevation. These patients 

have rather persistent or transient ST-segment depression or T-wave inversion, flat T 

waves, pseudo-normalization of T waves, or no ECG changes at presentation.  

 

1.4.1 ST-Segment Elevation Myocardial Infarction (STEMI) 

STEMI is a clinical syndrome defined by characteristic symptoms of myocardial ischemia in 

association with persistent ST-segment elevation on ECG and subsequent release of 

biomarkers of myocardial necrosis [20]. 
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Figure 1.1 Flow chart demonstrating the diagnostic algorithm for Acute Coronary Syndrome 

 

Diagnostic ST elevation in the absence of left ventricular hypertrophy (LVH) or LBBB is 

defined by the European Society of Cardiology/ACCF/AHA/World Heart Federation Task 

Force for the Universal Definition of Myocardial Infarction as new ST elevation at the J point 

in at least 2 contiguous leads of ≥2 mm (0.2 mV) in men or ≥1.5 mm (0.15 mV) in women in 

leads V2–V3 and/or of ≥1 mm (0.1 mV) in other contiguous chest leads or the limb leads [21].  

  

1.4.2 Non-ST Elevation Myocardial Infarction and Unstable Angina 

NSTEMI and unstable angina UA are closely related conditions: their pathophysiologic origins 

and clinical presentations are similar, but they differ in severity [18, 22]. In the spectrum of 

ACS, UA/NSTEMI is defined by electrocardiographic ST-segment depression or T-wave 

inversion and/or positive biomarkers of necrosis (cardiac-specific troponins T or I, or muscle 
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and brain fraction of creatine kinase [CK-MB]) in the absence of ST-segment elevation and an 

appropriate clinical presentation such as angina sounding chest pain, shortness of breath, 

dizziness and diaphoresis [23].   

Clinically a diagnosis of NSTEMI can be established when the ischemia-induced myocardial 

damage results in the release of a biomarker of myocardial necrosis into the circulation. In 

contrast, the patient is considered to have experienced UA if no biomarker of myocardial 

necrosis can be detected in the bloodstream hours after the initial onset of ischemic chest pain. 

Unstable angina exhibits one or more of three principal presentations: (1) resting angina 

(usually lasting >20 minutes), (2) new-onset (<2 months previously) severe angina, and (3) a 

crescendo pattern of occurrence (increasing in intensity, duration, frequency, or any 

combination of these factors) [18]. 

 

1.5 Pathophysiology of Atherosclerosis and Acute Coronary Syndrome 

1.5.1 Background 

The normal coronary vessel is a three-layered structure, including tunica intima, tunica media 

and tunica adventitia [24]. The normal endothelium (tunica intima) has anti-inflammatory, 

antithrombotic and vasodilatory properties for maintenance of normal blood flow while 

preventing thrombosis and leukocyte diapedesis [25]. The initial triggers for the inflammatory 

cascade leading to the initiation and progression of atherosclerosis are complex and somewhat 

remain hypothesised. The ‘response-to-injury’ hypothesis [26] has gained the most attention 

from expert vascular biologists. According to this hypothesis, chronic mild injury to the 

vascular endothelium initiates the atherosclerotic processes [27, 28]. Chronic mild endothelial 

injury is potentiated by hypercholesterolemia, circulating vasoactive amines, immune-

complexes, infections and chemical irritants in tobacco smoke [29]. Additionally, local factors 
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such as disturbance in the pattern of blood flow in certain parts of the arterial tree involving 

bifurcation points and sharp tortuous bends can also be a source of chronic minimal injury [26, 

27, 30-32].  

Chronic endothelial injury and dysfunction lead to the accumulation of atherogenic, plasma-

derived lipoproteins in the arterial intima, which is one of the fundamental steps in the initiation 

of the atherosclerotic lesion [33-36]. Lipoproteins are trapped in the intima by matrix 

components and undergo oxidative modification [37-42]. Modified lipoproteins undergo 

internalization by macrophages mainly via a scavenger receptor pathway [43]. Subsequently, 

intimal smooth muscle cells also participate in the uptake of lipoproteins either through native 

lipoprotein receptors or a scavenger receptor pathway. Endocytosed lipids are generally broken 

down and re-esterified for storage purposes. However, some data suggest that cells retain 

modified (oxidised) lipids in non-degraded or minimally degraded forms [37-41, 44-46]. 

Concomitantly, the process of smooth muscle cell migration from the media into the intima 

and smooth muscle cell proliferation starts. This subsequently leads to smooth muscle cell 

proliferation and accumulation in the intimal layer [29, 47-51].  

 

1.5.2 Vascular Injury 

After the initiation of atherosclerotic processes, inflammation triggered vascular injury and 

thrombus formation are key events in the origin and progression of atherosclerosis and central 

pathological processes in the majority of ACS events. Once the blood cells have attached, 

chemokines produced in the underlying intima stimulate them to migrate through the inter-

endothelial junctions and into the subendothelial space [32]. Activated endothelial cells express 

leukocyte adhesion molecules which cause blood cells rolling along the vascular surface to 

adhere to the site of activation [52]. 
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Ip  at el [29]. proposed pathological classification of vascular injury based on three stages of 

increasing severity;  

 Type I injury consists of a functional alteration of endothelial cells without substantial 

morphological changes.  

 Type II injury consists of endothelial denudation and intimal damage with intact 

internal elastic lamina 

 Type III injury consists of endothelial denudation with damage to both the intima and 

media. 

 

1.5.3 Inflammation and Coronary Atherogenesis 

Chronic inflammation drives the process of atherosclerosis with the vessel wall, initiated 

primarily in response to endogenously modified structures such as oxidised lipoproteins. This 

stimulates both innate and adaptive immune responses, leading to further alteration of the 

vascular wall. This promotes disease progression and complications associated with coronary 

atherosclerosis [53, 54].  A cytokine or growth factor produced in the inflamed intima, 

macrophage colony-stimulating factor, induces monocytes entering the plaque to differentiate 

into macrophages [32]. This step is critical for the development of atherosclerosis [55] and is 

associated with the up-regulation of pattern-recognition receptors for innate immunity, 

including scavenger receptors and toll-like receptors [56, 57] (Figure1.2).  

Scavenger receptors internalize a broad range of molecules and particles bearing molecules 

with pathogen-like molecular patterns [56]. Bacterial endotoxins, apoptotic cell fragments, and 

oxidized low-density lipoproteins (LDL) particles are all taken up and destroyed through this 

pathway. Incubation of macrophages with oxidized LDL results in excessive intracellular lipid 
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accumulation and formation of lipid-laden foam cells, which are hallmark prototypical in 

atherosclerotic lesions [32, 42]. 

Toll-like receptors also bind molecules with pathogen-like molecular patterns, but in contrast 

to scavenger receptors, they can initiate a signal cscade that leads to cell activation [57].  

 

Figure 1.2  Effects of T-Cell activation on plaque inflammation 

Adapted from [33]. This figure summarises the effects of T-cell activation on plaque 

inflammation. Antigens presented by macrophages and dendritic cells (antigen-

presenting cells) trigger the activation of antigen-specific T-cells in the artery. Most of 

the activated T-cells produce Th1 cytokines (e.g., interferon-γ), which activate 

macrophages and vascular cells, leading to inflammation. Regulatory T-cells modulate 

the process by secreting anti-inflammatory cytokines (such as interleukin-10 and 

transforming growth factor β) 

 

 

1.5.3.1 Platelets 

Platelets are the first blood cells to react at a location of endothelial activation. Specific 

receptors on the surface of platelets (glycoproteins Ib and IIb/IIIa) engage surface molecules 

on endothelial cells resulting in endothelial activation [58]. Platelets, by adhering to and 

aggregating at sites of a damaged vascular surface (Type II or III damage) and subsequently 

releasing platelet-derived growth factor and other mitogenic factors such as transforming 
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growth factor β (which may also act as a mitogenic inhibitor), have a role in the thrombotic 

and subsequent myo-fibrotic response of atherosclerosis [26]. This hypothesis has been 

supported by observations in pigs lacking von Willebrand factor, a plasma protein required for 

the normal adherence and aggregation of platelets to sites of vascular injury. Thus, pigs with 

homozygous von Willebrand's disease are resistant to thrombosis [59, 60] and the development 

of spontaneous atherosclerosis [60-62]. 

 

1.5.3.2 Macrophages 

Macrophages recruited as monocytes from the bloodstream are the predominant cell type of 

innate immunity in atherosclerosis. The recruitment takes place through adhesion molecules 

(vascular adhesion molecule-1), expressed by vascular endothelial cells [63].  The activated 

macrophage produces inflammatory cytokines, proteases, and cytotoxic oxygen and nitrogen 

radical molecules (Figure1.3). Similar effects are observed in dendritic cells, mast cells, and 

endothelial cells, which also express toll-like receptors (necessary for uptake of modified 

lipoproteins). Bacterial toxins, stress proteins, and DNA motifs are all recognized by various 

toll-like receptors [57]. 

Macrophages that accumulate in atherosclerotic plaques have a diminished capacity to migrate, 

which contributes to their failure to resolve inflammation and to the progression of these lesions 

to more advanced, complex plaques in which other immune cell subsets and vascular smooth 

muscle cells participate in the inflammatory process [64]. 

In these advanced plaques, macrophages continue to be major contributors to the inflammatory 

response through their secretion of pro-inflammatory mediators (including chemokines, 

cytokines and reactive oxygen and nitrogen species) and matrix-degrading proteases, and 

through their eventual death by necrosis or apoptosis. Dying macrophages release their lipid 

contents and tissue factors, which leads to the formation of a pro-thrombotic necrotic core. This 
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necrotic core is a key component of unstable plaques and contributes to their rupture and the 

ensuing intravascular blood clot that underlies myocardial infarction and stroke [65]. 

Studies in models of atherosclerosis regression have shown that macrophage retention can be 

reversed [66-68] which has led to the identification of pathways that promote macrophage 

accumulation in, or egress from, the inflamed plaque. These advances have shown that both 

the quantity and the phenotype of macrophages influence the inflammatory state of the plaque 

[65]. 

 

1.6 Progression of the Atherosclerotic Lesion 

The progression of early atherosclerotic lesions to clinically symptomatic, enlarging 

atherosclerotic plaques, is often more rapid in persons with coronary risk factors [27]. In some 

plaques, progression is slow and probably a continuation of the complex biologic process 

initiated by chronic endothelial injury [29]. However, in most growing lesions progression is 

thought to be rapid. Existing evidence suggests that recurrent minor fissures of the most fatty 

or atheromatous plaques with subsequent thrombus formation and fibrotic organization plays 

an important role in the progression of plaques [27]. 
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Figure 1.3  Role of Macrophage Inflammation of the Artery 

Adapted from [32]. This figure shows the role of macrophages in vascular inflammation. 

Monocytes recruited through the activated endothelium differentiate into macrophages. 

Several endogenous and microbial molecules can ligate pattern-recognition receptors 

(toll-like receptors) on these cells, inducing activation and leading to the release of 

inflammatory cytokines, oxygen and nitrogen radicals, and other inflammatory 

molecules and, ultimately, to inflammation and tissue damage. 

 
 

The concept that coronary mural thrombosis and its fibrotic organization contribute to the 

atherosclerotic process was initially suggested by von Rokitansky [69] and later supported by 

Duguid et al [70]. Autopsy studies of subjects who died of coronary artery disease (CAD) as 

well as non-cardiac causes, demonstrated evidence of previously healed fissures with various 

stages of thrombosis and thrombus organization, suggesting that most fissures probably reseal 

and incorporate thrombus at the same time but do not produce clinical symptoms [71, 72]. This 

finding suggested that recurrent episodes of mural thrombosis, rather than a single, abrupt 

thrombotic event, led gradually to vascular occlusion. Furthermore, small fragments of 

thrombotic material in the distal intramyocardial circulation suggested that intermittent 

thrombus formation and fragmentation are common and eventually lead to distal vascular bed 

occlusion. Further evidence supporting the role of thrombus incorporation in plaque 

progression is provided by a series of studies by Bini et al. [73] and Smith et al.[74] that used 
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antibodies specifically directed to platelets, fibrin, fibrinogen, and fibrin- or fibrinogen-

degradation products. They demonstrated that in advanced and fibrous plaques, products 

related to platelets and fibrin were detected in the intima, the neointima, and even in the deeper 

medial layer, especially in areas of loose connective tissue. 

Later studies that used in situ hybridisations of atherosclerotic plaques obtained by 

endarterectomy [75], as well as serial angiographic studies [59, 76], suggest that thrombus 

formation or organization and acute or subacute growth of atherosclerotic plaques commonly 

occur together. 

 

1.7 Morphological Classification of Coronary Atherosclerotic lesions 

The sequential ultrastructural changes that occur in the development of atherosclerosis, 

particularly in the early lesions were first described by Stary [77], according to which; 

 Stary I lesions: defined by the presence of macrophages or foam cells in the intima 

 Stary II lesions: in addition to macrophages are characterised by smooth muscle cells 

containing lipid droplets and by extracellular lipid 

 Stary III lesions; consist of multiple extracellular lipid cores (appearing as raised fatty 

streaks. 

 Stary IV lesions: characterised by single confluent extracellular lipid core (Stary IV 

lesion) 

 

The American Heart Association Council on Arteriosclerosis subsequently described the 

histological classification of human atherosclerotic lesions [78, 79] as early (type I and II), 

intermediate (type III lesions) and advanced (type IV and V lesions) (Table 1.1). Advanced 

lesions are defined as those in which an accumulation of lipid in the intima is associated with 



14 

 

intimal disorganisation and thickening, deformity of the arterial wall and often with 

complications such as fissure haematoma and thrombosis. Advanced lesions can clinically be 

symptomatic, but the lesions that precede them are clinically silent [78]. 

 

1.8 Lessons Learned from Histological Studies 

A major concern regarding the atherosclerotic plaque classification proposed by the AHA was 

the lack of direct experimental evidence. For example, animal model atherosclerotic lesion 

rarely progresses beyond the stage of atheroma (i.e well-developed fibrous cap overlying a 

lipid-rich core) [80]. Often, lesions consist of masses of lipid-laden intimal macrophages 

without a well-developed fibrous cap. Lesions with such histology are rarely significant in 

humans except in patients with hyperlipidaemia. In such patients, the lumen can become 

obliterated by sheer plaque burden [80]. 

Although animal model studies helped to define the molecular mechanism of atherosclerosis, 

it failed to describe a convincing model for the rupture of an advanced atherosclerotic plaque. 

Insights into mechanisms of coronary thrombosis extend from detailed analyses of underlying 

plaque morphologies in necropsy specimens from sudden death victims [81, 82]. 

Histopathological studies have played a central part in providing the insights of plaque rupture 

with emphasis on its relation to plaques at high risk of rupture, commonly called as thin-cap 

fibroatheroma (TCFA) and healed plaque ruptures to gain a better understanding of the lesion 

most responsible for coronary morbidity and mortality [81]. The details of major histological 

studies investigating the pathogenesis of ACS are described in Table1.2. 
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1.9 ACS and Thrombosis: Unravelling the Pathogenesis of ACS  

Histological studies have demonstrated that the progression of the atherosclerotic process that 

leads to ACS is the rupture of atherosclerotic plaque with overlying thrombus leading to 

permanent or transient occlusion of the vessel [83]. In the majority of cases, the underlying 

cause of thrombosis is plaque rupture. However, approximately one-quarter of the patient 

plaque erosion and calcified nodules lead to thrombosis and subsequently ACS [80].  

The frequency of coronary thrombosis in hospital-based autopsies performed on patients with 

acute myocardial infarction was found to be greater than 80% [84-86] except the study by 

Kragel et al [87], that report an incidence of 69%. Studies by Davies et al; and Falk et al; 

described plaque rupture as the most important factor in the development of coronary 

thrombosis in acute myocardial infarction [71, 85]. Arbustini et al [88] reported a series of 

autopsies showing that at least 25% of infarct-related coronary thrombi occur from plaque 

erosion, based on hospital patients with acute myocardial infarcts documented by 

electrocardiography and enzyme elevations [88]. A summary of autopsy studies demonstrating 

the histological findings of non-survivors with sudden cardiac death is presented in Table 1.2.
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Table 1.1 Histological classification of atherosclerotic lesions as proposed by the American Heart Association. Adapted from [80] 

Nomenclature Main histological features Main mechanism 

of progression 

Clinical correlation 

Type I (Initial 

Lesion) 

1.) Microscopically and chemically detectable lipid 

deposits in the intima.  

2.) small number of macrophages with lipid droplets are 

present 

Main growth by 

lipid accumulation 

1.) Can be present from the first decade  

2.) Clinically silent 

Type II (fatty 

streak) 

1.)  Yellow coloured fatty streaks appearance.  

2.) Intracellular lipid accumulation  

3.) Presence of T lymphocytes, smooth muscle cells and 

macrophages without lipid droplets  

Lipid 

accumulation 

1.) Erupts around puberty  

2.) clinically silent  

3.) Mainly predominate in the LAD about 2 cm distal to the left coronary 

orifice  

Type III (Pre-

atheroma) 

Type II changes and a confluence of the separate 

extracellular lipid pool  

Lipid 

accumulation 

1.) Usually starts appearing from third decade  

2.) Clinically silent  

3.) Morphological and chemical bridge between type II lesion and atheroma 

Type IV 

(atheroma) 

1.) Type II changes and a core of dense extracellular lipid  

2.) Macrophages, lymphocytes and mast cells can be 

present  

Lipid 

accumulation 

1.) Usually starts from third decade  

2.) Clinically silent  

 

Type V 

(fibroatheroma) 

1.) Lipid core with fibrotic layer  

2.) Substantial increase in collagen and smooth muscle cells 

rich in the rough-surfaced endoplasmic reticulum  

3.) Lymphocytes, monocytes-macrophages and plasma 

cells associated with the capillaries and microhaemorrhages  

 

Accelerated 

smooth muscle and 

collagen increase 

1.) Usually in fourth decade of life  

2.)  Clinically silent or symptomatic  

3.) Arteries are variously narrowed  

4.) Newly formed fibrous cap encapsulating lipid core is referred as 'Va 

lesion'. Lesions with mineralisation are referred as type 'Vb lesions', whereas 

type V lesion with minimal lipid are referred as factor Vc lesion. 

Type VI 

(complicated 

lesion) 

Type IV or V lesions with one or more of these additional 

features: surface defect (fissures and ulceration), 

hematoma-haemorrhage, thrombus 

1.) thrombosis, 

hematoma  

1.) Usually in fourth decade of life  

2.) Mostly clinically symptomatic  

3.) Complicating features may arise because of individual differences in risk 

factors and tissue reactions including a difference distribution in the 

components of the underlying lesion  as well as modifications of shear forces 

to which the lesion or intima is exposed 
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Table 1.2 Summary of the histopathological studies investigating the pathophysiology of Acute Coronary Syndrome 

 

Author   Subjects Aims/Hypothesis Methods Main findings 

Falk E [89], 1983 49 subjects with 

suspected fatal IHD 

Assess significance and 

interplay of plaque rupture and 

luminal narrowing in the 

pathogenesis of fatal coronary 

thrombosis. 

Post-mortem coronary angiography, 

fixation, and decalcification, the coronary 

arteries were crossectioned at 3 mm 

intervals. 

A severe chronic stenosis appeared to be a prerequisite for 

occlusive thrombus formation, but the thrombotic process 

triggered by an acute intimal lesion. 

Davies M [90], 1984 100 subjects with 

sudden cardiac 

death 

Whether SCD patients have 

lesions with and without 

thrombosis 

Post-mortem coronary arteriography, 

Histologic blocks (every 3 mm segment), cut 

transversely 

1.) 74/100 patients had thrombus 2.) 115 separate instances 

of thrombosis were found in the 74 cases. 3.) In 26 cases 

without thrombus, 19 had plaque fissuring with intimal 

thrombus. 

Davies M [91], 1986 90 subjects with 

SCD within 6 hrs of 

chest pain  

Study the prevalence of intra-

myocardial platelet aggregation 

in  unstable angina suffering 

SCD 

Post-mortem coronary angiography, 

histological exam of epicardial vessels at 3 

mm,1 cm thick transverse slice of 

myocardium after division into 17 numbered 

segments 

1.) Platelet aggregates more commonly found in small 

vessels of patients with UA compared to SA.  

 2.) Platelet aggregation more commonly found 

immediately downstream to the coronary vessel containing 

a plaque with fissuring and mural thrombus. 

El Fawal M.A [92], 

1987 

130 subjects with 

sudden death  

To study the mechanism of 

death and of assessing the status 

of the coronary tree and 

myocardium. 

Post-mortem coronary angiography, 

histological exam of epicardial vessels at 3 

mm, mid-ventricular 2 cm transverse slice 

was cut for histological examination. 

1.) 71% of deaths were cardiac (ischemic). 2.) 64% of those 

showed plaque rupture and thrombosis which occurred at 

sites of previous high grades of stenosis, mainly in the form 

of plaque rupture 

Burke A.P [81], 1997 133 men with CAD 

who died suddenly 

Whether smoking and abnormal 

cholesterol values participate in 

acute coronary thrombosis and 

sudden death resulting from 

either rupture of plaque or 

erosions of plaque 

Coronary arteries were perfusion-fixed with 

formalin at 100 mm Hg.  Any 3-mm segment 

with > 50 % submitted for histologic 

analysis. The mean thickness of the fibrous 

cap was measured by ocular micrometry. 

1.) Smoking was associated with acute thrombosis as 

compared to stable plaques.  

2.) Elevated total serum cholesterol to high-density 

lipoprotein was an independent predictor of vulnerable 

plaque. 
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Burke A.P [82], 1998 51 women who died 

of SCD and 15 

women who died of 

trauma 

Investigate the effects of risk 

factors and menopausal status 

on the mechanism of sudden 

coronary death  

Hearts were perfusion fixed in buffered 

formalin. Each segment with >50% cross-

sectional area luminal narrowing (estimated 

at gross examination) was submitted for 

histology, including Movat pentachrome 

stains. 

1.) Majority of acute coronary thrombi caused by plaque 

erosion occur in young female smokers 2.) In older women 

with hypercholesterolemia, plaque rupture plays an 

important role in the development of acute coronary 

thrombosis 3.)  

Farb A [93], 1995 90 (72 men and 18 

women) people who 

died due to SCD 

To study the frequency of active 

and inactive coronary lesions 

and MI in individuals with SCD 

Perfusion-fixation of the coronary arterial 

tree and post-mortem coronary angiography 

was performed with a mixture of barium 

gelatine followed by radiography after 15 

minutes of additional fixation.  

1.) Plaque morphology (thrombus, plaque disruption, or 

both) were found in 57% of cases of SCD. 2.) In hearts with 

myocardial scars and no acute infarction, active coronary 

lesions were identified in 46% of cases.  

Farb P [94], 1996 Fifty consecutive 

cases of sudden 

death 

Compare incidence and 

morphological characteristics of 

coronary thrombosis associated 

with plaque rupture versus 

eroded plaques 

 Perfusion-fixation  & post-mortem coronary 

angiography performed. Coronary segments 

with a > 50% luminal stenosis  were 

submitted for light microscopy, histological 

examination, and morphometric 

measurements.  

1.) Erosion of proteoglycan-rich and smooth muscle cell-

rich plaques lacking a superficial lipid core or plaque 

rupture is a frequent finding (in 44% of cases) in sudden 

death due to coronary thrombosis. 2.)  More often in 

younger individuals and women, have less luminal 

narrowing and less calcification. 

Kragel A [87], 1991 67 (14 UA, 21 SCD 

and 32) patients 

with a fatal first MI 

To study the frequency and 

types of acute lesions in the four 

major epicardial coronary 

arteries 

Coronary arteries were dissected, decalcified 

and sectioned gently with minimal pressure. 

Both Movat-stained and a hematoxylin-eosin 

stained section of each 5 mm segment 

prepared.  

1.) Frequency of thrombus, plaque rupture and plaque 

haemorrhage in  patients with USA and SCD was similar 

and significantly less than in the patients with AMI 

Arbustini [88], 1998 298 consecutive 

patients (189 men, 

109 women, 74) 

dying in the hospital 

from acute MI 

To evaluate the prevalence of 

plaque erosion as a substrate for 

coronary thrombosis. 

The major coronary arteries were sectioned 

at 5 mm intervals, stained with hematoxylin-

eosin and Movat Pentachrome3.) The 

ventricles were “bread loafed” at 1.5 to 2 cm 

intervals for histological study. 

1.) Acute coronary thrombi found in 291 hearts (98%).2.) 

In 74 cases (25%;40/70 women (37.5%) and 34/184 men 

(18.5%); p=0.0004), the plaque substrate for thrombosis 

was erosion. 

Narula J [95], 2013 213 subjects who 

dies suddenly with 

295 atherosclerotic 

plaques,  

To identify and determine the 

amenability of atherosclerotic 

plaques features to be used as 

markers for invasive and non-

invasive imaging. 

All specimens were perfusion-fixed in 10% 

buffered formalin. All sections were stained 

with hematoxylin and eosin and Movat 

pentachrome 

1.) Fibrous cap thickness emerged as the best discriminator 

of plaque-type 2.) After exclusion of cap thickness, 

macrophage infiltration and necrotic core were the 2 best 

discriminators of plaque types (area under the curve: FA, 

0.82; TCFA, 0.58; PR, 0.72). 
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1.9.1 Relationship between Plaque Rupture and Lumen Area Reduction 

Earlier studies presumed that severe luminal stenosis is a prerequisite for plaque rupture and 

luminal thrombosis [96]. However, autopsy studies have shown that cross-sectional luminal 

narrowing of >75% is not a pre-requisite for luminal thrombosis, either acute or healed, or for 

the development of intraplaque haemorrhage[80]. In patients with sudden cardiac death, at least 

50% of the thrombi occurred at lesions with <75% cross-sectional area stenosis by plaque 

(corresponding to <50% diameter reduction) [94]. 

Plaque rupture develops in a lesion with a necrotic core and an overlying thin disrupted fibrous 

cap heavily infiltrated by macrophages and T lymphocytes; a luminal thrombus develops 

because of physical contact between platelets and the thrombogenic lipid-rich necrotic core.  

In contrast, erosions are characterized by a luminal thrombus superimposed on a proteoglycan-

rich plaque containing mostly smooth muscle cells with few inflammatory cells; these plaques 

account for 25–40% of all coronary thrombi [80, 88, 94].  

 

1.9.2 Plaque Erosion as the Basis of Acute Coronary Syndrome 

Plaque erosion is defined as an acute thrombus in direct contact with the intima, with a loss of 

superficial endothelium [97]. The intimal plaque underlying plaque erosion is rich in smooth 

muscle cells and proteoglycan matrix [94]. There is a lack of endothelium and the media in 

these segments is intact and is thicker than at sites of plaque rupture [98]. It has been postulated 

that underlying coronary vasospasm potentially plays a role in the pathophysiology of erosion. 

The eroded plaques usually have few or absent macrophages and lymphocytes. Furthermore, 

these lesions tend to be eccentric and are infrequently calcified. The underlying plaque in 

erosions consists of pathologic intimal thickening or fibrous cap atheroma. The most frequent 

location for both erosion and rupture is the proximal left anterior descending artery (66%) 
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followed by the right (18%) and the left circumflex (14%). Single (56%) vessel disease is twice 

as frequent as double vessel (26%) disease [99]. 

Plaque erosion accounts for 20% of all sudden deaths or 40% of coronary thrombi in patients 

dying suddenly with coronary artery atherosclerosis [81, 82, 93]. The risk factors for erosion 

are poorly understood and are different from those of rupture. Consistently, plaque erosion is 

associated with smoking, especially in women. On average, patients are younger than those 

with plaque rupture and there is less severe narrowing at sites of thrombosis. Plaque erosion 

accounts for over 80% of thrombi occurring in women <50 years of age. Furthermore, plaque 

erosions tend to embolize more frequently than plaque rupture (74% vs. 40%, respectively) 

[99]. 

 

1.9.3 Calcified Nodules as the basis of Acute Coronary Syndrome 

The calcified nodule is the least commonly occurring lesion (2–7%) that cause coronary 

thrombi [80, 94]. These lesions typically contain calcified plates and the surrounding area of 

fibrosis in the presence or absence of a necrotic core. The luminal region of the plaque shows 

the presence of breaks in the calcified plate, bone formation, and interspersed fibrin with a 

disrupted surface fibrous cap and an overlying thrombus. There is often fibrin present in 

between the bony spicules along with osteoblasts, osteoclasts and inflammatory cells [80]. It 

is more common in older males than females.  

1.9.4 Plaque Rupture and It’s Precursor Lesion: The Thin Cap Fibro-atheroma (TCFA) 

A principal finding of autopsy studies is that plaque rupture was the crucial initiating event in 

most acute coronary syndromes [90, 100-105]. Furthermore, these ruptured plaques had 

specific morphological features in common. Ruptured plaques typically contained a relatively 

large necrotic core with an overlying thin disrupted fibrous cap infiltrated by macrophages and 
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T cells. The smooth muscle cell content within the cap was generally absent or sparse. Burke 

et al. reported the thickness of the fibrous cap near the rupture site approximating 23±19 μm, 

with 95% of the caps measuring less than 65 μm [106]. Based on these findings, plaques that 

closely resemble ruptures (lipid-rich necrotic cores with thin fibrous caps) but lack a luminal 

thrombus have been designated as TCFA or, more traditionally, “vulnerable plaques” [80, 107]. 

Muller et al. [108] introduced the term `vulnerable' plaque, in an attempt to understand which 

lesions are likely to rupture. Libby and colleagues further defined the morphology of the 

`vulnerable' plaque as “lesions composed of a lipid-rich core in the central portion of an 

eccentric plaque” [109]. The central core contains “many lipid-laden macrophage foam cells 

derived from blood monocytes” with a “thin, friable fibrous cap” [109]. , Burke et al. [81] 

defined plaque vulnerability based on the actual cap thickness of fixed autopsy specimens. The 

`vulnerable' plaque was defined as a lesion with a fibrous cap <65 µm thick and infiltrated by 

macrophages (>25 cells per 0.3 mm diameter field).  

To investigate the importance of various pathological characteristics differentiating stable 

plaques (fibroatheroma) from TCFA and ruptured plaques, Narula et al [110]. analysed 295 

coronary atherosclerotic plaques (105 fibroatheroma, 88 TCFA, and 102 ruptured plaques) 

from individuals who had experienced sudden cardiac death. Fibrous cap thickness was found 

to be the most- important plaque characteristic discriminating between fibroatheroma, TCFA, 

and ruptured plaques. They reported that fibrous cap was almost always >85 μm thick in the 

fibroatheroma and all the disrupted plaques were <55 μm at their thinnest diameter. Moreover, 

in most of the TCFAs, the fibrous caps were 55–85 μm thick; a minority of the TCFAs with 

fibrous cap <55 μm were less occlusive (<75% cross-sectional area narrowing). In cases where 

information about fibrous cap thickness was not available, the intensity of macrophage 

inflammation and the necrotic core size emerged as discriminatory characteristics of plaque 



22 

 

instability [110].  A comparison of various pathological features of different lesions causing 

acute coronary syndrome is shown in Table 1.3. 

 

Table 1.3 Comparison of various pathological features of different lesions causing acute 

coronary syndrome. Adapted from [80] 

 

 

1.9.4.1 Morphological difference between TCFA and ruptured plaques 

Although TCFA’s had similar morphological features as ruptured plaques, they differ from 

ruptured plaques, by having a smaller necrotic core (statistically different from ruptured 

plaques), less macrophage infiltration of the fibrous cap, and less calcification (Table1.4). The 

numbers of cholesterol clefts in the necrotic core, vasa vasorum, and hemosiderin-laden 

macrophages were significantly greater in the ruptured plaques than in erosion or stable plaques 

with >75% cross-sectional luminal narrowing. Plaque haemorrhages are more common at other 

sites of the coronary tree in cases with plaque ruptures than in hearts from patients dying with 

the severe coronary disease without acute ruptures [80, 97].  

Plaque 

Type 

Necrotic Core 

(%) 

No.cholesterol 

clefts (%) 

Macrophage 

infiltration of 

FC (%) 

Mean No. of sections 

with intraplaque 

haemorrhage 

Rupture 34 (17)* 12 (12) * 26 (20) * 2.5 (1.3)* 

TCFA 24 (17) 8 (9) 14 (10) - 

Erosion 14 (14)  2 (5) 10 (12) 0 

Stable 12 (25) 4 (6) 3 (0.7) 0.5 (0.6) 

p value  * vs erosion 

0.003, 0.01 vs 

fibrocalcific 

* vs erosion 

0.002  

*0.04 vs 

fibrocalcific 

* vs  erosion < 

0.001 

* vs TCFA 0.03 

* vs  erosion & 

fibrocalcific  < 0.01 
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Table 1.4 Morphologic characteristics of plaque rupture and thin-cap fibroatheromas.  

Adapted from [107] 

 

Plaque 

Type 

Necrotic 

Core 

Fibrous 

Cap 

Thickness 

(𝑢m) 

Macrophages 

(%) 

Smooth 

muscle 

cells's (%) 

Lymphocytes 

-T 

Calcification 

Score 

Rupture 

(n=25) 

34±17 23±19 26 ±20 0.002±0.004 4.9±4.3 1.53±1.03 

TCFA 

(n=15) 

23±17 < 65 14±10 6.6 ±10.4 6.6±10.4 0.97±1.1 

p value 0.05  0.005 ns ns 0.014 

 

1.9.4.2 Role of monocyte infiltration of the occlusive thrombus 

The rupture of the fibrous cap allows platelets and inflammatory cells to come in contact with 

the thrombogenic substrate, the necrotic core. Before the report of Nemerson et al [111]. 

Macrophages in the necrotic core were believed to be the main source of the tissue factor. 

However, it is now believed that circulating monocytes, instead of plaque macrophages, supply 

tissue factor that triggers and propagate acute thrombi overlying unstable coronary 

atherosclerotic plaques. Burke et al [112]. have shown that monocyte infiltration of the 

thrombus correlates with the presence of an occlusive thrombus [112]. In clots, occlusive 

thrombi were found to have greater density of CD68-positive macrophages (15.7 ± 12.5% vs. 

3.0 ± 2.7%, p = 0.05) and myeloperoxidase (MPO) positive monocytes (12.2 ± 7.5% vs. 5.0 ± 

2.7%, p = 0.006) and neutrophils (2.9 ± 3.4% vs. 0.36 ± 0.50%, p = 0.03) than in non-occlusive 

thrombi. Additionally, the length of the thrombus was positively correlated with the intra-clot 

density of macrophages (p = 0.004) and MPO positive cells (p = 0.04). In the disrupted fibrous 

cap the density of MPO-positive cells was greater in occlusive (5.5%) versus non-occlusive 
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(0.9%); this association was similar for neutrophils (0.7% vs. 0.4%) but not for total CD68-

positive macrophages (13% vs. 20%) [112]. 

The precise role of MPO in triggering acute coronary thrombosis is unclear. In addition to 

providing a pro-oxidant milieu and increasing oxidized low-density lipoprotein cholesterol, 

there is evidence that macrophage MPO might be responsible for the disruption of the fibrous 

cap by the production of hypochlorous acid [113]. 

 

1.9.4.3 Healed Plaque Rupture and Progression of Arterial Stenosis 

Morphologic studies suggest that plaque progression beyond 40–50% cross-sectional luminal 

narrowing occurs secondary to repeated ruptures, which may be clinically silent [94, 114]. 

Healed plaque ruptures are detected microscopically by the identification of breaks in the 

fibrous cap (type I collagen) with an overlying repair reaction consisting of a proteoglycan-

rich mass, collagen type III, and interspersed smooth muscle cells [114]. Late healed ruptures 

show less accumulated proteoglycans and the recurrence of type I collagen. 

Mann et al. initially observed the frequency of healed plaque ruptures parallels an increase in 

luminal narrowing [115]. In plaques with 0–20% diameter stenosis, the incidence of healed 

plaque ruptures was 16%, for lesions with 21–50% stenosis, 19%, and plaques with > 50% 

narrowing, 73%. In another study, 61% of hearts from sudden coronary death victims had 

healed plaque ruptures, comparable to the study by Mann et al [115]. Additionally, the 

percentage of stenosis increased with the number of healed plaque ruptures. Multiple healed 

ruptures with proteoglycan and collagen layering were common in segments with acute and 

healed ruptures. The underlying percentage luminal narrowing for acute ruptures exceeds that 

for healed ruptures (79 (15)% v 66 (14)%, p  =  0.0001) [114].  
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1.9.4.4 Incidence of TCFA in Various Coronary Syndromes, Distribution and Extent of 

Macrophage Infiltration 

In patients with an acute myocardial infarction, the incidence of TCFAs was highest in males 

with a mean of 3 per heart, with half as many in women. In patients dying suddenly, however, 

the incidence of TCFA was similar between both sexes [116]. 

The majority of TCFAs and acute and healed ruptures occur in the proximal portion of the 

three major coronary arteries; less than half are in the mid-portion and few are found in the 

distal vessels. The proximal left anterior descending coronary artery (LAD) was the most 

frequent location with proximal right coronary (RCA) and left circumflex (LCx) coronary 

arteries about half as common [116]. 

Fibrous cap thickness was dependent on the extent of macrophage infiltrate; the thicker the 

fibrous cap the fewer the macrophages [116]. In serial sections of TCFAs, the necrotic core 

was localised deep within the plaque but over a relatively short distance of < 1.4 cm the lipid, 

core approached the lumen. Therefore, histologically the presence of suspected TCFAs could 

be better identified through serial sectioning [116]. 

 

1.10 Summary of Histopathological Studies  

In summary, the majority of acute coronary syndromes are the result of plaque rupture. Further, 

patients dying with acute myocardial infarction were likely to have multiple TCFAs versus 

those dying from severe coronary stenosis in the absence of acute thrombi or incidental death 

[116]. The lesion that mostly resembles acute rupture is the TCFA, which is characterized by 

a lipid-rich necrotic core with an overlying fibrous cap measuring < 65 μm. These lesions 

contain rare smooth muscle cells and numerous macrophages; the presence of T lymphocytes 

is variable. TCFA’s are primarily located in the proximal coronary arteries, in particular the 
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left anterior descending. The average necrotic core length is 2–17 mm (mean 8 mm) and the 

average cross-sectional area narrowing in the majority of lesions is < 75%. Only 26% of TCFA 

have > 50% diameter stenosis, whereas approximately 50% of healed plaque ruptures and acute 

ruptures show severe stenosis. Furthermore, TCFA’s have demonstrated a great degree of 

heterogeneity over a relatively short distance.  

The identification of TCFAs in humans is assumed to signify a high risk of ensuing future acute 

coronary events [117, 118]. Thus, a greater understanding of the pathophysiology of the thin-

cap fibroatheroma could lead to the development of new therapies in the treatment of coronary 

artery disease and have a major impact on the morbidity and mortality of sudden coronary 

death. Moreover, the clinical (in-vivo) identification of the thin-cap fibroatheroma, might help 

prevent the development of subsequent coronary syndromes and abate the progression of 

continued coronary narrowing and thrombosis [107] 

1.11 Modification of AHA Classification 

Based on the findings of histological studies Virmani et al [80] proposed a modified 

morphological classification scheme for atherosclerotic lesions (Figure1.4). One of the main 

features of this classification is that it includes important pathologic lesions responsible for 

luminal thrombosis other than plaque ruptures, such as plaque erosion and calcified nodule. 

This scheme is based on 7 categories including intimal xanthoma, intimal thickening, 

pathological intimal thickening, fibrous cap atheroma, calcified nodule and fibro-calcific 

plaque. The key features defining these categories were the accretion of lipid in relation to the 

formation of the fibrous cap, changes over time in the lipid to form a necrotic core, thickening 

or thinning of the fibrous cap and thrombosis. The salient features for various lesions in this 

classification are summarized in Table1.5. 
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Figure 1.4 Classification of atherosclerotic lesions modified from the AHA recommendations 

Adapted from [81]. The boxed areas represent the 7 categories of the lesion. The dashed lines 

for 2 categories are because there is controversy over the role that each of them plays in the 

initial phase of lesions formation, and bother “lesions” can exist without progressing to a 

fibrous cap atheroma (ie. AHA type IV lesion). The process leasing to lesion progression is 

listed between categories. Lines (solid and dotted, the latter representing the least-established 

processes) depict current concepts of how one category may progress to another, with the 

thickness of the line representing the strength of the evidence that these events do occur. 
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Lesion  Description Thrombosis 

 

                               Nonatherosclerotic intimal lesions 

  
Intimal thickening Normal accumulation of smooth muscle cells (SMCs) 

in the intima in the absence of lipid or macrophage 

foam cells 

Absent 

Intimal xanthoma Superficial accumulation of foam cells without a 

necrotic core or fibrous cap; based on animal and 

human data, such lesions usually regress 

Absent 

                                                      Progressive atherosclerotic lesions 

  
Pathologic intimal thickening SMC-rich plaque with proteoglycan matrix and focal 

accumulation of extracellular lipid 

Absent 

Fibrous cap atheroma Early necrosis: focal macrophage infiltration into areas 

of lipid pools with an overlying fibrous cap 

Late necrosis: loss of matrix and extensive cellular 

debris with an overlying fibrous cap 

Absent 

Thin cap fibroatheroma A thin, fibrous cap (< 65 µm) infiltrated by 

macrophages and lymphocytes with rare or absence of 

SMCs and a relatively large underlying necrotic core; 

intraplaque hemorrhage/fibrin may be present 

Absent 

                                                       Lesions with acute thrombi 

  
Plaque rupture Fibroatheroma with fibrous cap disruption; the luminal 

thrombus communicates with the underlying necrotic 

core 

Occlusive or 

nonocclusive 

Plaque erosion Plaque composition, as above; no communication of 

the thrombus with the necrotic core; can occur on a 

plaque substrate of pathologic intimal thickening or 

fibroatheroma 

Usually 

nonocclusive 

                                                       Lesions with healed thrombi  
Fibrotic (without calcification) 

 

Fibrocalcific (+/- necrotic core) 

Collagen-rich plaque with significant luminal stenosis; 

lesions may contain large areas of calcification with 

few inflammatory cells and minimal or absence of 

necrosis; these lesions may represent healed erosions 

or ruptures 

Absent 

Table 1.5 Modified AHA Consensus Classification Based on Morphologic Descriptions. Adapted [80, 

83] 



29 

 

 

1.12  Why risk stratification is important in ACS patients 

Despite advancement in the management of ACS, the rate of major adverse cardiovascular 

events remains unacceptably high [119, 120]. One of the reasons is that patients with ACS 

demonstrate heterogeneity with their clinical presentation and immediate and long-term 

outcomes [121-123]. Risk stratification in ACS patients aims to identify those patients at 

greatest risk of recurrent ischemic events who might benefit prognostically from further 

investigation and treatment [124]. Data from a large Spanish registry reported that about 1 in 

4 patients who are discharged from hospital after surviving an ACS experienced acute 

myocardial infarction, stroke, or cardiovascular death within the following 5 years [125]. 

Similarly, a Swedish study with more than 90,000 patients with AMI, of whom around 50% 

had undergone revascularization, demonstrated that 18.3% of the patients experienced AMI, 

stroke, or cardiovascular death at the end of one year. At 3 years of follow-up, 20% of the 

patients who remained free of events during the first year experienced an event [126]. 

 

1.13  Existing Risk Stratification Tools 

Assessment of risk using strategies tailored according to individual patient’s need is a critical 

part of the management of ACS and must be applied at admission as well as during hospital 

admission to identify the patients who will benefit the most from aggressive secondary 

preventative therapies [124]. Current risk scores based on patient history and clinical and 

biomarker profiles are able to improve risk stratification of patients with ACS [127]. Early 

identification of patients who require in-hospital coronary angiography (CAG) and late risk 
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stratification to predict long-term outcomes remains crucial in ACS. Hence, risk stratification 

is advocated in both European and US revascularisation guidelines [128, 129]. 

 

1.13.1 The GRACE Score 

The Global Registry of Acute Coronary Events (GRACE) [130] is one of the most commonly 

used clinical risk scores for early risk stratification. The GRACE risk score was developed in 

a cohort of 21,688 patients enrolled in the multinational observational GRACE registry [131] 

that included 123 hospitals across 14 countries. The GRACE score integrates clinical, 

electrocardiographic and cardiac biomarker variables, but does not include angiographic 

variables (Figure1.5). 

In this score, predictors of outcome were derived based on the presenting clinical and 

biomarker characteristics of the patients. Nine factors were identified that independently 

predicted death or a combined outcome of death and myocardial infarction (age, heart failure, 

peripheral vascular disease, systolic blood pressure, Killip class, serum creatinine 

concentration, elevated cardiac enzymes, cardiac arrest on admission, and ST-segment 

deviation on the electrocardiogram) and these were incorporated into a continuous model of 

cardiovascular risk [132]. These 9 factors conveyed more than 90% of the predictive power of 

the full multivariable model [133].  

To improve the usability of the score, the GRACE investigators developed the GRACE risk 

score 2.0 and electronic tools to assist with the calculation (http://www.gracescore.org) [134]. 

The score provides prognosis at six months, one year, and three years (Figure1.6). The 

algorithm can be freely downloaded to a hand-held device or a computer and then entering the 

data and calculating the risk score takes less than one minute [135]. Furthermore, for 

calculating this score, the presence of a physician is not mandatory [136]. To help guide the 

http://www.gracescore.org/
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initial management strategy, the GRACE score is extensively validated to predict in-hospital 

and long-term outcomes (Figure1.7) [137-139]. Furthermore, its predictive value at six months 

and one year is demonstrated to be slightly better than that for other clinical scores [140-142]. 

 

 

 

        Figure 1.5 The simplified Global Registry of Acute Coronary Events mortality mode. 

Adapted from [130]. This figure demonstrates the most important clinical variables included 

in the GRACE score. These variables are calculated from logistic regression models. The c 

statistics of this simplified model was 0.83 which was similar to the overall model 
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Figure 1.6 Calibration of simplified Global Registry of Acute Coronary Syndrome Events 

mortality model in derived data set (the diagonal line indicating perfect calibration. 

 

Figure 1.7 GRACE prediction nomogram for all-cause mortality from discharge at 6-months. 

 

  

1.13.2  The SYNTAX Score  

Once patients have undergone a coronary angiogram, the Synergy between percutaneous 

coronary intervention with Taxus and cardiac surgery (SYNTAX) is calculated based on the 

coronary anatomy and lesion characteristics [143-145]. The SYNTAX™ score was initially 

designed to better anticipate the risks of percutaneous or surgical revascularization, taking into 

account the functional impact of the coronary circulation with all its anatomic components, 
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including bifurcations, total occlusions, thrombus, calcification, small vessels etc (Figure1.8) 

[143, 146]. 

The SYNTAX score can be calculated using an online SYNTAX Score calculator 

(www.syntaxscore.com). The three coronary arteries are divided into 16 segments each with a 

corresponding weighting factor. If there is a lesion producing 50% or more luminal obstruction, 

the weighting factor is added. Moreover, other factors that reflect the severity of the 

atherosclerosis lesion and the possible difficulty of a percutaneous treatment, for example, 

lesion length and diffuse disease of the vessel, are considered. All points are summed to obtain 

the  SYNTAX score reflecting the complexity of the CAD of the patient [147].  

The SYNTAX score (SS) is extensively validated to predict major adverse cardiac events 

(MACE) after percutaneous revascularization [144, 148-150] (Figure1.9 & 1.10). Various 

reports have demonstrated that the SS may be an effective tool for predicting the risk of major 

ischemic events in patients undergoing percutaneous coronary intervention (PCI) with stable 

ischemic heart disease and multi-vessel or left main disease [144, 149, 151-157]. 

 

 

Figure 1.8  Components of the complexity of coronary artery disease that are used to calculate 

a patients SYNTAX score  
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Figure 1.9  Kaplan-Meier Curves showing cumulative event rates through 1 year 

     Adapted from [158]. All-cause mortality (A), cardiac mortality (B), myocardial infarction 

(C), and target vessel revascularization (D) stratified by tertiles of SYNTAX score.  

 

Figure 1.10  Predictive value of SYNTAX score 

Adapted from [158]. All-cause mortality (A), cardiac mortality (B), myocardial 

infarction (C), and target vessel revascularization (D) within 30 days from percutaneous 

coronary intervention and between 30 days and 1 year in patients with high versus low 

SYNTAX scores.  
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1.14  Role of Intra-Coronary Imaging in Studying Atherosclerotic plaque 

Coronary angiography has been widely used for approximately five decades to delineate 

coronary anatomy, assess the severity of coronary artery disease and triage patients to 

therapeutic interventions [159-162]. However, there are inherent limitations of using the 

coronary angiogram for evaluating atherosclerotic disease. A coronary angiogram is a 

lumenogram depicting a foreshortened shadowgraph in different planer projections of the 

contrast lumen with no information of the vessel wall [163-169]. Additionally, there is 

substantial inter-observer variability in interpreting the angiographic extent of disease [170-

174].  Limitations of angiographic techniques have stimulated the development of a number of 

intravascular imaging modalities including intravascular ultrasound (IVUS), optical coherence 

tomography (OCT) and near-infrared spectroscopy (NIRS). Use of IVUS and OCT not only 

provides detailed visualisation of stent vessel interface, peri-stent pathologies but also proffers 

the ability to study the arterial wall and provides a more comprehensive characterisation of the 

extent and composition of the atherosclerotic disease [175-180]. 

 

The use of intravascular imaging is increasingly used by interventional cardiologists in 

planning interventional therapies such as stent sizing and length, as well as optimising the final 

results of PCI [164, 175, 181-184]. During the PCI procedure, intravascular imaging may be a 

useful tool for providing information on pre-intervention lesion characterization, including 

lesion severity, length, morphology and plaque vulnerability. This, in turn, provides valuable 

information for optimal lesion preparation, such as a selection of appropriate size and length 

of balloons and stents, selection of appropriate landing zones for the selected stents [185, 186].  

Post-intervention intravascular imaging can guide optimal stent implantation such as adequate 
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stent expansion, extension, and apposition; and possibly bring to light the complications after 

stent implantation, usually not visible on routine angiography [187-190]. Furthermore, various 

features on intravascular imaging correlate with adverse events such as stent thrombosis and 

restenosis, including inadequate stent expansion, dissections and thrombus [181, 191, 192]. 

Previous studies have demonstrated that intravascular imaging has improved PCI outcomes 

including the risk of death, myocardial infarction and stent thrombosis [193-200]. Most of the 

data supporting the use of intravascular imaging are derived from IVUS studies. It is worth 

noting that IVUS has been in clinical use much longer than OCT, however, the consistent 

evidence base is developing supporting the use of OCT to improve PCI outcomes [186]. 

 

 

 

1.15  Intravascular Ultrasound  

Intravascular ultrasound (IVUS) is an invasive imaging modality that produces high resolution, 

transmural, topographic images of the vessel lumen and vessel wall [164]. In the last three 

decades, IVUS has gained acceptance amongst interventional cardiologists as an adjuvant to 

coronary angiography for optimizing percutaneous coronary interventions [182]. 

Complementary to coronary angiography, IVUS provides tomographic imaging including 

information on stenosis severity, lumen and vessel morphology as well as plaque 

characteristics, which are helpful for clinical decision making (Figure1.11) [188, 201-203]. 

 

1.15.1 IVUS Principles 

The principle of IVUS imaging is based on sound waves produced as a result of oscillatory 

movement (expansion and contraction) of a piezoelectric transducer (crystal) when electrically 
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excited [202]. The sound waves produced by the transducers propagate through the tissues with 

different densities and are reflected according to the acoustic properties of the tissue they travel 

through [204] [205, 206]. After reflection from tissue, part of the ultrasound energy returns to 

the transducer and is converted into the image. The IVUS image is formed as a result of 

reflected ultrasound waves that are converted to electrical signals and are transmitted to an 

external processing system for amplification, filtering and scan conversion. Greyscale IVUS 

imaging is formed by the envelope (amplitude) of the radiofrequency signal [207]. 

An IVUS system consists of a flexible short monorail catheter with an ultrasound transducer 

at its tip that emits ultrasound waves in the 10–40 MHz range and an electronics console to 

reconstruct the image [208, 209]. The size of IVUS catheters ranges from 2.6 to 3.5 French 

(0.87–1.17mm)[206].  

 

1.15.2  IVUS- Virtual Histology (VH) and iMAP 

Conventional grayscale IVUS detects presence of positive remodelling [210] however, 

objective and quantitative assessments of plaque components are not possible [211-219]. To 

overcome the limitations of greyscale images, further modifications in the technology have 

been made to assess the plaque composition and quantification using IVUS. By integrating 

backscatter signals from ultrasound, plaque composition can be analysed. This technology is 

commercially available for clinical use as IVUS-virtual histology (VH) [220, 221]. Different 

plaque components are coded in different colours, such as; (1) Fibrous tissue (dark green), (2) 

Fibrofatty tissue (light green), (3) Necrotic core (red) and (4) dense calcium (white) [205] 

(Figure1.11 &1.12).  Reconstruction of VH-IVUS images in a longitudinal view enables a 

more comprehensive analysis of the total length of the plaque, spatial distribution and its 

relation to the rest of the coronary artery. The overall predictive accuracies for VH-IVUS is 
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93.5 % for fibrotic tissue, 94.1 % for fibro-fatty tissue, 95.8 % for necrotic core and 96.7 % for 

dense calcium [222].  

iMAP is a newly developed IVUS tissue characterization system based on pattern recognition 

of the radio frequency (RF) signals [207, 223-226]. iMAP characterises atherosclerotic plaque 

tissue based on pattern recognition and integrated backscattering IVUS values are calculated 

as the average power, measured in decibels, of the ultrasound [224]. 

 

 

Figure 1.11 Intravascular ultrasound signal obtained from a vessel wall 

Adapted from [207]. (A). Greyscale intravascular ultrasound imaging is formed by the 

envelope (amplitude) (B) of the radiofrequency signal (C). By greyscale, atherosclerotic 

plaque can be classified into four categories: soft, fibrotic, calcified, and mixed plaques. (D) 

Shows a cross-sectional view of a greyscale image. The blue lines limit the actual atheroma. 

From the backscatter radiofrequency data different types of information can be retrieved: 

virtual histology (E), palpography (F), integrated backscattered (IB) intravascular ultrasound 

(G), and iMAP (H). Virtual histology is able to detect four tissue types: necrotic core, fibrous, 

fibrofatty, and dense calcium. The tissues characterized by integrated backscattered (IB) 

intravascular ultrasound are lipidic, fibrous, and calcified; and iMAP detects fibrotic, lipidic, 

necrotic, and calcified. 
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                               Figure 1.12 Plaque classification by VH-IVUS 

Adapted from[227]. This figure demonstrates (A) Pathological intimal thickening. (B) Thin-

capped fibroatheroma (VH-IVUS derived). (C) Thick-capped fibroathroma. 

(D) Fibrotic plaque. (E) Fibrocalcific plaque. 

 

1.15.3  Clinical utility of IVUS 

Early interest in the clinical use of IVUS was based on its ability to facilitate PCI and 

understanding the responses within the vessel wall [228-230]. Subsequent studies have 

affirmed that the use of IVUS during PCI could help in guiding the optimisation of stent 

placement [231, 232]. This led to subsequent improved procedural and long-term clinical 

outcomes [233-236]. Clinical use of IVUS has helped profoundly in refining and improving 

the interventional practice such as achieving adequate stent expansion and obviating the need 

for systemic anticoagulation to limit stent thrombosis [237, 238].   Angiographically 

indeterminant coronary lesions (i.e whether the coronary lesions are flow-limiting) can be 

assessed with IVUS for their clinical significance [164, 239]. Furthermore, serial imaging with 

IVUS at different time points is used to evaluate novel intracoronary devices and local arterial 

response to therapies [240-246]. 

 

1.15.4  Plaque Analysis Using IVUS 

In parallel to its role in facilitating coronary interventions, IVUS has provided a unique insight 

into the natural history of atherosclerotic disease [207]. Early studies confirmed autopsy 

observations of the diffuse and widespread distribution of atherosclerotic plaque, even in 

https://www-sciencedirect-com.ezproxy.library.uwa.edu.au/topics/medicine-and-dentistry/tunica-intima
https://www-sciencedirect-com.ezproxy.library.uwa.edu.au/topics/medicine-and-dentistry/fibrosis
https://www-sciencedirect-com.ezproxy.library.uwa.edu.au/topics/medicine-and-dentistry/atheroma
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regions that appear disease-free on coronary angiography [247] (Figure1.13). Observations of 

multiple sites of plaque rupture in patients with ACS support the previous concept of pan-

coronary arterial instability, highlighting the systemic nature of the disease process [248-250]. 

 

 

Figure 1.13  IVUS  imaging demonstrates plaque in an angiographically normal-appearing 

vessel. 

                                                            Adapted from[207] 

 

1.15.5 Connecting Plaque Pathology and Intracoronary Imaging 

The advent of IVUS provided new inroads to analyse coronary atherosclerotic plaque in-vivo 

and provided the opportunity to detect high-risk plaque features. IVUSVH can be used to 

measure plaque extent, its distribution and importantly morphological composition of plaque 

[251-254]. Various plaque components have specific IVUS appearance on cross-sectional 

images. Lipid-laden lesions appear hypoechoic and fibromuscular lesions generate low-

intensity or ‘soft’ echoes [255]. Lipid rich or fibromuscular lesions may exhibit a prominent 

echogenic fibrous cap. However, fibrous caps are mostly too thin to be resolved by IVUS.  

Denser material such as calcium reflects more ultrasound waves, which results in a higher 
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intensity image. Additionally, calcium does not allow any ultrasound waves to penetrate to 

deeper tissue, hence producing an acoustic shadow [255]. 

Based on tissue echogenicity (i.e. their appearance), not necessarily histological composition, 

atheromas have been classified into four categories by greyscale IVUS: (i) soft plaque (lesion 

echogenicity less than the surrounding adventitia), (ii) fibrous plaque [intermediate 

echogenicity between soft (echolucent) atheromas and highly echogenic calcified plaques], (iii) 

calcified plaque (echogenicity higher than the adventitia with acoustic shadowing), and (iv) 

mixed plaques (no single acoustical subtype represents >80% of the plaque) [202] 

(Figure1.14).The IVUS appearances of various plaque types have been well validated with 

histology [221, 256-258]. 

IVUS is clinically used to identify TCFA. A VH-TCFA is defined as a lesion fulfilling the 

following criteria in at least 3 frames: (i) plaque burden ≥ 40%; (ii) confluent necrotic core ≥ 

10% in direct contact with the lumen (i.e. no visible overlying tissue) [259]. Previous studies 

have reported the more frequent presence of VH-TCFA  in patients presenting with ACS 

compared to stable CAD [260]. The potential value of these VH IVUS-derived plaque types in 

the prediction of adverse coronary events was evaluated in an international multicentre 

prospective study, the Providing Regional Observations to Study Predictors of Events in the 

Coronary Tree study (PROSPECT study) [261], which is discussed later in this chapter. 
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Figure 1.14 The nature of heterogeneity of the atherosclerotic disease 

Adapted from[207].This figure describes the poor correlation of IVUS findings (A–D) and 

angiography appearance (E). (A) A large eccentric plaque in the ostium of the LAD that with 

angiographically minimum lumen compromise. (B) Depicts a soft concentric plaque. (C) 

Shows a mixed plaque. (D) Depicts an eccentric, soft lesion. 

 

1.16 Near-infrared spectroscopy  

In cardiology, near-infrared spectroscopy (NIRS) has been adopted to characterize high-risk 

plaques [262-265]. NIRS was first used in 1993 for the detection of lipid content in preclinical 

studies. The technology was subsequently validated in human cadavers, case series, and 

clinical studies [266-268]. NIRS detects lipid content in coronary vessels and specific chemical 

measure of lipid core plaques (LCP) since cholesterol has prominent features in the NIR region 

that can distinguish it from other tissue constituents such as collagen [269]. This is in contrast 

to IVUS and OCT, which are used to estimate aspects of composition using texture or signal 

dropout. Previous reports have demonstrated a good correlation between the lipid core detected 

by NIRS and histological analysis [267]. 

Several features of NIRS make this imaging modality suitable for detecting lipid core plaques. 

NIRS can adequately penetrate blood (due to low water absorption) and penetrate several 

millimetres into the tissue. NIRS can be performed with an ultrafast scanning laser, potentially 



43 

 

overcoming the problem of cardiac motion. Furthermore, as NIRS generates the chemical 

composition of plaque from unprocessed backscattered signals, it possibly provides a more 

accurate and reproducible technique for measuring tissue properties, as unlike other imaging 

modalities it is not dependent on operator interpretation [269-271].  

 

1.16.1  NIRS Catheter, Data Acquisition and Analysis 

The NIRS catheter body consists of a rotating core of optical fibres. These fibres deliver near-

infrared light and measure the proportion of light reflected back over the range of optical (800–

2500nm) wavelength in the form of an imaging spectrum, which is then used by a computer-

based algorithm to generate results in the form of a ‘chemogram’. A ‘chemogram’ is a two-

dimensional map of the vessel image, showing the probability of the presence of lipid core 

plaque (LCP). The pullback position in millimetres in represented on the X-axis and the 

circumferential position on Y-axis [271]. The probability of the presence of LCP is calculated 

from the spectral data collected and quantitatively coded on a colour scale from 0 (red) to 1 

(yellow). With pixels lacking sufficient data (e.g guidewire shadow), the resultant image pixel 

appears as black [271]. 

The ‘block chemogram’ is a semi-quantitative summary of the results for a section of the artery 

(usually 2 mm in length) [271]. This represents 1:1 comparison of the chemogram with a binary 

histological reference (i.e presence or absence of lipid) during validation [271]. A summary 

block chemogram extracts the 90th percentile value of all the pixels in the section of interest 

(usually 2, 4 or 6mm in length), and displays the probability of the presence of that a lipid-core 

plaque (LCP) in that segment. The probability of the presence of the LCP is based on the colour 

code as follows: red (P<0.57), orange (0.57≤P<0.84), tan (0.84≤P<0.98) and yellow (P≥0.98) 

[263].  
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The chemogram helps in the visual interpretation of chemical composition of the imaged 

vessel. Additionally, the lipid core burden index (LCBI) provides a semi-quantitative summary 

metric of the LCP presence in the entire scanned region. LCBI is computed as the fraction of 

valid pixels within the scanned region that exceeds an LCP probability of 0.6, multiplied by 

1000. Since the chemogram colour scale transitions from red to yellow near an LCP algorithm 

probability of 0.6, the LCBI can be viewed as a quantitative measure of the amount of yellow 

present on the chemogram [263]. 

 

1.16.2  NIRS-IVUS Catheter 

One of the major limitations of NIRS imaging is the lack of information on lumen and plaque 

size and plaque volume. Therefore, the capabilities of an IVUS catheter to quantify the lumen 

and plaque size was combined with NIRS imaging to develop a new generation combined 

NIRS-IVUS catheter. This new True Vessel Characterization (TVC) Imaging System 

(InfraReDx, Burlington, Massachusetts, USA) combines an intracoronary IVUS and NIRS 

catheter (Figures 1.15 and 1.16). The system co-registers IVUS images with a NIRS 

chemogram, providing information on vessel size and structure and plaque volume, area, and 

composition. The TVC Imaging System uses a monorail imaging catheter with a design and 

profile similar to the standard IVUS catheter. It is compatible with a 6 French guide system 

and a 0.014-in. guidewire. IVUS and the co-registered NIRS image can be acquired during an 

automated pullback. Alternatively, an IVUS image alone can be obtained with manual 

manipulation. In October 2013, the TVC Imaging System was granted the following labelling 

by the US Food and Drug Administration, “The System is intended for the detection of lipid-

core-containing plaques of interest, and the assessment of coronary artery lipid core burden.”  
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Figure 1.15  NIRS catheter system components 

     Adapted from [269]. This figure shows a NIRS console (a), pullback and rotation device 

(b), the catheter (c), and magnified view of catheter tip (d) illustrating NIRS and IVUS 

components. 

 

 

Figure 1.16 The near infrared  spectroscopy outputs.   Adapted from [272]. 

1.16.3 NIRS Potential Clinical Applications 

NIRS can reliably detect lipid core plaques. Studies conducted have consistently documented 

the capacity of NIRS to identify LCP in autopsy specimens [267, 273]. Madder et al; 

demonstrated that in patients presenting with ST-elevation MI demonstrated, the culprit lesion 

consisted of higher maximum lipid core burden index (MaxLCBI4mm) compared to non-

culprit lesions.  A MaxLCBI4mm > 400 was characteristic of plaques causing STEMI [274]. 

NIRS assessment of a single coronary artery is shown to be associated with clinical risk factors 

[275]. NIRS has the potential to identify high-risk plaques to predict future cardiovascular 
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outcomes [276-278]. Previous studies have demonstrated that lipid-rich plaque identified on 

NIRS predicts post-stenting procedure no-reflow [279-281]. Furthermore, NIRS has been used 

to study the local response of intensive statin therapy [282]. 

 

1.17 Optical Coherence Tomography (OCT)  

Optical Coherence Tomography (OCT) is a catheter-based invasive imaging system [283]. 

Using near infra-red light [284], OCT produces high-resolution (10-15µm), in-vivo images of 

coronary arteries and deployed stents [169, 283, 285-287]. It was first developed at the 

Yamagata University, Japan and subsequently at the Massachusetts Institute of Technology in 

the US in 1991. In vitro, OCT was initially performed in the retina but adopted in the coronary 

artery [162, 288, 289]. OCT image acquisition is analogous to IVUS except it uses infra-red 

light instead of ultrasound waves to generate cross sectional images of the vessels [285].  Using 

near infra-red light, [284] OCT has an approximate 10-fold higher resolution than IVUS (10–

15 µm compared to 100–150 µm [169, 290]. The comparison of OCT and IVUS in clinical use 

has been summarised in Table1.6;  
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Table 1.6 Potential clinical advantages and disadvantages of IVUS and OCT. Adapted from 

[291]  

IVUS OCT 

Advantages:  

1.) Extensive clinical experience, IVUS has 

been used clinically for almost three 

decades  

2.) Pre-intervention imaging is possible in 

the majority of cases without pre-dilatation         

3.) Penetration to the adventitia allows mid-

wall or true vessel stent sizing  

4.) Extensive research regarding the impact 

of IVUS guidance of the procedural results 

as well as clinical outcomes   

5.) IVUS predictors of restenosis are well 

established  

6.) Better guidance for CTO techniques (eg. 

wire re-entry) 

 

Disadvantages:   

1.) Images can be difficult to interpret  

2.) Tissue characterisation is limited  

3.) Intraluminal thrombus detection is 

challenging  

4.) Assessment of stent-strut tissue coverage 

not possible  

5.) Assessment of strut malapposition is 

limited  

6.) Low- resolution of the longitudinal view 

Advantages:  
1.) Due to X 10 higher resolution, OCT can 

detect post PCI pathological findings (such as 

edge dissections, struts malapposition, luminal 

thrombus)  

2.) Better tissue characterization (calcium)  

3.) OCT predictors of restenosis and stent 

thrombosis are well established  

4.) More user friendly due to the rapid 

availability of reliable automatic analyses (i.e. 

accurate lumen profile) 

 

 

 

 

Disadvantages:  

1.) Additional contrast  

2.) Flushing is necessary to clear the lumen of 

blood to visualize the 

vessel wall  

3.) Pre-dilation may be necessary pre-

intervention to allow blood to be flushed from 

the lumen   

4.) Limited penetration of OCT light in the 

vessel wall 

 

 

 

1.17.1 Physical Principles and Concepts of OCT Imaging 

Conceptually OCT is the optical analogue of IVUS. By measuring the delay time of optical 

echoes reflected or backscattered from subsurface structures in biological tissues, structural 

information as a function of depth within the tissue can be obtained. Compared to IVUS, the 

image acquisition by OCT is faster (25 mm/sec with an image range of 50-75 mm) with much 
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higher resolution [162, 292]. However, this advantage of OCT is offset by the limited depth of 

tissue penetration (1-2 mm) compared to IVUS (4-8 mm) [162]. Furthermore, OCT requires 

clearance of blood from the imaging field, as near-infrared light is unable to penetrate through 

the blood [285].  The main technological difference between OCT and IVUS are summarised 

in Table1.7; 

OCT uses light in the near-infrared (NIR) range, typically with wavelengths of ranging from 

1.25- 1.35 μm [283]. OCT measures the time delay of the light that is reflected or backscattered 

from tissue, and that is collected by the catheter, by using a technique known as 

‘interferometry’ (Figure 1.17). Light from the OCT system is split into two parts; a sample arm 

(the portion which travels to the target tissue through a catheter) and reference arm (the second 

part of the light beam travelling a pre-set distance). The two arms are combined by a detector. 

A pattern of variable intensities is detected when the light from both arms approximately travels 

a similar distance, known as ‘interference’. This interference pattern is analyzed to ascertain 

the amount of backscattering as a function of delay time or depth within the tissue (A-line) 

[285]. A cross-sectional OCT image is created by recording A-lines as the beam is scanned 

across the sample by the rotating optical catheter. The axial range over which an OCT image 

can be obtained is termed the ranging depth that ranges from 4 to 6 mm. For circular images in 

coronary OCT, the total width of the image approximately is twice this value (8 to 12 mm in 

diameter) [285]. 
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Table 1.7 Technical characteristics of intravascular ultrasound and frequency-domain OCT. 

Adapted from [162]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.17.2 Time-domain versus Frequency-Domain OCT 

The first-generation time-domain OCT (TD-OCT) utilizes a broadband light source and 

performs multiple scanning of the reference delay distance, directly measuring the amplitude 

of the electrical field [293]. Slower pullback speeds and subsequent longer imaging times 

required balloon occlusion proximal to the target segment of interest, in order to displace blood 

from the lumen during image acquisition. As a result of the slow image acquisition process and 

obstruction of blood flow required for TD-OCT, it carried the potential risk of triggering 

transient myocardial ischemia and electrocardiographic changes during imaging [294]. Recent 

technological advancements have resulted in the development of frequency domain (FD) OCT 

which uses a monochromatic laser of variable wavelength over time, a constant reference delay 

 IVUS OCT 

Technology Ultrasound Near-Infrared 

Axial resolution (m) 100-150 15 

Lateral resolution (m) 150-300 19 

Frame rate (fps) 30 100 

Pullback speed (mm/s) 0.5-2.0 10-15 

Scan diameter (mm) 8-19 10 

Tissue penetration (mm) 4-8 1-2 

Balloon occlusion Not required Not required 

Imaging through blood field  yes No 

Contrast required for blood     

removal 
No Yes 

Catheter size (Fr) 3.5 3.2 

Guidewire required Yes Yes 

Wavelength 1.3 (m) 10-40 MHz 
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distance, and computation of the electrical field amplitude through Fourier transformation 

undertaken simultaneously at all detectable depths. (FD) OCT has displaced TD-OCT in 

clinical practice due to the non-occlusive technique, higher acquisition speed (10-15 times), 

and improved lateral resolution [283, 285]. The main differences between TD-OCT and FD-

OCT are summarized in Table1.8. 

 

Table 1.8 Comparison Between TD-OCT and Prototype FD-OCT. Adapted from [283]. 

Imaging 

Characteristics 

TD-OCT FD-OCT 

Axial scans 5000-10000 100000 

Lines/frame 200 500-1000 

Max.frame rate (FPS) 20 200 

Max. pullback speed 3 20 

Scan Diameter (mm) 6.8 6.11 

Axial resolution 15 10-15 

Lateral resolution 90 20-40 

Tissue penetration 1.5-3 Feb-35 

Balloon occlusion Highly recommended Optional 

Catheter size (mm) 0.48 0.8-1.0 

 

 

1.17.3 OCT Image Quality and Resolution 

OCT has superior resolution to other intravascular imaging modalities. Spatial resolution, or 

the minimum distance between closely spaced objects that can be independently detected by 

the imaging system and has 2 directions: axial (parallel to the light beam) and lateral or 

transverse (perpendicular to the light beam) (Figure 1.17). The axial resolution for OCT is 

dependent on the spectral bandwidth, or range of wavelengths in the light source, and is 

typically approximately 10 μm. Near the tip of the catheter, light is focused by a small lens and 
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directed toward the vessel wall. The light converges to a minimum diameter spot (focus) 

outside the catheter and then diverges. The focal location is typically 1 to 3 mm outside the 

catheter sheath. The lateral resolution of the OCT image is between 20-40 μm and is best at the 

focus [285].  

As the speed of light is slower in flushing media and tissue than it is in the air, the distances in 

the images require correction for the delay. A pre-set correction factor is available from the 

manufacturers. This is calculated by using the refractive index by dividing the distance in the 

axial direction in the OCT image by the estimated refractive index (property of a material that 

governs the speed of light through the material) of the flushing media and tissue. Once 

corrected, the images may be used to obtain area and length measurements [285].  

The amount of backscattered light and therefore the intensity of the OCT image is dependent 

on the difference in refractive indices of various components of the tissue or organ. 

Furthermore, the flushing agent affects the quality of the image and is related to the difference 

in backscattered intensities that distinguish an object from other objects and the background. 

 

1.17.4 OCT Imaging 

The OCT catheter is advanced distal to the area of interest in the vessel via a standard 0.014-

inch angioplasty guide wire. An automated pull back at a rate of 20 mm/s is started after blood 

clearance is achieved by non-diluted iodine contrast injection at rates of 3 to 5 mL/s for a total 

volume of 10 to 20 mL/pullback. Fluoroscopy should be used to ensure coaxial alignment of 

the guide catheter position with the coronary artery of interest and confirm  good catheter 

engagement in the coronary ostium just prior to OCT imaging in order to prevent residual blood 

attenuation [181, 283, 285, 286, 295-297]. 
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Figure 1.17 A schematic representation of time-domain optical coherence tomography (TD-

OCT, left panel) and frequency or Fourier-domain optical coherence tomography  (FD-OCT, 

right panel) 

Adapted from [298]. This figure describes the basic mechanism of TD- and FD-OCT imaging. 

Both systems use a reference arm and an interferometer to detect echo time delays of light. The 

interferometer uses a beam splitter, dividing the light into a measurement arm (tissue sample) 

and a reference arm. The reference arm in TD-OCT is mechanically scanned (by a moving 

mirror) to produce a time-varying time delay. In the FD-OCT, because the light source 

is frequency swept, the interference of the 2 light beams (tissue and reference) oscillates 

according to the frequency difference. In both systems, the interference of the signal ultimately 

provides amplitude and frequency data. In the FD-OCT system, all echo delays are acquired 

simultaneously enabling significant increases in the speed of image acquisition 

 

 

1.17.5 OCT in Clinical Practice 

The higher resolution of OCT provides an unprecedented clear depiction of the boundaries 

between the lumen and vessel layer [283, 293]. Similarly, the stent-vessel interface can be 

assessed in much greater detail which is not possible on routine angiogram alone [299, 300]. 

Due to this additional clinical information, OCT significantly impacts the clinician’s decision 

making both pre- and post-stent deployment when used as an adjuvant tool to standard 

angiography [184, 185] (Figure1.18). Previous studies have demonstrated that post PCI 

pathological findings such as stent edge dissection, stent strut malapposition and tissue 

prolapse can more frequently be detected when OCT imaging is used for the optimisation of 

PCI [292, 301-305]. Additionally, OCT has the ability to study vessel response 
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(endothelialisation of a deployed stent) and neo-intimal hyperplasia over previously deployed 

stents [306-310]. 

Since its inception, the use of OCT for investigating atherosclerosis in patients with CAD and 

response to drug and device intervention has grown substantially [245, 291, 311-326]. The role 

of plaque-type and morphology in patients with CAD including those presenting with ACS has 

been investigated previously [327-335]. Furthermore, the role of various plaque micro features 

such as macrophages, vasa vasorum and cholesterol crystals in ACS has been investigated in 

various small observational studies [336-343]. 

The additional information provided by OCT has increased its popularity as an adjuvant to 

routine diagnostic coronary angiography. However, greater imaging resolution comes at the 

expense of much poorer penetration through blood and tissue. As a result, deeper arterial 

structures other than those based at the lumen–intima (or lumen–plaque) interface are much 

less well visualized, especially in the larger calibre coronary arteries and the true extent of the 

plaque volume within the vessel wall cannot be quantified on OCT in most patients [164].  

 

Figure 1.18 Role of Optical coherence tomography (OCT) in percutaneous coronary 

intervention (PCI) 

      

 



54 

 

1.17.6  Role of OCT in Guidance of PCI 

1.17.6.1  Pre- PCI Lesion Preparation 

OCT provides detailed information on morphological features of the culprit lesion in ACS 

patients potentially guiding the therapeutic strategy for lesion preparation and device selection. 

For example, in cases of lipid-rich plaque, avoidance of oversized balloons for pre-dilatation 

or taking a direct stenting approach potentially can help in preventing no-reflow phenomenon 

[344]. The presence of extensive calcium in the lesion can make PCI challenging [345]. 

Angiography alone has low sensitivity (38% - 48%) for calcium detection except for severe 

calcification [346-348]. This can lead to underestimation of calcium and potentially and 

subsequently underexpansion of the deployed stent (an important predictor of future MACE 

and discussed in more detail in the later section of this chapter). Intravascular imaging (IVUS, 

OCT) helps in assessing the extent and distribution of lesion calcium. Compared to IVUS, OCT 

has demonstrated higher accuracy for diagnosing calcium with almost perfect sensitivity and 

specificity in a histological validation study [349]. Furthermore, OCT estimates the area of 

calcification more accurately than IVUS because the light penetrates calcium without 

shadowing [350]. Also, OCT allows the operator to distinguish between superficial (close to 

the intima-lumen interface) and deep calcium (located at the media-adventitia border), with 

accurate measurement of the minimum distance from the lumen, the thickness of calcium and 

circumferential arc distribution [351]. This detailed information on plaque composition can 

assist in deciding the use of additional interventional tools such as cutting or scoring balloons 

and rotational atherectomy [352]. 
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1.17.6.2  OCT Guided Stent Sizing 

OCT measurements of the vessel lumen facilitate the selection of the appropriate stent diameter 

and length [353, 354].  OCT images provide sharper luminal border definitions compared to 

IVUS. However, in lesions with large plaque burden, due to limited penetration, external elastic 

lamina (EEL) cannot be visualised. The greater depth of penetration of IVUS allows EEL 

visibility in all but severely calcific or lipid-rich lesions. For this reason, initial studies showed 

that OCT guided stent sizing led to smaller minimum stent area (MSA) [355-357].  

Earlier studies while evaluating in vivo differences of coronary lumen dimensions between 

IVUS and OCT, reported significantly smaller luminal dimensions using TD-OCT and FD-

OCT [358-360].  The main reason for this finding was the fact that most previous OCT studies 

[185, 355, 361] have used luminal dimensions for selection of stent size rather than external 

elastic lamina. Kubo et al. [332] demonstrated that in a phantom model, the mean lumen area 

according to FD-OCT was equal to the actual lumen area of the phantom model; IVUS 

overestimated the lumen area and was less reproducible than FD-OCT (8.03 ± 0.58 mm2 vs. 

7.45 ± 0.17 mm2; p < 0.001). 

 

1.17.6.3  Optimisation of Stent Deployment 

Optimal stent placement is defined as achieving an adequate lumen (optimal minimum stent 

area [MSA > 4.85 mm2 for OCT and  >5 mm2 for IVUS] or a final MSA ≥ 90% of the distal 

reference lumen area, without edge dissection, incomplete stent apposition, or tissue prolapse), 

or otherwise performing additional interventions to address suboptimal post-stenting OCT or 

IVUS findings [362]. 

Achieving adequate stent expansion is considered as an important final target of PCI in order 

to achieve good long-term outcomes. The evaluation of stent under expansion is of particular 

importance in the clinical setting since it has been previously related to stent failure [188, 363-
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370]. Previous studies including registries (the largest ADAPT-DES [371], studying 8583 

patients) [233, 371-394], randomised trials [395-402] (the largest, IVUS-XPL [291], enrolling 

1400 patients) and meta-analyses [197, 380, 403-407], have demonstrated that IVUS guided 

PCI compared to angiography alone PCI, is associated with a reduction in MACE). One of the 

major reasons being the larger final luminal measurements [291, 408].  The IVUS-XPL [409] 

a randomised, multicenter trial, investigated whether IVUS guided drug-eluting stent was 

superior to angiography guided implantation in patients with long coronary lesions (implanted 

stent ≥28 mm in length). The primary endpoint of this study was a composite of MACE, 

including cardiac death, target lesion–related myocardial infarction, or ischemia-driven TLR 

at 1 year. Major adverse cardiac events at 1 year occurred in 19 patients (2.9%) undergoing 

IVUS-guided and in 39 patients (5.8%) undergoing angiography-guided stent implantation 

(P = 0.007). This difference was mainly driven by a lower risk of ischemic-driven TLR in the 

IVUS-guided PCI group.  The reduction in MACE in the IVUS guided group was believed to 

be due to larger post-procedural minimal luminal area. In the post hoc analysis for predictors 

of ischemia-driven TLR, post-intervention minimal lumen diameter (MLD) was an 

independent predictor of TLR. Previous studies have shown that OCT guidance for stent 

implantation achieves comparable stent expansion to IVUS guidance. In the ILUMIEN II 

[356], a retrospective, the observational study investigated whether OCT guidance results in a 

degree of stent expansion comparable to that with IVUS guidance. Stent expansion was defined 

as the minimal stent area divided by the mean of the proximal and distal reference lumen areas. 

This study using propensity score-matched demonstrated that the degree of stent expansion 

was not significantly different between OCT and IVUS guidance (median [first, third quartiles] 

= 72.8% [63.3,81.3] vs 70.6% [62.3,78.8] respectively, p = 0.29). In ILUMIEN III: OPTIMIZE 

PCI [186], a multicenter, randomised control trial, MSA after OCT guided PCI was similar to 

IVUS guided PCI [5.79 (4.54-7.34) in the OCT group versus 5.89 (4.67-7.80) in the IVUS 
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group, p= 0.42). MSA was superior in the OCT group compared to the angiography alone 

group [5.79 (4.54-7.34) versus 5.49 (4.39-6.59)]. The ILUMIEN III: OPTIMIZE study [186] 

is discussed in further detail in the later section of this chapter.  

OCT-angiography co-registration has recently been available for clinical use. This potentially 

will aid in rapid identification and targeted post-dilatation of under expanded stent segments 

and will avoid excessive post-dilatation, especially near stent edge, where post-dilatation may 

result in edge dissection [186, 410]. 

 

1.17.6.3.1  Malapposition 

Based on OCT findings, malapposition is defined as stent struts clearly separated from the 

vessel wall (lumen border/plaque border) without any tissue behind the struts, with a distance 

from the adjacent intima of ≥0.2 mm and not associated with any side branch. Malapposition 

can be further classified as [186]:  

a) Major: If associated with stent under expansion (the MSA of the proximal segment <90% 

of the proximal lumen area and/or the MSA of the distal segment < 90% of the distal reference 

area) 

b) Minor: If not associated with significant under expansion OCT can detect malapposition 

more precisely than IVUS. Clinically, most of the malapposition of struts noted just after stent 

implantation tends to resolve with time [304, 411-413]. However, it is recommended that if 

malapposition is detected during the procedure and meets the criteria for major malapposition 

(i.e. with stent under expansion) that further stent expansion be considered [186].  

 

1.17.6.3.2  Stent Edge Dissections 

Edge dissections are classified as major (≥ 60° of the circumference of the vessel at the site of 

dissection or ≥ 3 mm in length) or minor (any visible edge dissection <60° of the circumference 
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of the vessel and < 3mm in length) [186, 297, 414-416].Edge dissections can be further 

classified as [186]: Intimal (limited to the intima layer, i.e. not extending beyond the internal 

elastic lamina) Medial (extending into the media layer) .Adventitial (extending through the 

external elastic lamina).  

Stent edge dissections are a known risk factor for major adverse clinical outcomes [417],[418]. 

Previous IVUS studies suggested that superficial tears which are silent angiographically tend 

to heal without any long-term sequelae [419]. OCT has demonstrated its superior ability for 

the detection of edge dissection in comparison to IVUS [310, 420]. It is a routine practice to 

treat the dissections which are evident on angiogram [421]. The investigators in ILUMIEN III 

suggested that if dissection is detected during the procedure and meets the criteria for major 

dissection, additional stent implantation be considered especially if the intra-dissection lumen 

is unacceptable [186]. 

 

1.17.6.3.3 Tissue Prolapse 

Tissue prolapse (TP) is defined as a >50 μm protrusion of tissue (i.e., remnant plaque tissue or 

attached thrombus) into the lumen [301, 362]. Most of the TP resolves with time [302]. 

However, TP is not an entirely benign OCT finding. In the CLI-OPCI study [422],  in-stent 

thrombus (defined as intra-stent tissue protrusion of  >200µm) was present in 31.8% of patients 

who experienced MACE compared to 12.8% people in the control group (P=0.022). Residual 

intra-stent thrombus is also related to periprocedural MI [423] and additional OCT-driven in-

stent balloon dilatation has been shown to reduce the amount of in-stent thrombus area without 

worsening microcirculatory indexes [424]. 
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1.17.6.4 Post Stenting OCT Findings Associated with Poor Cardiovascular 

Outcomes  

Presence of post-PCI abnormal findings including stent malapposition, stent edge dissections 

or tissue prolapse are detected more frequently with OCT imaging compared to angiography 

alone or angiography and IVUS. As OCT tends to detect even subtle abnormalities, the clinical 

significance of many of the subtle post PCI pathologies remains unknown [425]. The clinical 

implications of post-PCI pathological findings have been investigated in previous registry-

based studies [185, 302, 304, 426-428]. The CLI-OPCI II [426], a multicenter registry, 

retrospectively assessed the clinical impact of OCT findings in 832 patients who underwent 

PCI. The primary objective of this study was to study the impact of sub-optimal stent 

deployment on MACE at 1 year, as well as the impact of individual OCT findings on the 

outcome. Suboptimal stent deployment was defined as; (1) Edge dissection appearing as a 

linear rim of tissue with a width ≥ 200 µm and a clear separation from the vessel wall or 

underlying plaque; (2) lumen area <4.5 mm2 in the presence of significant residual plaque 

adjacent to stent endings; (3) Malapposition >200 µm; (4) in-stent MLA <4.5 mm2 ; (5) in-

stent MLA <70% of the average reference lumen; and (6) intra-stent plaque/thrombus 

protrusion ≥500 µm in thickness. The study demonstrated an increased incidence of MACE 

during follow up in patients with sub-optimal stent implantation (59.2% versus 26.9%; 

p=0.001). In particular, in-stent MLA <4.5 mm2 (hazards ratio [HR]: 1.64; p 1⁄4 0.040), 

dissection >200 µm at the distal stent edge (HR: 2.54; p 1⁄4 0.004), and reference lumen area 

<4.5 mm2 at either distal (HR: 4.65; p < 0.001) or proximal (HR: 5.73; p < 0.001) stent edges 

were independent predictors of MACE.  

Recently, the  CLI-OPCI Late study [429], reported the long term consequences of OCT 

findings during PCI. This study compared 1211 patients from a multicenter CLI-OPCI registry. 

OCT assessment showed sub-optimal stent implantation in 31% of lesions. There was an 
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increased prevalence of device-oriented cardiovascular events (DoCE) in patients with sub-

optimal stent implantation (52.8% versus 28%, p< 0.001). At a median follow-up of 833 

(interquartile range 415-1,447) days, in-stent MLA <4.5 mm2 (HR 1.82, p<0.001), distal stent 

edge dissection >200 µm (HR 2.03, p=0.004) and significant reference vessel plaque and lumen 

area <4.5 mm2 at either the distal (HR 5.22, p<0.001) or proximal (HR 5.67, p<0.001) stent 

edges, were independent predictors of device failure. Multivariable Cox hazard analysis 

showed that the presence of at least one of the significant criteria for suboptimal OCT stent 

deployment was an independent predictor of DoCE (HR 1.92, p=0.001). 

The major findings of various studies investigating the clinical implications of post-PCI OCT 

pathology are summarized in Table1.9. 

 

1.17.6.5  Treatment of OCT Detected Eroded Plaques 

In about 30% of ACS cases, an underlying cause is plaque erosion or rarely calcific nodule 

rather than the plaque rupture. OCT has the ability to differentiate plaque rupture versus plaque 

erosion as the cause of intravascular thrombosis [430]. This in turn potentially can impact the 

management of the patient. Stent deployment is a standard therapy for ruptured plaques, 

however, in case of plaque erosion, only medical therapy potentially can be considered [431, 

432]. A case series of 31 patients demonstrated that patients with OCT-diagnosed eroded 

plaque and subjected only to thrombectomy without stenting did not report any major adverse 

cardiac events during the median 735 days follow up [433]. 
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Table 1.9 Summary of the studies investigating various post-PCI pathologies detected on OCT and their association with post-PCI outcome 

 

Study Study Design Primary 

endpoint/Follow-up 

duration 

MACE Definition Main results 

Prati et al [429], 

2018 

Retrospective, 

multicenter registry 

including 1,211 

patients. 

Impact of abnormal 

OCT findings on 

clinical outcomes 

833 days (IQR 415-

1477) 

Cardiac mortality, 

MI and TLR 

1.) Patients with suboptimal deployed stent experienced more DoCE (53% vs 

28%, p<0.001) 

2.) in-stent MLA <4.5 mm2 (HR 1.82, p<0.001), distal SED >200 µm (HR 2.03, 

p=0.004), and lumen area <4.5 mm2 at either the distal (HR 5.22, p<0.001) or 

proximal (HR 5.67, p<0.001) stent edges were independent predictors of device 

failure. 

 

 
Ino et al [434],             

2016 

Retrospective, single 

center including 319 

patients 

OCT predictors of 

angiographic late SER 

9-12month 

angiographic follow up 

 1.) Lipid rich plaque and MLA were independent predictors of SER restenosis 

2.) ROC analysis demonstrated lipid arc of 185º and MLA of 4.10 mm2 were 

predictors of ischemia driven SER 

Prati et al [426],    

2015 

Retrospective, 

Multi-center 

(registry) including 

832 patients 

Impact of abnormal 

OCT findings on 

clinical outcomes 

Median 319 [123-579] 

days 

All cause 

mortality, MI, 

TLR 

1.) Increased MACE in patients with OCT based suboptimal stent implantation   

2.) OCT predictors of MACE; In-stent MLA <4.5 mm2, distal edge dissection > 

200 µm, distal RLA < 4.5 mm2, proximal RLA <4.5 mm  

Chamie et al 

[427], 2013 

Prospective, single 

centre including 230 

patients 

OCT detected SED 

frequency, predictors 

and impact on clinical 

outcomes. 

12 months 

Death, non-fatal 

MI, TLR 

  OCT predictors of edge dissection: Plaque at the edges, angle of calcification, 

TCFA, stent eccentricity, luminal eccentricity, mean stent to lumen diameter, 

mean stent to lumen area.           

Soeda et al [435] 

2015 

Retrospective, 

Multi-center 

(registry) including 

786 patients 

Incidence of post stent 

OCT findings and their 

correlaton with DoCE's 

12 months   

Cardiac death, 

target vessel 

related MI,TLR 

and ST 

 OCT predictors of device orientated clinical end point were Irregular tissue 

protrusion, MSA < 5 mm2   in BMS or <5.6 mm2 in DES  
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Prati et al [436],   

2016 

Retrospective, 

Multi-center 

(registry) including 

507 patients 

Clinical consequence 

of sub-optimal stent 

deployment, impact of 

residual intra-stent 

plaque/thrombus 

protrusion on rate of 

DoCE. 

Median 345 [219-540] 

days 

 

 

 

cardiac death, 

target vessel 

related MI 

(including peri-

procedural MI), 

and TLR  

1.) Patients with DoCE showed a higher prevalence of In-stent MLA < 4.5 mm2, 

MSA <4.5 mm2, Intra-stent plaque/thrombus protrusion > 500µm, Distal SED > 

200 µm and RLA <4.5 mm2 in the presence of significant residual plaque at either 

distal or proximal end.                                

2.) In particular presence of residual intrastent plaque/thrombus protrusion >500µ 

was associated with higher risk of DoCE (HR 2.83; 95% CI1.3-6.1'p=0.008) 

Im et al [413],    

2013 

Retrospective, 

single-center 

(registry) including 

351 patients 

Incidences, predictors 

and clinical outcomes 

of acute and late stent 

malapposition detected 

be OCT after DES  

FU post PCI 28.6±10.3 

and post OCT 

22.8±10.4 months 

CV death, non-

fatal MI, ST and 

TLR 

1.) Predictors of acute malapposition: Stenosis >70% , calcified lesion , stent 

length >25 mm.2) Predictors of late persistent malapposition: Acute malapposition 

within stent edge, acute malapposition volume >2.56 mm3  

(3)Predictors of late acquired malapposition: Plaque/ thrombus prolapse  more 

frequent in late acquired malapposition [70% vs.42% in no malapposition ](4) No 

difference in composite of clinical events amongst late-persistent+late acquired 

malapposition, late acquired malapposition alone, late-persistent malapposition 

alone and no stent malapposition 

Shimamura et al 

[412], 2015 

Prospective (sub 

study of RESET 

trial) including 77 

patients 

To evaluate the natural 

course of acute 

incomplete stent 

apposition after EES 

versus SES 

Angiographic FU 8-12 

months 

Death, MI, TLR 

and ST 

1.) Maximum ISA significantly decreased in EES (315±94 - 110±165µm, 

p<0.001) and SES (308±119 - 143±195µm, p<0.001). 

2.) ROC for predicting late-persistent ISA at 8-12 months follow-up in EES and 

SES was >355 and >285 µm, respectively. 

Bouki et al [437],  

2015 

Prospective, single 

centre including 125 

patients 

(1) To define specific 

morphometeric 

parameters and long-

term outcomes of SED  

CV death, , MI 

and TLR 

(1) Independent predictors SED: STEMI presentation, small lumen reference 

diameter and shorter stent length. 

(2) SED with a flap thickness of >0.31 mm was associated with event free survival 

 

kawamori et al 

[302], 2013 

Retrospective, single 

center including 35 

patients 

Serial OCT  to clarify 

the natural course of 

minor abnormalities 

(malapposition, 

thrombus, prolapse and 

edge dissection) 

FU 8 months 

Death, MI and 

TLR 

(1) The mean post procedural stent-vessel distance of persistent malapposed 

struts was significantly greater compared to that of resolved malapposed struts 

(342±99 µm vs. 210±49µm; p < 0.01) 

(2) Based on ROC analysis, an S-V distance ≤ 260 µm was cut off point for 

resolved malapposed strut (sensitivity 89.3% and specificity of 83.7%, 

AUC=0.884) 

  

Device oriented clinical end points =DoCE's, Everolimus-eluting stent =EES, Minimum lumen area =MLA, Reference luminal area =RLA, Sirolimus-eluting stent=SES, Stent 

edge dissection=SED, Stent edge restenosis =SER, Stent thrombosis=ST, Target lesion revascularisation=TLR 
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1.17.6.6  Surveillance and follow up of implanted stents 

OCT has been considered a ‘gold standard’ imaging modality for stent strut coverage and 

follow-up in various trials [324, 438, 439]. IVUS lacks adequate resolution to detect thinner 

layers of tissue over stent struts [440]. Conceptually continuous sampling obtained by OCT 

potentially represents an advantage over standard histopathology which evaluates cross-

sections in intervals of 2 to 3 mm [441]. Current clinical experience demonstrates the high level 

of accuracy of OCT in evaluating the heterogeneity of vascular healing following drug-eluting 

stent (DES) implantation [442, 443].  

 

1.17.7  Impact of OCT Guided PCI on Long term Cardiovascular Outcomes 

There is substantial evidence that IVUS guided PCI improves outcomes [178]. In a study of 

1400 patients, Hong et al [409]. randomised patients to angiography versus IVUS guidance in 

long coronary lesions (all implanted stents were≥28 mm in length) treated with a single type 

of stent (XIENCE, Abbott Vascular, Santa Clara, California) with minimal cross over. They 

showed that MACE was significantly lower in the IVUS-guidance cohort compared to the 

angiographic guidance cohort (2.9% vs 5.8%; p=0.007), mainly driven by a lower rate of target 

vessel revascularisation. Lesions that met the optimal IVUS criteria (minimum stent area ≥ 

distal reference lumen area) showed a significantly lower MACE rate than those that did not 

meet the optimal implantation criteria (1.5% vs. 4.6%; p= 0.02). Multiple meta-analyses (the 

largest involving 31,283 patients) of various combinations of randomised clinical trials with or 

without registry studies have reported a reduced overall MACE rate with IVUS guidance 

compared to angiographic guidance [197-199, 403, 406, 409, 444].  

https://www.sciencedirect.com/topics/medicine-and-dentistry/histopathology
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The outcome data supporting the OCT guided PCI is not as overwhelming as that for IVUS. 

However, this is not surprising given IVUS has been used in clinical practice for much longer 

than OCT.Multicentre registries have shown that OCT-guided PCI is associated with decreased 

rates of death and MACE [422, 445, 446]. The CLI-OPCI study [422], a multicenter 

retrospective study compared clinical outcomes in patients undergoing PCI with conventional 

angiography versus angiography plus OCT guidance. The study included 670 patients (335 in 

the OCT-guided PCI group and 335 in the angiography-guided PCI group). The primary 

endpoint was the one-year rate of cardiac death or MI. Unadjusted analyses showed that the 

OCT group had a lower 12-month risk of cardiac death (1.2% vs. 4.5%, p=0.010), cardiac death 

or MI (6.6% vs. 13.0%, p=0.006) and the composite of cardiac death, MI, or repeat 

revascularisation (9.6% vs. 14.8%, p=0.044). Multivariable logistic regression analysis 

demonstrated that OCT guidance was associated with a lower risk of cardiac death or MI (OR: 

0.49; 95% CI: 0.25 to 0.9; p= 0.04) after adjustment for clinical and procedural factors. 

However, the rate of cardiac death at 1 year in the angiography-guided group was unexpectedly 

high (4.5%), thus putting in question whether these were chance findings. This study for the 

first time demonstrated that the use of OCT potentially can improve the clinical outcomes of 

patients undergoing PCI. 

ILUMINEN III [186] was a prospective, randomised, multicentre trial of 450 patients designed 

to evaluate a novel OCT-based stent sizing strategy using reference segment EELs for sizing. 

The study also compared the efficacy and safety of OCT guidance to IVUS guidance and 

angiographic guidance. The primary efficacy endpoint was final post-PCI minimum stent area 

(MSA) measured by OCT (blinded in the IVUS-guided and angiography-guided arms), and the 

primary safety endpoint was procedural MACE. The median MSA was 5.79 (first, third 

quartiles: 4.54 to 7.34) mm2 after OCT guidance, 5.89 (4.67 to 7.80) mm2 after IVUS guidance, 

and 5.49 (4.39 to 6.59) mm2 after angiography guidance. OCT guidance was non-inferior (p= 
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0.001) but not superior to IVUS guidance (p= 0.42). OCT guidance was not superior to 

angiography guidance for MSA (p= 0.12) but did lead to greater stent expansion (p= 0.02). 

OCT guidance also led to fewer cases of major dissection and major malapposition than IVUS 

guidance and angiography guidance. Overall procedural MACE were 3.8% without differences 

between groups. In the OCT guidance arm, EEL visibility ≥180° was apparent in 69% of 

proximal and 77% of distal reference segments by the operator; and stent size was based on 

EEL diameters for almost all of these cases. By core lab, EEL visibility ≥180° was noted in 

81% of proximal and 95% of distal reference segments. 

The OPINION trial [361], a prospective, multicentre study of 829 patients compared OCT vs 

IVUS during PCI with a second-generation DES using target vessel failure (TVF) as the 

primary endpoint. Stent diameter was chosen based on reference lumen diameter by OCT and 

reference vessel diameter (EEL) by IVUS. This study demonstrated that 12-month clinical 

outcomes in patients undergoing OCT guided PCI were non-inferior to that in patients 

undergoing IVUS guided PCI. TVF was non-inferior by OCT compared to IVUS (5.2% vs. 

4.9%; pnoninferiority= 0.04). Although the difference was minimal, the chosen stent size was 

significantly smaller in the OCT arm compared with the IVUS arm (2.92 ± 0.39 mm vs. 2.99 

± 0.39 mm; p= 0.005). The frequency of MACE at 12 months in both groups was very low and 

not significantly different. On 8 months follow up angiogram the in-stent and in-segment 

diameter stenosis were similar between the two groups.  

The results from the OPINION [357] and ILUMIEN III [186] trials demonstrated that an OCT-

guided PCI strategy appears to be non-inferior compared to IVUS for both short and mid-term 

outcomes. Another multicenter, randomized DOCTORS study [447] compared OCT guided 

PCI versus angiography guided PCI in 240 patients admitted with NSTEMI. The investigators 

used post-PCI fractional flow reserve (FFR) value as the primary endpoint. In the OCT group, 

stent size was chosen based on the reference vessel size, and if stent expansion (MSA/reference 
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lumen area) was ≤80%, post-dilation was performed. Post-PCI FFR and the prevalence of post 

PCI FFR >0.9 were significantly higher in the OCT-guided group compared with the 

angiography-guided group (0.94 ± 0.04 vs. 0.92 ± 0.05; p=0.005; and 82.5% vs.64.2%; 

p=0.0001), and the final angiographic diameter stenosis was lower (7.0 ±4.3% vs 8.7± 6.3%; 

p=0.01, respectively). After stent optimisation, stent expansion increased from 78.9 ± 12.4% 

to 84.1 ± 7.3% in the OCT arm. The use of OCT led the operator to optimize the procedural 

strategy in 50% of cases compared to 22.5% in the angiography-guided group. After stent 

optimization, stent expansion increased from 78.9 ± 12.4% to 84.1 ± 7.3% in the OCT arm. 

The cutoff value of MSA to predict FFR >0.9 was 5.44 mm2 (sensitivity= 91.3%; specificity= 

60.2%). The prevalence of MACE at 6 months was low in both groups (1.6% [n= 2] in the 

angiography-guided arm and 2.5% [n= 3] in the OCT-guided arm) 

A summary of studies comparing OCT guided PCI with angiography alone and/or IVUS 

guided PCI is shown in Table1.10. 

 

1.17.8 Role of OCT Plaque Features in Predicting PCI Outcomes 

The ability of OCT to evaluate various plaque features has been investigated in various small 

observational studies. Specific plaque features have been implicated in predicting 

periprocedural myocardial infarction [448-450] and no-reflow phenomenon [344, 451], two 

indicators of long term poor outcomes. Ino et al. [434] retrospectively analysed 319 patients 

who underwent OCT immediately after everolimus-eluting stent implantation and scheduled 

9- to 12-months follow up angiography. This study demonstrated that in patients with stent 

edge restenosis, OCT derived lipid plaque was more often noted (61% versus 20%; p=0.001). 
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Table 1.10 Summary of Studies comparing OCT guided percutaneous coronary intervention versus angiography±Intravascular ultrasound-guided 

PCI 

 

Study/Year Study Design Comparing 

modalities 

Sample Size/ 

Follow up 

duration 

Primary endpoint MACE 

Definition 

Main results 

CLI-OPCI 

[422], 2012 

Retrospective 

observational/

multicenter 

OCT versus 

Angiography 

670 

335(OCT+Angi

o), 335 (Angio) 

12 mths 

Whether OCT in 

addition to 

angiographic 

guidance improve 

mid-term clinical 

outcomes. 

Cardiac 

death, MI or 

TLR 

OCT guidance + routine angiography vs. angiography alone was 

associated with a significantly lower risk of MACE (9.6% vs 15.1%, 

p=0.034) including cardiac death (1.2% vs 4.5%, p=0.010) at 12 

months. 

OCT STEMI 

[452], 2017 

Randomized/

multicenter 

OCT versus 

Angiography 

201,105 

(OCT+Angio), 

96 (Angio) 

9 mths 

Safety and efficacy of 

OCT- vs. angiogram-

guided primary PCI at 

9 months 

Death, MI 

and TLR 

MACE events were comparable in both groups. OCT analysis at 9 

months showed a significantly less in-segment area of stenosis (6% 

versus 18%, p =0.0002) in favour of OCT guided group. 

Sheth et al 

[453], 2016 

Propensity 

score matched  

OCT versus 

Angiography 

642, 214 

(OCT+Angio 

guidance), 428 

(Angio 

guidance) 

12 mths 

Composite of CV 

death, MI, stent 

thrombosis, and 

target-vessel 

revascularization ≤1.  

CV death, 

MI, ST and 

TLR ≤1 year 

post 

randomisatio

n 

OCT guidance did not lead to a decrease in MACE at 12 months. OCT-

guided primary PCI for STEMI was associated with a larger final in-

stent minimum lumen diameter. 

DOCTORS 

[454], 2016 

Prospective, 

randomised, 

multicenter 

OCT versus 

Angiography 

240, 120 

(OCT+Angio), 

120(Angio) 

6 mths 

FFR measured at the 

end of the procedure.  

 

Death, MI, 

ST and TLR 

Significantly greater FFR value with OCT guidance versus 

angiographic guidance (0.94±0.04 versus 0.92±0.05, p=0.005) 

Kim/Yoon 

[362], 2016 

Propensity 

score-

matched, 

observational/

dual centre  

OCT versus 

IVUS 

guidance 

228, 114 (OCT 

group), 114 

(IVUS group) 

12 mths 

One-year cumulative 

incidence of MACE 

Death, MI 

(excluding 

peri-

procedural 

MI and TLR 

Similar rates of MACE (3.5% vs 3.5%, p=1.0), stent thrombosis (0% 

vs 0.9%, p=1.0) and optimal stent placement (89.5% vs 92.1%, 

p=0.492) between OCT and IVUS group 

ILUMIEN 

III: 

OPTIMIZE 

Randomised 

controlled trial  

OCT versus 

IVUS versus 

angiography 

450,158 to 

OCT,146 to 

IVUS and 146 to 

angiography 

Post-PCI minimum 

stent area assessed by 

OCT  

MACE 

(angiographi

c dissection, 

perforation, 

1.) OCT guidance was non- inferior to IVUS guidance (one-sided 

97.5% Lower CI -0.70mm2,, p=0.001) but not superior (p=0.42). 

2.) OCT guidance was not superior to angiography guidance (p=0.12) 

3.) Procedural MACE was not significantly different in three groups: 
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PCI  [186], 

2016 

30 days thrombus or 

acute 

closure), 

requiring 

active 

intervention 

OCT group (3%), IVUS group (1%) and (1%) (OCT vs IVUS p=0.37; 

OCT vs angiography p=0.37) 

 

OPINION 

[357], 2017 

Propensity 

Score  

matched/rando

mised 

multicenter 

OCT versus 

IVUS 

guidance 

829 

414 (OCT 

group), 415 

(IVUS group) 

12 mths 

TVF defined as the 

composite of cardiac 

death, TV related 

myocardial infarction 

and ischemia- driven 

TLR until 12 months. 

Cardiac 

death, MI or 

repeat TLR 

Non-inferiority of OCT guided PCI to IVUS guided PCI (hazard ratio 

1.07, upper limit of one sided 95% CI1.80, P(inf)=0.042 

J-Minute 

(Okura) 

[445], 2016 

Multicenter 

registry  

OCT versus 

IVUS versus 

Angiography 

2788,152 (5.5%) 

OCT 1947 

(69.8%) IVUS 

and 689 (24.7%) 

angiography 

FU In-hospital 

In-hospital mortality Death, 

cardiac 

failure, 

VT/VF  

bleeding 

during 

hospitalisati

on 

In-hospital death in each group was 10.4%, 5.1%, and 3.3%, 

respectively (P < 0.01). Intravascular imaging was associated with 

better in-hospital survival in AMI 

Jones [455],  

2018 

Multicenter 

registry 

OCT versus 

IVUS versus 

Angiography 

87,166 

1,149 (1.3%) 

OCT 10,971 

(12.6%) IVUS, 

patients, and 

75,046 

angiography 

 Median FU 4.8 

years 

All-cause mortality at 

a median of 4.8 years  

 

Death, MI, 

Stroke and 

TLR 

1.) A significant difference in mortality b/w OCT group(7.7%) vs 

IVUS-guided (12.2%) or angiography-guided (15.7%; p < 0.0001) 

PCI, with differences seen for both elective (p < 0.0001) and ACS 

subgroups (p = 0.0024).  

2.) Overall this difference persisted after multivariate Cox analysis 

(HR: 0.48; 95% CI: 0.26 to 0.81; p = 0.001) and propensity matching 

(hazard ratio: 0.39; 95% CI: 0.21 to 0.77; p = 0.0008; OCT vs. 

angiography-alone cohort), with no difference in matched OCT and 

IVUS cohorts (HR: 0.88; 95% CI: 0.61 to 1.38; p = 0.43). 

 

Follow up =FU, Myocardial infarction=MI, Stent Thrombosis=ST, Target Vessel =TV, Target vessel failure =TVF, Target lesion revascularisation =TLR, 



69 

 

Multivariate analysis identified lipid plaque (OR: 5.99; 95% confidence interval: 2.89–12.81; 

P<0.001) and minimum lumen area (OR: 0.64; 95% confidence interval: 0.42–0.96; P=0.029) 

as independent predictors of binary SER. Receiver-operating characteristic  analysis 

demonstrated that lipid arc of 185° (sensitivity: 71%; specificity: 72%; area under the curve: 

0.761) and MLA of 4.10 mm2 (sensitivity: 67%; specificity: 77%; area under the curve: 0.787) 

were optimal cutoff values for predicting ischemia-driven SER. 

A summary of studies investigating plaque features predicting PCI outcomes is presented in 

Table1.11. 

 

1.17.9 Imaging Coronary Atherosclerotic Plaque using OCT 

The first in vivo characterization of coronary atherosclerotic plaque using high-resolution OCT 

was performed in 2002 [456].  Since then OCT has provided great insights into understanding 

in vivo the various stages of atherosclerotic plaques, morphological characteristics of plaque 

at risk of rupture, and various morphological forms of lesions responsible for ACS. 

Additionally, characterisation and quantification of various OCT plaque features have been 

investigated for predicting plaque progression and PCI related outcomes [286, 305, 448, 457-

461] (Table1.12). 

Qualitative assessment of various plaque features can be performed with the guidance of expert 

review documents drafted by the European and American OCT expert reviewers [285, 286, 

297]. The normal coronary vessel appears as a three-layered structure on cross-sectional OCT 
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Table 1.11 Summary of studies demonstrating various OCT plaque features predicting PCI outcomes 

 

Study/ Year Study Design Study Aim Sample 

Size 

Primary endpoint/ MACE 

Definition 

Follow-up 

duration 

Main results 

Lee [448], 

2011 

Prospective, 

observational  

To study the 

relationship b/w pre-

PCI plaque 

morphology and 

post-PCI MI 

131 PCI-related MI  

Cardiac death, stroke, PCI 

related MI, VT/VF, AV 

block, CHF, Cardiac surgery, 

TLR, PCI for a new lesion   

12 months 1.)  In multivariable analysis, presence of thin-cap 

fibroatheroma (odds ratio, 10.47; P<0.001) and type B2/C 

lesions (odds ratio, 3.74; P=0.008) were predictors of 

post-PCI MI.  

 

Kimura [449], 

2015 

Prospective, 

observational  

To investigate the 

predictors of 

periprocedural MI in 

patients with stable 

CAD 

193 Periprocedural MI 

New or recurrent angina, MI, 

TLR, CHF and cardiac death 

 

12 months 1.) OCT-derived thin-cap fibroatheroma (OCT-TCFA; 

OR, 3.406; 95% CI: 1.307–8.872; P=0.012) and IVUS-

identified echo-attenuated plaque (EA; OR, 3.623; 95% 

CI: 1.700–7.721; P<0.001) were independent predictors 

of PMI on multivariate logistic regression analysis. 

 

Kini [462], 

2015 

Retrospective To compare the 

relative merits of 

OCT, IVUS and 

NIRS for predicting 

periprocedural MI in 

CAD patients 

110 Periprocedural MI  NA 1.) Fibrous cap thickness was the only independent 

predictor for PMI (odds ratio [OR]: 0.90, p = 0.02) or 

cTnI ≥5× (OR: 0.91, p = 0.04).  

2.) If OCT findings were excluded from the analysis, 

plaque burden (OR: 1.13, p = 0.045) and maximum 4-mm 

lipid core burden index (OR: 1.003, p = 0.037) emerged 

to be the independent predictors 

Ozaki [451], 

2011 

Retrospective, 

observational 

To investigate 

whether PCI for 

TCFA is related to 

MVO in patients 

with ACS by using 

OCT and MRI. 

115 

 

 MVO at 1-week post-infarct, 

LV function and infarct size 

at 1-week post-infarct as 

assessed on MRI 

1 week Patients divided in to 3 groups (plaque rupture group=59, 

TCFA group=21, non-ruptured/non-TCFA group=35) 

The TCFA group more frequently presented MVO 

(ruptured plaque, 27%; versus non-rupture with TCFA, 

43%; versus non-TCFA and non-rupture, 9%; P=0.012). 

The prevalence of MVO increases as cap thickness 

decreases. 
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Tanaka [344], 

2009 

Prospective, 

Observational 

whether pre-PCI 

OCT could predict 

myocardial no-

reflow NSTEACS. 

83 Post PCI no-reflow 

phenomenon (defined as post-

stent TIMI Grade 0, 1, or 2 

flow in the absence of 

mechanical obstruction on 

angiograms) 

 
1.) TCFA more frequent in  no-reflow group than in the 

reflow group (50% vs. 16%, P =0.005). 2.) lipid arc alone 

was an independent predictor of no-reflow (odds ratio 

1.018; CI 1.004–1.033; P = 0.01). 

 

Ikenga [460], 

2013 

Prospective,   

observational  

To assess the 

association b/w 

longitudinal extent 

of the lipid pool 

assessed by OCT 

and microvascular 

reperfusion 

estimated by ST-R 

39 ST-R (defined as >50% 

decrease of ST-segment 

elevation at 1 h after primary 

PCI)  

 
1.) In the receiver operating characteristics curve 

assessing the ability of length of lipid pool to predict ST-

R, AUC was 0.74 (p = 0.02). 3.) Length of lipid pool >9.0 

mm best predicted the absence of ST-R with sensitivity 

88% and specificity 78%. 

Ino [434], 

2016 

Retrospective, 

observational 

To determine OCT 

predictors for 

angiographic late 

SER after EES 

implantation. 

319 Angiographic SER at 9-12 

months (defined as percent 

diameter stenosis >50% 

within the stent at follow-up, 

and the patterns of restenosis 

were determined using the 

Mehran classification) 

Mean follow-

up duration 

in the SER- 

and the non-

SER group 

was 9.9±1.8 

and 9.8±1.3 

months, 

respectively 

1.) In SER group, lipidic plaque in stented edge segment 

(61% versus 20%; P<0.001) was more often observed   

2.) MLA (4.13±2.61 versus 5.58±2.46 mm2; P=0.001) 

was significantly smaller in the SER group vs non-SER 

group  

3.)  lipidic plaque (odds ratio: 5.99; 95% CI: 2.89–

12.81; P<0.001) and MLA (OR: 0.64; 95% CI: 0.42–

0.96; P=0.029) were independent predictors of binary 

SER. 

Prati et al 

[463], 2018 

Prospective, pilot 

observational 

 

To generate a new 

imaging grading 

system of plaque 

vulnerability using 

OCT and IVUS-

NIRS 

63 Correlation between OCT 

criteria of plaque 

vulnerability and incidence of 

cardiac events attributable to 

atherosclerotic plaques.  

 

 

 1.) The co-presence of the three features of vulnerability 

in the same lesion (MLA < 4 mm2, FCT <75 μm and 

superficial inflammatory cells) was by far more frequent 

in the plaques with acute local thrombosis than in controls 

(OR 40.6). The between-group OR for the simultaneous 

presence of these three variables was much greater than 

that of the single or the double variable combinations 

 

Everolimus-eluting-stent =EES, Minimum lumen area =MLA, Stent edge restenosis =SER, ST-Segment resolution = ST-R, Thin-cap fibroatheroma=TCFA, Microvascular 

obstruction =MVO,  
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images (Figure 1.19). The media is seen as a dark band delimited by the internal elastic lamina 

(IEL) and external elastic lamina (EEL). Histologically, the IEL consists of a thin layer of 

elastic fibres (<3 µm) and generates a signal-rich band (around 20 µm) between the intima and 

media. The EEL consists of a few, often discontinuous layers of short elastic fibres that span a 

thickness of 3–6 µm. The presence of the EEL causes a signal-rich band (around 20 µm) 

between the media and adventitia. The adventitia is a signal-rich, heterogeneously textured 

outer layer [286, 296, 308, 464]. The thickness of the media ranges from 125 to 350 µm (mean 

200 µm) and can be visualized easily by OCT [465, 466].  

Due to its limited tissue penetration (1–1.5 mm), OCT is not suited to study vessel remodelling, 

which is well addressed by IVUS. In fact, in the presence of a large plaque burden, OCT does 

not penetrate sufficiently to demarcate total plaque area or lipid-rich core area [286, 467].  

 

Figure 1.19 OCT shows the three-layer appearance of the normal vessel wall, with the 

muscular media being revealed as a low signal layer located between the internal and 

external lamina 
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Table 1.12  Summary of studies investigating OCT plaque characterisation in patients with coronary artery disease and the association of various 

plaque features with plaque progression 

Author  Sample size Aims/Hypothesis Main findings 

  
Microchannels 

 
Choi [468], 2014   

40 pts with mild 

atherosclerosis 

Coronary segments with endothelial 

dysfunction show macrophages and vasa 

vasorum in patients with early coronary 

artery disease. 

1.) Coronary artery diameter change in response to acetylcholine was more severe in segments 

showing macrophages and microchannels than those without  

2.) Segments with both macrophages and microchannels tended to have worse endothelial 

function than those with macrophages alone and microchannels alone  

 Kitabata [458], 2010  63 consecutive 

patients with CAD  

To investigate the relation between 

microchannels in culprit plaques 

identified by OCT and plaque 

vulnerability in patients with CAD 

1.) TCFA and positive remodelling was more commonly present in patients with microchannels  

2.) The thickness of the fibrous cap was significantly less in the patients with microchannels  

3.) The frequency of plaque rupture tended to be greater in the microchannel group 

Uemura [339], 2011 53 consecutive 

patients who 

underwent PCI 

to clarify the morphological 

characteristics of Non-obstructive 

plaques in patients with CAD using OCT 

Compared with non-obstructive plaques without progression, those with progression showed a 

significantly higher incidence of intimal laceration, microchannel, lipid pools, TCFA, 

macrophage, and intraluminal thrombi.  

  Cholesterol Crystals (CC)  

Yu Kataoka [469], 2015  250 patients with 

stable CAD  

To study the impact of cholesterol crystals 

on plaque vulnerability in stable patients 

with coronary artery disease. 

1.) Non-culprit plaques with CC had a larger average lipid arc, a smaller fibrous cap thickness, 

and a higher prevalence of TCFA, microchannel, and plaque rupture 

2.) Culprit plaques with CC also exhibited a larger lipid arc and a greater frequency of TCFA 

3.) During the 2-year follow-up, the incidence of MACE was similar between non-culprit lipid 

plaques with and without CC (12.0% vs. 12.8%, p = 0.80). 

Nishimura [470], 2017  173 patients with 

ACS or stable 

angina 

To study the role of cholesterol crystals in 

plaque destabilization, as well as their 

origin and composition 

The frequency of cholesterol crystals increased in proportion to the accumulation of the number 

of components of their vulnerable plaque features within the culprit lesion segment 

 (2) Low HDL levels, diabetes mellitus, the presence of plaque rupture, intimal vasculature, and 

thrombus were independent factors associated with cholesterol crystals.  



74 

 

Dai [471], 2016  221 consecutive 

patients with ACS  

To investigate the in vivo relationship 

between CC and culprit lesion 

vulnerability in patients with ACS. 

Culprit lesions with CCs had a higher incidence of macrophages accumulation, microchannel, 

plaque rupture, thrombosis and spotty calcification. Also, the mean lipid arc was larger, and the 

lipid index was greater.  

  
Macrophages 

 

MacNeill [336], 2004  49 to investigate the relationship between 

OCT detected macrophage distributions 

and clinical syndrome  

1.) A significantly greater macrophage density was found in unstable patients (both for fibrous 

and lipid-rich plaques) 2.) Sites of plaque rupture demonstrated a greater macrophage density 

than non-ruptured sites  

2.) Surface macrophage infiltration was a stronger predictor of unstable clinical presentation (p 

= 0.035)  

Minami [472], 2015  112 

50 ACS and 62 

SAP 

To investigate the clinical significance of 

bright spots in coronary plaque detected 

by OCT in patients with coronary artery 

disease.  

1.) Bright spot density in the culprit lesion was significantly higher in ACS patients compared 

to those presenting with SAP, particularly in the subgroup with ruptured culprit plaque 

2.) TCFA was associated with a trend towards a higher density of bright spots compared to non-

TCFA plaques 

  
   Thin Cap Fibroatheroma 

 

Takashi [473], 2010  42 patients (26 

AMI and 16 SAP) 

 

OCT examination to compare coronary 

lesion instability between AMI and SAP 

1.) The FC thickness was significantly thinner in AMI and the frequency of  TCFA was 

significantly greater in AMI than in SAP.  

2) TCFAs in both the infarct-related/target and the noninfarct-related/nontarget lesions were 

observed in 38% of patients with AMI but not in patients with SAP  

Jang [474], 2008  20 AMI, 20 ACS 

and 17 with SAP 

Whether OCT is capable of investigating 

detailed  plaque morphology in vivo. 

TCFA was more frequently observed in patients with AMI or ACS than SAP.  

Tanaka [475], 2008 43 consecutive 

ACS patients 

(with or without 

ST-segment 

elevation 

The relationship b/w the morphology of a 

ruptured plaque and the patient's activity 

at the onset of ACS. 

1.) The thickness of the broken fibrous cap correlated positively with activity at the onset of 

ACS.  

2.) The culprit plaque ruptured at the shoulder more frequently in the exertion group than in the 

rest group.  

3.) The thickness of the broken fibrous cap in the exertion group was significantly higher than 

in the rest-onset group.  

Yonetsu [476], 2011  103 ACS and 163   

stable angina 

patients 

The relationship between fibrous cap 

thickness and plaque rupture using OCT. 

1.)  From the ruptured plaques, the median thinnest cap thickness was 54 μm [50–60]. 

2.)The best cut-offs for predicting rupture were <67 μm (OR: 16.1, CI: 7.5–34.4, P < 0.001) for 

the thinnest cap thickness 

Acute myocardial infarction =AMI, Non-culprit plaque =NCP, Fibrous cap = FC, Thin cap fibroatheroma =TCFA, Stable angina patient =SAP

https://www-sciencedirect-com.ezproxy.library.uwa.edu.au/topics/medicine-and-dentistry/clinical-syndrome
https://www-sciencedirect-com.ezproxy.library.uwa.edu.au/topics/medicine-and-dentistry/clinical-syndrome
https://www-sciencedirect-com.ezproxy.library.uwa.edu.au/topics/medicine-and-dentistry/clinical-syndrome
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Due to the limitation of OCT to measure plaque burden, concept of ‘plaque free wall (PFW)’ 

as surrogate marker of plaque burden has been introduced. PFW is measured from the centre 

of the lumen as the arc of the cross section with a visible healthy wall with an intima media 

thickness of  ≤  0.5 mm. Hoogendoorn et al; demonstrated that PFW provides a reliable estimate 

of the PB, without the need to fully visualise the outer wall of the vessel [477]. 

The assessment of normal intima is beyond the resolution of OCT, as it is approximately 4 mm 

in thickness. However, an increase in intimal thickness with age is almost universal and OCT 

detects even the earliest stages of intimal thickening. The intima appears as a bright, 

homogeneous thin rim of tissue having a texture similar to fibrous plaque components (Figure 

1.19). However, the identification of pathological neointimal growth in stented vessel segments 

is limited by the lack of an established cut-off value [286]. 

 

 

 

Figure 1.20 OCT cross-sectional image demonstrating the intimal thickening  

Adapted from [285,286]. The left panel shows a diffuse intimal thickening revealed as bright 

homogenous layer and the right panel shows a localized thickening (arrow) 
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1.17.10 OCT Imaging of Various Stages of Plaque Progression  

OCT imaging can be useful for the in-vivo classification of atherosclerotic plaques due to its 

ability to visualize plaque micro and macro features that define the various stages of 

atherosclerosis [478].  

 

1.17.10.1  Pathological Intimal Thickening and Intimal Xanthoma  

Intimal thickening or intimal xanthoma is the first manifestation of atherosclerotic disease in 

epicardial arteries [78]. Histologically, regions of intimal thickening contain a focal 

accumulation of smooth muscle cells, with a proteoglycan-rich extracellular matrix and without 

inflammation. However, some evidence supports the idea that intimal proliferation is a 

precursor of a more- advanced atherosclerotic lesion [80, 479]. Alternatively, it is proposed 

that intimal proliferation is an adaptive vascular reaction to altered blood flow in coronary 

arteries [479]. Nonetheless, intimal thickening is a pathological phenomenon.  

Pathological intimal thickening with OCT typically appears as focal thickening of the intimal 

layer exhibiting a high backscattering signal (Figure1.20), with some degree of attenuation of 

the light beam in the deeper intimal layers [478]. When macrophages are present in the more-

superficial intimal layers, signal- rich, distinct, or confluent punctate areas with shadowing of 

the underlying tissue structure [285, 480] are observed on OCT imaging.  

 

1.17.10.1.1 Fibroatheroma  

In accordance with the AHA consensus classification of coronary atherosclerotic plaques, 

fibroatheroma is the first distinguishable plaque consisting of demarcated lipid-rich necrotic 

core encapsulated by surrounding fibrous tissue [79, 80]. On OCT, fibro-atheroma is defined 

as a lesion with a delineated fibrous cap and a lipid-rich core [285]. The fibrous cap has been 
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classified as thin (<65μm), medium-thin (65 to 150μm) and thick (>150 μm) [481]. Based on 

OCT appearances, plaques have been classified into three main categories [474, 482]: 

 (1) Fibrous atheroma (a homogenous high signal region on OCT), based on the thickness of 

the fibrous cap, it is sub-categorized into thin cap fibro atheroma (TCFA) or thick cap fibro 

atheroma (ThCFA). 

(2)  Lipid plaque (a low signal region with diffuse borders on OCT). 

(3) The fibro-calcific plaque has been described as a separate entity by a few authors in the 

existing literature [349, 483, 484].  

 

 

1.17.10.1.2  Thin Cap Fibro-Atheroma  

A TCFA conceptually represents a plaque with unique morphological characteristics 

associated with a higher risk of rupture. It is also often referred to as a ‘vulnerable plaque’ and 

characterized by a large necrotic core (usually >25% of the plaque area) encased by a thin 

fibrous cap (65m) [118]. OCT is the in-vivo ‘gold standard imaging modality’ for the 

measurement of fibrous cap (FC) thickness [485]. Previous studies have shown a strong 

correlation between histological and OCT-TCFA [486, 487]. 

Histological studies have demonstrated that most of the plaques in which rupture are less than 

65µm. OCT is the only intravascular imaging modality with the ability to measure the fibrous 

cap thickness with precision. Studies using OCT to identify TCFA have used cut off values 

ranging from less than 65 µm to 80 µm (Table1.13). The different cut-offs have been chosen 

mainly due to uncertainty on how best to account for the effect of the tissue shrinkage that 

occurs during histopathological processing [110, 335, 341, 472, 476, 484, 488]. 

An underlying, lipid pool is another important characteristic morphological feature of TCFA. 

The lipid-fibrous tissue interface causes a surrounding border of high, superficial 
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backscattering. On OCT imaging a lipid pool is defined as ‘a signal poor region within an 

atherosclerotic plaque, with poorly delineated borders, a fast OCT signal drop-off and little to 

no OCT signal backscattering, within a lesion that covered by fibrous cap’ [285]. A plaque is 

defined as ‘lipid-rich’ when these typical features extend by more than 90 degrees on a cross-

sectional image of the coronary artery in some studies, whereas others required more than 180 

degrees of extent [489, 490]. In the presence of more than one lipid arc, most studies have 

measured only the largest lipid arc [474, 489-491]. This method lends itself to the 

underestimation of lipid quantification. Kini et al. [492] have addressed this issue by including 

the sum of all the lipid arcs on the vessel cross-sectional image. On the conceptual front, the 

sum of all lipid arcs on a cross-sectional OCT image should give a better lipid quantification 

around the circumference of the vessel. Calcifications within plaques are identified by the 

presence of well-delineated, low back-scattering heterogeneous regions [349, 474, 483, 493, 

494]. Superficial micro-calcifications are small calcific deposits that sub-tend an angle less 

than 90° and are separated from the lumen by the rim of tissue less than 100 μm thick [349, 

456, 474, 494]. Superficial micro-calcifications are considered to be a distinctive feature of 

plaque vulnerability [286]. 

A thrombus is identified as a mass protruding into the vessel lumen discontinuous from the 

surface of the vessel wall. A red thrombus consists mainly of red blood cells; relevant OCT 

images are characterized as high-backscattering protrusions with signal-free shadowing. 

Whereas, a white thrombus consists mainly of platelets and white blood cells and is 

characterized by signal-rich, low-backscattering billowing projections protruding into the 

lumen [495].Various plaque features and their OCT appearance are summarised in Table1.14 

and shown in Figure1.21 ;
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Table 1.13 Summary of Various Studies Using Different Definitions of Fibrous Cap  to Define Thin Cap Fibro Atheroma 

Author/Year TCFA Definition Study 

Design/Sample 

size 

Method of Measuring TCFA Flushing 

Medium 

OCT System, 

Pullback speed 

Software for Analysis 

Xing [496], 

2017 

 lipid-rich plaque with 

the thinnest FC thickness 

< 65 µm 

Retrospective, 

1474 

Ave. value of FC thickness 

measured X3  at the thinnest 

part 

Contrast/ 

Saline 

FD 65% cases, TD 35% 

cases 

Offline Software for analysis 

Kini [450], 2017  Lipid rich plaque with 

FC thickness < 65 μ 

Prospective, 80 NS Contrast FD 

20 mm/sec 

 Ilumien; St. Jude Medical 

 Eitel [497], 

2016  

FC thickness < 65 μ Prospective,26 Average value of FC thickness 

after multiple readings 

Contrast FD 

20mm/sec 

OCT Workstation (Ilumien; St. 

Jude Medical) 

Gnandadesigan 

[498], 2016 

65 μ Prospective,85 The thinnest point of the cap 

measured. 

Contrast FD 

20 mm/sec 

MATLAB R2012B 

Gamou [499], 

2015  

Lipid content ≥ 2 quads 

with a thickness of ≤65 μ 

Prospective,126 Thinnest FC thickness and 

maximal LA measured.  

Dextran40 + 

RL 

TD 

1 mm/sec 

 

 Higoma [500], 

2015  

Lipid rich plaque (>90°) 

with a thickness of ≤65 μ 

Retrospective, 

112 

For each plaque, thinnest 

fibrous cap thickness was 

measured. 

NA NA   

 

 

 Brown [484], 

2015  

< 65μ Human Heart 

Autopsy, 14 

3x measurements at thinnest 

and mean value was taken 

  
Offline ST Jude Station 

 Xie [501], 2015  Lipid rich with <65μ Randomized, 65 Lipid Index= Mean Lipid core 

Arc X Lipid Length 

Saline TD 

3 mm/sec 

Plaques considered if separate > 

10μm 

 Fujii [341], 

2015 

< 65μ + Lipid content >1 

quad 

Human Heart 

Autopsy, 60 

Cap thickness measured x 5 

and avg. of 3 middle values 

were taken 

 
Ex vivo 

 

Minami [472], 

2015 

Lipid plaque with lipid 

arc >90° and a cap <65μ 

 Registry, 170 Fibrous was measured at the 

thinnest part. 

  
Proprietary software (SJM) 
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 Koyama [502], 

2015 

Lipid rich plaque with 

thinnest part <65μ 

Prospective, 47 

(22 ACS, 25 

SAP) 

TCFA was defined as the 

distance from arterial lumen to 

the inner border of the lipid 

pool.  

Contrast and 

Dextran 

Both 

20 mm (FD), 1 mm (TD) 

Proprietary software from light 

lab imaging 

Shimamura 

[503], 2014  

Cap thickness 69 mm in 

asymptomatic. and 62 

mm in NSTEMI. 

Retrospective, 80 

(33 ASP,47 

NSTEMI) 

NS contrast FD 

20 mm/sec 

NA 

Komukai [504], 

2014 

<65μ Randomized,pros

pective 

70 pts with USA 

NS A mixture of 

Dextran and 

RL 

TD, FD (only for proximal 

lesions) 

1 mm / Sec (irrespective of 

technique) 

Offline St Judes review system 

Tian [335], 

2014 

<65μ (Lipid rich plaque - 

max lipid arc >90°) 

Retrospective/Reg

istry,  

82 ACS patients  

Fibrous cap thickness 

measured at thinnest part 3 

times and the average value 

calculated. 

Contrast + RL FD+TD, 

1-3 mm/sec 

Proprietary software 

Tsubakimoto 

[505], 2014 

< 65μ overlying a lipid 

rich plaque (max lipid 

arc > 90°) 

Retrospective, 

16 ACS patients 

with CTA done in 

last one month 

NS Contrast + RL FD (6 lesions) +TD (10 

lesions) 

Off line Console 

Kataoka [506], 

2014 

≤65 μ & lipid arc ≥ 90° Retrospective/Reg

istry, 

275 with SAP 

Average of 3 measurements at 

the thinnest aspect 

Contrast FD, 

20 mm/sec 

Image J 

 Jia [430], 2013 < 65 with lipid ≥ 2 

quadrants 

Registry, 

126 pts with ACS 

Thinnest part of fibrous cap 

measured 

Saline (TD) 

Contrast (FD), 

1-3(TD), 20 

mm/sec(FD) 

TD + FD Analysed in MGH OCT Ocre Lab 

Kubo [507], 

2012 

Plaque with lipid rich 

plaque thinnest part of 

cap measuring ≤65 μ 

Prospective, 

30 patients with 

AMI 

 

3 readings on the frame and 

avg. value was computed 

RL TD  

1 mm/sec 

NA 

Bouki [490], 

2012  

Lipid rich plaque (2 or 

more quads) with 

thinnest part < 65 

Prospective, 

46 (32 ACS, 14 

SAP) 

Average of 3 measurements 

for each frame at its thinnest 

part 

Iso-osmolar  FD 

3 mm/sec 

Proprietary OCT imaging 

software (LightLab Imaging, Inc.) 
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Uemura [339], 

2012  

<65μ with large lipid 

pool (1 or more 

quadrants) 

Prospective, 

53 

NS RL TD 

1 mm/sec 

Proprietary software from 

Lightlab imaging 

Kato [482], 

2012  

≤65 with lipid arc ≥90° Registry, 

108 

FC thickness measured x3 at 

the thinnest part and avg. 

value calculated. 

Saline (TD) 

Contrast (FD) 

TD + FD 

1-3 mm/s + automatic 

pullback for FD 

Analysed in MGH OCT Ocre Lab 

proprietary software 

Cervinka [321], 

2012 

< 65μ Prospective, 

30 patients with 

AMI 

Thinnest part of TCFA 

measured 3 times 

contrast FD 

20 mm/sec 

OCT Console 

Yonetsu [508], 

2011  

80μ Prospective, 

266 

Ave. of thinnest part of FC 

measured for each image 

twice  

RL +Dextran 

40 and RL for 

FD 

TD + For lesions, 1 cm to 

ostium FD was used 

1 mm/sec 

Proprietary Software 

Miyamoto 

[509], 2011 

< 65μ Retrospective, 

141 

 Ave. of thinnest part of FC 

measured X 3 

RL TD 

1 mm/sec 

NA 

Kenichi [342], 

2010  

< 65μ + Lipid in ≥ 1 

quad 

Prospective, 

55 pts (35 AMI, 

20 SAP) 

 

 Thinnest part  measured X5   

ave. of middle 3 values 

calculated 

RL TD 

1 mm/sec 

 

Li [489], 2010 < 65μ + Lipid in ≥ 2 

quad 

Prospective, 

46 pts (12 AMI, 

23 USA, 11SAP) 

The thinnest part of TCFA 

measured 3 times 

Saline TD 

1-1.5 mm/sec 

Proprietary Lightlab OCT 

Kitabata [458], 

2010 

<70 μ ≤ 2 quadrants of 

lipid 

Prospective, 

74 

 
RL +Dextran 

and RL 

TD + FD (Ostial) 

1mm/sec 

 

 Tanaka [337], 

2008  

< 70μ and ≥2 quads of 

lipid 

Retrospective, 

43 with CAD 

(ACS and non-

ACS patients) 

 RL+ Dextran TD+ FD (only for proximal 

lesions) 

1 mm / Sec (irrespective of 

technique) 

 

Acute myocardial infarction =AMI, Fibrous cap =FC, Ringer Lactate =RL, Stable angina patient =SAP, ST- elevation MI =STEMI, non- ST elevation MI =NSTEMI, Unstable 

angina patient 



 

82 

 

 

Table 1.14 Appearance of the various vessel and plaque features on OCT imaging 

 

 

  

 

 

1.17.10.2 Identifying ACS pathology 

Clinical studies in humans have demonstrated that OCT can identify plaque rupture, plaque 

erosion and calcified nodules[313, 430, 500]. OCT imaging studies confirmed the presence of 

plaque rupture as the most-frequent event- causing lesion identified in patients with ACS[430, 

475, 476]. 

 

Normal Vessel Three concentric layers: high/low/high scattering [285, 297, 

349] 

Fibrous Plaque Homogenous high scattering 

Calcific Nodule Echolucent, diffuse borders, high attenuation [285, 349] 

Lipid Rich (Atheroma) Echolucent, sharp borders, high penetration [285, 297, 

349] 

Macrophages Punctate signal, high standard deviation [480, 510]  

Cholesterol Crystals Very high scattering, linear structures [511, 512] 

Collagen / Smooth Muscle Birefringent [513-515] 

Acute (Red) Thrombus Low birefringence, high attenuation [514, 515] 

Chronic (White) Thrombus High birefringence, low attenuation [514, 515] 
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Figure 1.21 Various OCT plaque features (A) lipid and calcium (B) plaque microfeatures, 

microchannels, cholesterol crystals and bright spots 

 

 

Ruptured plaques are distinguished from TCFA by the presence of a luminal thrombus 

overlying a thin, disrupted fibrous cap [478]. To establish OCT criteria of OCT-erosion and 

OCT calcified nodule the resolution limits of OCT and the effects of prior treatment of patients 

with antithrombotics and thrombolysis had to be considered. Diagnostic criteria on OCT for 

plaque-erosion and calcified nodule were developed by Jia et al [430]. The OCT-erosion was 

defined and categorized according to the absence of fibrous cap disruption and the presence of 

thrombus.  

Definite OCT-erosion was identified by the presence of attached thrombus overlying an intact 

and visualized plaque. Probable OCT-erosion was defined by 1) luminal surface irregularity at 

the culprit lesion in the absence of thrombus; or 2) attenuation of underlying plaque by 

thrombus without superficial lipid or calcification immediately proximal or distal to the site of 

thrombus. This contrasts with the pathological definition of erosion, which requires the 

presence of the attached thrombus.  
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The OCT- calcified nodule was defined as when fibrous cap disruption was detected over a 

calcified plaque characterized by protruding calcification, superficial calcium, and the presence 

of substantive calcium proximal and/or distal to the lesion[430]. In a retrospective study of 126  

ACS patients, Jia et al[430]; demonstrated that the prevalence of IFC-ACS (representative of 

pathological plaque erosion) was ∼30%[430]. This is similar to the previous report[516] and 

pathological data[517]. The application of such a classification and recommendation of 

management of non-critically occlusive IFC-ACS without stent implantation seems 

attractive[433] but warrants a randomized study[518]. Intuitively, such an approach may not 

only be cost-effective but a true application and translation of basic science to clinical 

medicine[519].  

 

1.17.10.3  Healed Plaques 

Previously ruptured healed plaques can be detected by OCT by identifying multiple tissue 

layers of different optical density overlying a large lipid core in the presence or absence of 

calcification. Histologically, in healed ruptured plaques, type III collagen is replaced by type I 

collagen. A band of high backscattering signal occurs between individual tissue layers, 

probably because of the greater optical density of type I than type III collagen. Furthermore, as 

corroborated in clinical studies, luminal stenosis is more severe in healed ruptured plaques than 

in other plaque types, because the narrowing effect of sequentially healing tissue layers cannot 

be appropriately compensated by positive re-modelling in the presence of severely diseased 

arterial tissue [478].  
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1.18  Common Occurring OCT Artifacts 

Most of the artefacts potentially can compromise the clinical interpretation of the images [341, 

467, 481, 520]. Hence great care needs to be taken to avoid misinterpreting these images as a 

pathological finding (Figure1.22). Few artefacts are inherent to OCT technology, while others 

occur due to improper technique.  The following are the most common artefacts encountered 

in routine OCT imaging; 

1: Flush artefact; Due to inadequate clearance of luminal blood during catheter pullback, 

residual blood can attenuate the OCT light beam and may defocus the beam if red cell density 

is high. A flush artefact can mimic as intraluminal thrombus. Flush artefacts can be avoided 

with proper imaging techniques such as proper intubation of guiding catheter, adequate contrast 

flushing for clearing of blood. 

2: Sew-up artefact is the result of rapid artery or imaging wire movement in one frame's 

imaging formation, leading to single point misalignment of the lumen border 

3: Non-uniform rotational distortion is the result of variation in the rotational speed of the 

spinning optical fibre. It is usually produced by vessel tortuosity or by an imperfection in the 

torque wire or sheath interfering with a smooth rotation of the optical fibre, which can result 

in focal image loss or shape distortion. 

4: Saturation artefact is a result of reflected light from a highly specular surface (usually stent 

struts) producing signals with amplitudes that exceed the dynamic range of the data acquisition 

system. 

5: Fold-over artefact results due to the “phase wrapping” along with the Fourier 

transformation when structure signals are reflected from outside the system's field of view such 

as in cases of the side branch and large vessels. 
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6: Merry-go-round artefact: Eccentricity of the image wire in the vessel lumen can influence 

many aspects of the image interpretation. This phenomenon is likely secondary to imaging 

sweep speed and is more pronounced with an eccentric image wire position. 

7: Sunflower effect: It is a by-product of rotational scanning, the reflection from metallic stent 

struts aligns toward the imaging wire creating a sunflower effect. 

8: Artefacts mimicking TCFA: Superficial shadowing due to strongly scattering 

macrophages in the superficial intima, as described in ex-vivo imaging, can mimic as TCFA 

[521]. Tangential signal dropout, resulting from a light beam striking the tissue under a 

glancing angle travelling almost parallel to the vessel wall, is another important imaging 

artifact leading to the erroneous diagnosis of TCFA [285, 521]. 

 

Figure 1.22 Commonly occurring artefacts seen during OCT imaging 

Adapted from [283].(A) incomplete blood displacement, resulting in light attenuation. (B) 

Eccentric image wire can distort stent reflection orientation; the struts align toward the 

imaging wire “sunflower effect” and are elongated “merry-go-round.” (C) Saturation artefact 

(D) Sew-up artefact (E) Air bubbles, formed inside the catheter, produce an attenuated image 

along the corresponding arc. The detail reveals the bubbles, bright structures, between 5 and 

9 o'clock. (F) Fold over artefact  
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1.19 Role of Invasive Coronary Imaging in Refining Risk Stratification of 

Patients with ACS  

Despite advancements in the invasive and pharmacological management of ACS, the rate of 

major adverse cardiovascular events remains unacceptably high [119, 120, 522]. Most 

importantly, in patients undergoing PCI for revascularization, more than half of the recurrent 

events are due to the progression of lesions in a previously non-stented segment (non-culprit 

lesions) [261]. One of the reasons is that atherosclerosis is a diffuse and progressive process 

driven by underlying systemic inflammation and metabolic perturbations.Therefore, the 

relative importance of disease developing in non-culprit arteries and segments may be 

increasingly important. Keeping this in mind, various attempts have been made to identify the 

non-flow limiting lesions in-vivo, which will lead to future coronary ischemic events. 

In particular, with the advent of intravascular imaging, much attention has been devoted to the 

hypothesis that the clinical (in-vivo) identification of high-risk plaque (TCFA), may prevent 

future major adverse cardiovascular events [107]. The PROSPECT study [261] (a prospective, 

multicentre study) conducted 3-vessel VH-IVUS imaging in 697 patients with ACS and 

evaluated the relationship between plaque features and major adverse cardiovascular events 

during a 3.4 year follow up. High-risk features of coronary plaque in IVUS including TCFA, 

plaque volume and remodelling as indicated by a minimal luminal area (MLA) <4mm2, were 

all associated with the risk of further events (Figure 1.23). One of the major arguments about 

the results of this study is that, although 595 TCFA’s were identified, only 26 (4%) were sites 

of recurrent events and this proportion increased to only 18% when all 3 high-risk features 

were included. Hence, the risk of myocardial infarction or sudden cardiac death related to these 

lesions was very low [117]. A similar study using IVUS-virtual histology (VIVA [VH-IVUS 

in Vulnerable Atherosclerosis]) reported nearly identical findings [523]. 



 

88 

 

 

 

Figure 1.23 Event rates for lesions that were and those there were not thin-cap 

fibroatheromas, at a medial follow-up of 3.4 years 

Adapted from[261]. 

 

Similar to the information provided by IVUS, studies using OCT suggest that a larger lesion 

plaque burden might indicate an increased risk of acute coronary events [496, 524]. In a   

prospective pilot study, Prati et al [463]; studied 87 coronary vessels in 63 consecutive patients 

(48 ACS patients and 15 with stable coronary disease), with OCT and IVUS-NIRS. The co-

presence of the three features of vulnerability in the same lesion (MLA < 4 mm2, fibrous cap 

thickness <75 μm and superficial inflammatory cells) was more frequent in the plaques with 

acute local thrombosis than in controls (Odds ratio= 40.6). The figure was even higher when 

lipid lesions with rupture and thrombosis were compared to non- ruptured lipid lesions (Odds 

ratio= 45.7). The addition of a fourth variable (lipid arc >90°) to the tripe vulnerability grading 

did not further improve the between-group OR.  The CLIMA study [525], a prospective, 

observational study,  that included 1003 patients who were referred for coronary angiography 

and underwent OCT imaging in a non-diseased proximal left anterior descending coronary 

artery. This study elegantly explored the predictive value of multiple high-risk OCT plaque 
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features in the untreated proximal LAD at the ‘patient-level analysis’.The hard composite 

endpoint of cardiac death and target vessel MI was 7.5× higher in patients who had lesions 

with a TCFA phenotype, lipid arc >180°, minimum lumen area <3.5 mm2 and macrophage 

accumulations, compared with those with plaques without high-risk characteristics (18.9% vs. 

3.0%) (Figure1.24). Various studies investigating the role of intravascular imaging in 

potentially refining the risk stratification in patients with CAD are summarised in Table 1.15. 

 

 

Figure 1.24 Event-free survival in patients based on the presensce of high-rick OCT plaque 

features in the CLIMA study 

 Adapted from[525] 

All of these studies, excluding the CLIMA study, adopted the ‘high-risk plaque’ rather than 

the ‘high-risk patient’ approach. The fundamental limitation of this approach is that the 

atherosclerotic disease burden of the entire coronary tree is not taken to consideration. in the 

risk assessment. These “high-risk” features are conceivably mere markers of more extensive 

and/or active atherosclerotic disease compared with the control group. Given the overwhelming 
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evidence for disease burden as a powerful predictor of outcome, any additional risk features 

should be assessed against it before we assume independent risk prediction [117]. 

Despite the ability to identify atherosclerotic lesions that exhibit vulnerable characteristics 

using various imaging tools (Table1.16), clinical studies have failed to demonstrate that 

identifying high-risk plaque features specific to one lesion can predict future events, related to 

that lesion. This can be explained by the fact that numerous pathological and clinical studies 

have shown that many plaques rupture without clinical syndromes [249, 337, 503, 524, 526-

532]. Furthermore, the current data support the hypothesis that the fibrous cap is far from fixed 

and static [533]. Fibrous cap undergoes continuous and dynamic remodelling and displays 

considerable metabolic activity [533].  

 

 Fibrils of interstitial collagen provide biochemical strength on the fibrous cap. The balance 

between synthetic and degradative processes closely controlled by inflammatory mediators 

regulate the level of collagen in the fibrous cap. The lymphokine gamma interferon (IFN-γ) 

can inhibit de novo synthesis of interstitial collagen by smooth muscle cells, the major source 

of this extracellular matrix protein in the artery wall [534]. Pro-inflammatory cytokines induce 

the expression of enzymes capable of breaking down constituents of the arterial extracellular 

matrix. In particular, matrix metalloproteinases, including interstitial collagenases and 

gelatinases, can degrade the collagen fibrils that lend strength to the plaque’s fibrous cap [535-

537]. Futhermore, elastolytic cathepsins such as cathepsins S and K, also regulated by 

inflammatory mediators and expressed in atheroma, can weaken elastin, another important 

component of the arterial extracellular matrix [538]. The plaque’s smooth muscle cell 

population also influences the level of extracellular matrix. Sites of fatal thrombosis where 

plaques fail mechanically and rupture typically have smooth cells [539, 540]. Death of these 

cells, a critical source of extracellular matrix macromolecules in the arterial wall, can occur in 
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atherosclerotic lesions. Inflammatory stimuli such as cytokines and fas ligand, factors 

overexpressed in atherosclerotic plaques, can trigger the complex mechanism of aptoptosis 

[541]. The absence of smooth muscle cells jeopardises the integrity of the fibrous cap because 

these cells repair and maintain the all-important collagenous matrix of the fibrous cap. Indeed 

plaques that rupture have thin and friable fibrous caps because of the lack of collagen [542, 

543]. 

Several longitudinal imaging studies in humans have demonstrated that plaque morphology 

changes over a few months, gaining or losing “vulnerable” characteristics [339, 544, 545].  

Kubo et al [544]. performed serial (baseline and 12-months follow up) VH-IVUS imaging to 

study the natural history of coronary artery lesions in 216 non-culprit lesions in 99 (including 

23 ACS) patients. At baseline, 20 lesions were VH-TCFAs; during follow-up, 15 (75%) VH-

TCFAs “healed,” 13 became ThCFAs, 2 became fibrotic plaque, and 5 (25%) VH-TCFAs 

remained unchanged. Compared with VH-TCFAs that healed, VH-TCFAs that remained VH-

TCFAs located more proximally (values are median [interquartile range]) (16 mm [15 to 18 

mm] vs. 31 mm [22 to 47 mm], p = 0.013) and had larger lumen (9.1 mm 2 [8.2 to 10.7 mm 2 ] 

vs. 6.9 mm 2 [6.0 to 8.2 mm 2 ], p = 0.021), vessel (18.7 mm 2 [17.3 to 28.6 mm2 ] vs. 15.5 

mm 2 [13.3 to 16.6 mm 2 ]; p = 0.010), and plaque (9.7 mm 2 [9.6 to 15.7 mm 2 ] vs. 8.4 mm 2[7 

to 9.7 mm 2 ], p = 0.027) areas; however, baseline VH-IVUS plaque composition did not differ 

between VH-TCFAs that healed and VH-TCFAs that remained VH-TCFAs. Conversely, 12 

new VH-TCFAs developed; 6 late-developing VH-TCFAs were pathological intimal 

thickenings (PIT), and 6 were ThCFAs at baseline. In addition, plaque area at minimum lumen 

sites increased significantly in PITs (7.8 mm 2 [6.2 to 10.0 mm 2 ] to 9.0 mm 2[6.5 to 12.0 

mm 2 ], p < 0.001), VH-TCFAs (8.6 mm 2 [7.3 to 9.9 mm 2 ] to 9.5 mm 2 [7.8 to 10.8 mm 2 ], 

p = 0.024), and ThCFAs (8.6 mm 2 [6.8 to 10.2 mm 2 ] to 8.8 mm 2 [7.1 to 11.4 mm 2 ], p < 

0.001) with a corresponding decrease lumen area, but not in fibrous or fibrocalcific plaque. 
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None of these patients experienced events during this period, providing further evidence of 

frequent subclinical plaque alterations. Similarly, another study used OCT to confirm the 

dynamic nature of the coronary atherosclerotic disease, demonstrating that TCFAs in various 

stages of development are highly prevalent in patients with coronary atherosclerotic disease 

[546]. In patients with acute coronary syndromes, plaque ruptures are frequently found apart 

from the culprit lesions, indicating that vulnerability is not a localized phenomenon in the 

coronary tree [248]. This suggests that the detection of a state of vulnerability in a patient (e.g., 

widespread inflammation) is more important than the detection of individual sites of 

vulnerability. The emerging picture of acute coronary event pathophysiology suggests a 

widespread, systemic condition with great unpredictability as to which particular lesion will be 

associated with clinically significant vascular thrombosis [547]. 

Plaque ruptures and erosions are indeed responsible for most culprit lesions in patients with 

acute events.  However, the frequency of subclinical plaque ruptures is vastly underestimated, 

with the result that the assumption that identifying lesions prone to rupture will prevent acute 

coronary events was unrealistic. Of the many plaque ruptures occurring in patients with 

atherosclerotic disease, very few will trigger symptomatic events, rendering it exceedingly 

difficult to predict adverse outcomes associated with particular lesions. Identifying individual 

lesions with features of vulnerability has not identified individual patients or individual lesions 

at risk of rupture leading to recurrent myocardial ischemic events [117].  

Various bodies of evidence suggest that the extent of the entire coronary artery disease rather 

than individual lesions predict future MACE [548-550]. Evolving evidence supports that 

assessment of features of plaque vulnerability at ‘patient-level’ has the potential of predicting 

future MACE [525]. More importantly, there is no conclusive evidence of incremental risk 

reduction with lesion-specific treatment. 
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1.20  Summary 

Acute coronary syndrome is the most severe clinical manifestation of atherosclerotic coronary 

artery disease. A significant number of patients with ACS suffer a recurrence of major 

cardiovascular events. Despite advancements in currently available therapies offered for 

secondary prevention, patients with ACS continue to have recurrent MACE. Existing clinical 

and angiographic risk stratification tools at best are modestly effective in identifying patients 

at risk. This is partly due to widespread heterogeneity in risk profile and clinical presentation 

of patients with ACS. With insights provided by autopsy reports and ongoing search for 

refining the risk stratification of this high-risk cohort of patients, in-vivo knowledge of plaque 

morphology has demonstrated the potential to refine the risk stratification of patients with ACS. 

However, due to the wide-spread nature of coronary atherosclerosis and the dynamic nature of 

‘high-risk plaques’, research focus needs to shift towards identifying high-risk patients based 

on in-vivo plaque quantification and morphological features rather than individual 

‘atherosclerotic lesions’.  

Optical coherence tomography is an infra-red light-based intravascular imaging modality. It is 

the highest resolution intravascular imaging modality that allows assessment of large plaque 

features (lipid, calcium, plaque free wall) as well as plaque microfeatures (macrophages, vasa 

vasorum and cholesterol crystals) in-vivo. OCT has rapidly gained clinical popularity to 

optimise the results of implanted stents and identifying post PCI pathologies associated with 

poor outcomes. Furthermore, studying plaque morphological features has gained attention in-

order to better understand the pathophysiology of ACS, as well as predicting plaque features 

associated with poor PCI outcomes. Based on knowledge from IVUS studies, research is 

continuing in search of OCT plaque features associated with future cardiovascular events to 

refine the risk stratification of patients with ACS. 
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1.21  Existing Gap in the Knowledge   

OCT is rapidly gaining popularity to study atherosclerotic plaque. It’s unique ability to study 

in-vivo plaque microfeatures (macrophages, vasa vasorum and cholesterol crystals), sets it 

apart from other intravascular imaging modalities. The existing report from the International 

Working Group for OCT standardization and validation and expert review document for OCT 

reporting, provide recommendations for accurate analysis of various plaque features and 

improving reproducibility. These documents provide baseline knowledge for interpretation for 

OCT cross-sectional images. However, there are basic image interpretation details that are not 

explained in the existing document. For example, it does not specify the frame interval for 

analysis of various plaque features. Therefore, inconsistencies exist in frame intervals for 

analysing various plaque features. This potentially can have a significant impact on 

quantification of various plaque features in particular microfeatures such as macrophages, 

microchannels and cholesterol crystals. 

The PROSPECT study demonstrated that 53% of the recurrent events were related to original 

culprit lesions. Stent failure (thrombosis and stenosis) remains an important cause of recurrent 

ischemic events in patients with ACS. Emerging data suggest that underlying plaque 

potentially plays a role in stent failure. However, to date plaque behind the struts is not studied 

in-vivo due to overlying strut shadows and current knowledge is limited to histological 

analysis.  

Studies using IVUS have demonstrated that in-vivo plaque characterisation can potentially help 

in refining the risk stratification and targeting therapies in patients with ACS. The recent data 

suggests plaque quantification and characterisation using OCT has the potential of predicting 
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future MACE in patients with CAD.  However, the role of OCT plaque analysis in further 

refining of risk stratification in ACS patients is not known. 

 

1.22  Aims of the Thesis  

The first part of this thesis aimed to refine the OCT plaque assessment methods and investigate 

the clinical utility of these methods. The specific aims were; 

1. To study the effect of various frame intervals for quantification of various plaque 

features and determine the adequate OCT frame interval for quantification of plaque 

features. 

2. To study the effect of stent artefact on quantification of various OCT plaque features 

3. To test the clinical utility of aim 2 and investigate whether there is an association 

between various plaque features behind the struts and microvascular dysfunction after 

PCI. 

 

The second part of this thesis aimed to investigate the role of OCT in the risk assessment of 

patients with ACS. Additionally, whether detailed OCT plaque analysis can be utilised to 

investigate the role of other non-invasive emerging modalities (molecular imaging) in risk 

stratification of patients with ACS. 

4. Whether plaque morphology detected on OCT associated with clinical (GRACE) and 

angiographic (SYNTAX) risk in patients with ACS. 

5. Whether there is an association between high-risk OCT plaque features and coronary 

artery 18-F sodium fluoride uptake in patients with ACS. 
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Chapter 2     Analysing Variable Frame Intervals for 

Quantification of Various Plaque Features Using Optical 

Coherence Tomography (OCT) 

This chapter has been published as part of ‘Majeed K, Hartman E, Mori TA, Alcock R, 

Spiro J, Ligthart J, Witberg K, Hillis G, van Soest G and Schultz C. The Effect of Stent 

Artefact on Quantification of Plaque Features Using Optical Coherence Tomography 

(OCT): A Feasibility and Clinical Utility Study. Heart, Lung and Circulation. 2019, 29(6): 

874-882 
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2.1 Abstract 

2.1.1 Introduction 

There is inconsistency in the frame interval used by experts for plaque analysis using Optical 

Coherence Tomography (OCT). However, plaque features are commonly analysed at one 

millimetre (mm) interval. We aimed to study the effect of using variable frame intervals on 

quantification of various plaque features using OCT. 

 

2.1.2 Methods and Results 

The OCT data from 3108 frames acquired from 27 patients prior to stent deployment were 

analysed. Various plaque components were quantified using means or medians over the culprit 

lesion segment by analysing 200m , 400m, 1 mm and  2mm. Lipid arc measurement 

demonstrated a strong correlation when measured at 400m (R=0.99,p <0.001), 1 mm (R=0.99, 

p < 0.001) and 2mm (R=0.98, p <0.001) when compared to 200m (consecutive) frame interval 

measurement. Calcium arc measurement demonstrated a strong correlation  when measured at  

400 m  (R=0.99, p <0.001), 1 mm (R= 0.94, p <0.001) and 2 mm (R=0.94, p <0.001) ) when 

compared to 200m (consecutive) frame interval measurement.. Quantification of macrophage 

showed a strong correlation (R=0.99 and 0.96 respectively for 400m and 1 mm frame 

intervals). However, macrophages were significantly underestimated by 57% and 85% with 

every second and fifth frame analysis respectively.    

2.1.3 Conclusion 

OCT plaque analysis at 1 mm frame interval accurately quantifies lipid and calcium. However, 

macrophages were significantly underestimated using 400m or 1 mm frame interval  

measurements instead of 200m (consecutive frames) frame interval. 
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2.2 Introduction 

Optical coherence tomography (OCT) is increasingly used for the optimisation of percutaneous 

coronary intervention (PCI) results and to study various plaque features with near microscopic 

detail [551]. Previous studies have demonstrated that using larger frame intervals (0.5-1.0 

millimetre) is sufficient for the measurement of endo-luminal stents areas. However, a smaller 

interval analysis for stent strut coverage is recommended [552]. Currently, there is a lack of 

existing data regarding the appropriate frame interval for analysis of various plaque features. 

The report from the ‘International Working Group for Intravascular Optical Coherence 

Tomography Standardization and Validation Recommendations’ also, does not address the 

optimal frame interval for plaque analysis and studies have used frame intervals ranging from 

consecutive frame to every tenth frame [504, 553]. The aim of this chapter was to study the 

effect of using variable frame intervals on quantification of various plaque components. 

 

 

2.3 Methods 

2.3.1 Study Population 

OCT studies acquired prior to stent deployment on 27 subjects who underwent persutaneous 

coronary intervention were retrospectively identified from the Royal Perth Hospital (RPH) 

OCT database. The study was approved by the institutional review board at RPH (Ref: 

QA13946). A waiver of consent was obtained for the enrolled patients. 
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2.3.2 OCT Image Acquisition 

OCT imaging was performed at the time of CAG/angioplasty. The frequency-domain OCT 

system (C7-XRTM OCT Intravascular Imaging System. St. Jude Medical, St. Paul, MN, USA) 

was used for the current study. A 2.7-Fr OCT imaging catheter (Dragonfly, Lightlab Imaging, 

Westford, MA, USA) was advanced over a standard 0.014 guidewire with the imaging marker 

sufficiently distal.  

Automated OCT pullback (pullback speed 20 mm/s) was performed during simultaneous iso-

osmolar X-ray contrast medium (Visipaque 320, GE Healthcare, Buckinghamshire, U.K.) 

delivery through the guide catheter, using a power injector (Covidien/Mallinckrodt Angiomat 

Illumina Contrast Delivery System, COVIDIEN (UK) Commercial LTD, Hampshire, UK). 

 

2.3.3 OCT Data Analysis 

All OCT images were anonymized and analyzed using proprietary software (OPTIS Offline 

Reviewer, St. Jude Medical, St. Paul, MN, USA). OCT images affected by incomplete 

clearance of blood, and frames involving bifurcations were excluded from final the analysis. 

The analysis was performed by a single expert reviewer  in OCT analysis. 

OCT plaque analysis was performed according to previously published methods [285, 286, 

509]. In brief, LA was measured clockwise and expressed in degrees. When two separate lipid 

pools were detected in the same cross-sectional frame, the sum of LA for each pool was 

calculated [492].Macrophage accumulation was defined as signal-rich, distinct or confluent 

punctuate regions that exceeded the intensity of background speckle noise [285, 336, 480]   The 

presence or absence of macrophages was recorded in the individual frames of each analysed 

run. Microchannels were defined as sharply delineated signal poor areas visible on multiple 



 

100 

 

contiguous frames [554]. Microchannels were counted in individual frames and the sum of 

frames with microchannels being recorded. Cholesterol crystals were defined as thin linear 

regions of high intensity without any attenuation [555]. Cholesterol Crystals  were quantified 

in a similar way.as microchannels. 

Quantification of various plaque features  were repeated using consecutive (200 µm interval), 

every second (400 µm interval), fifth (1 mm interval) and tenth frame (2 mm interval).  

 

2.3.4 Statistical Analysis 

Categorical variables were summarized as count (percentage), continuous variables as mean ± 

standard deviation or as median (25th, 75th percentile). The relationship between quantification 

using various frame intervals was determined using Pearson’s correlation or Spearman’s 

correlation coefficient as appropriate. Statistical analyses were performed with SPSS software 

version 24.0 (IBM Corp.,Armonk, NY, USA). A p-value of < 0.05 was considered significant. 

2.4 Results 

The OCT data from 3108 frames performed pre-stenting on 27 patients (mean age 59±14 years, 

68% of males) were analysed. The vessels imaged were left anterior descending artery (LAD) 

in 67%, left circumflex artery (LCx) in 11%, right coronary artery (RCA) in 11% and left main 

stem (LM)/ proximal LAD in 11%. The indication for coronary angiography included: ACS in 

67%, STEMI in 15% and angina in 18%. 

The mean difference in the quantification of large plaque components (lipid and calcium), and 

correlations using variable frame intervals are shown in Table2.1. When compared to 

quntification based on consecutive frames, there was a mean difference of < 1º (0.5%) with 

400 m and 1 mm and 2.6º (3%) with 2 mm frame interval for quantification of LA was 

noticed. Quantification of CA showed a mean difference of < 1º (3%) ,-1.1º (-4.2%), -2.2º 
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(7.9%) with 400 m, 1 mm and 2 mm frame intervals, respectively. The mean difference in the 

quantification of smaller plaque components (macrophages, microchannels and cholesterol 

crystals) and correlations using variable frame intervals are shown in Table 2.2. 

 

 

Table 2.1 Difference in the quantification of large plaque features with increasing sampling 

frame intervals compared to consecutive frames 
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Table 2.2 Difference in the quantification of small plaque features using variable frame 

intervals compared to consecutive frames. 

 

 

 

2.5  Discussion 

In this study, various OCT plaque features were quantified using variable frame intervals. The 

results of this study showed that: (1) The quantification of lipid and calcium was similar using 

400 m and 1 mm and strongly correlated to the quantification using consecutive frames, (2) 

There was a strong correlation but significant underestimation in the quantification of small 
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plaque features (macrophages, microchannels and cholesterol crystals) using 400 m  and 1 

mm interval compared to the quantification using consecutive frame analysis. 

Analysing consecutive frames provides accurate quantification of various plaque components 

but requires significantly greater analysis time. These data indicate that analysis at 1 mm (every 

fifth) frame interval for quantification of lipid and calcium is numerically similar and strongly 

correlates with 200 m (consecutive) consecutive frame interval quantification. This is likely 

due to the fact, that these plaque components extend along the length of the vessel. The high 

resolution of OCT allows quantification of these features at every millimetre (every fifth frame) 

with similar accuracy as consecutive frame analysis, thus significantly reducing analysis time 

of large plaque components such as lipid and calcium. 

Macrophages, microchannels and cholesterol crystals are smaller plaque components. Due to 

their smaller size and random distribution along the entire plaque length, there is more 

likelihood of underestimation of these features, as demonstrated in this study. Furthermore. 

traditional assessment of macrophages relies on characteristic visual appearance of punctate 

regions with higher signal attenuation or the use of specialised offline software algorithms. 

However, the specificity of these methods has been challenged[556].  

 

2.6 Conclusion 

This study demonstrates that a sampling interval of 1mm for lipid and calcium arcs and 200 m for 

counting small plaque features optimizes accuracy and feasibility of OCT plaque quantification . 
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Chapter 3 The Effect of Stent Artefact on Quantification of Plaque 

Features Using Optical Coherence Tomography (OCT): A 

Feasibility and Clinical Utility Study 

 

This chapter has been published as part of ‘Majeed K, Hartman E, Mori TA, Alcock R, Spiro 

J, Ligthart J, Witberg K, Hillis G, van Soest G and Schultz C. The Effect of Stent Artefact 

on Quantification of Plaque Features Using Optical Coherence Tomography (OCT): A 

Feasibility and Clinical Utility Study. Heart, Lung and Circulation. 2019, 29(6): 874-882 
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3.1 Abstract 

3.1.1 Background  

Optical coherence tomography (OCT) can detect detailed plaque features in native coronary 

arteries. Stent struts cause shadows that partially obscure the vessel wall, but plaque features 

can still be seen. This study investigated the impact of stent artefact on plaque quantification 

and whether the plaque behind struts is associated with microvascular dysfunction. 

 

3.1.2 Methods 

Patients were retrospectively recruited from two centres, who underwent OCT pre- and post-

stenting on the same vessel segment. Lipid (LA) and calcium (CA) were measured as arcs. 

Macrophages, microchannels and cholesterol crystals were counted. Subsequently, we 

determined whether stented plaque features were associated with reduced TIMI flow grade in 

consecutive patients who underwent OCT post-stenting.  

 

3.1.3 Results  

In 52 patients the lipid arc was similar pre- vs post-stent: median (55º [13º-93º] vs. 40º [18º - 

87]; difference 1º [-7º – 16º], p=0.054). Pre- and post-stent lipid were strongly correlated (R= 

0.92, p <0.001). In a further 128 patients those with reduced (TIMI≤II) vs normal flow post 

PCI showed more plaque behind struts: lipid (89º [50º-139º] vs 62º [29º-88]; p< 0.001); and 

calcium (24º [6º-45º] vs 7° [0º-34º]; p=0.031). Multivariate logistic regression analysis showed 

that abnormal TIMI flow post-stenting was independently associated with diabetes [Odds ratio 

(OR) 2.87, CI 1.01-8.19, p=0.048], LA (OR 1.29, 95% CI 1.14-1.38, p< 0.001) and CA (OR 

1.26, CI 1,07-1.40, p=0.005). 
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3.1.4 Conclusion  

Plaque behind the struts can be accurately quantified using OCT. Furthermore, OCT plaque 

features in stented segments are associated with microvascular dysfunction post PCI. 
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3.2 Introduction 

OCT can detect coronary plaque features at near microscopic resolution [281]. The features of 

plaque on OCT may be used clinically to identify patients at risk of poor outcomes after 

coronary stenting [448, 460] and to examine the local plaque response to pharmacotherapy 

[491]. Although the application of OCT for examining plaque features is well established, there 

is a gap in the existing knowledge. OCT in clinical practice is commonly performed only post 

stenting to optimise PCI results [507, 557]. Plaque features behind struts are routinely excluded 

from the analysis of OCT registries aimed at examining clinical and procedural outcomes 

[285].  However, anecdotally various plaque features remain visible in the presence of stent 

struts.  

This chapter tests the hypothesis that plaque morphology behind struts could be quantified 

using OCT and potentially provide clinically important information. This study aimed to (i) 

measure the effect of stent artefact on plaque features and (ii) determine whether the OCT 

plaque features behind the stent struts are associated with microvascular dysfunction. 

 

3.3 Methods 

3.3.1 Study Population 

To assess plaque features pre- and post stenting participants undergoing PCI, were recruited 

retrospectively from two centres, Royal Perth Hospital (RPH, Perth, Western Australia) and 

Thoraxcenter Erasmus Medical Centre (EMC, Rotterdam, Netherlands) (Figure3.1).  Baseline 

demographic data was collected from each centre’s electronic patient database. Discharge 

documentation, coronary angiography, OCT images and procedure reports were reviewed. The 
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study was approved by the individual institutional review boards of the two centres. A waiver 

of consent was granted for the retrospective registry at Royal Perth Hospital. 

To study the association between post-PCI plaque features and microvascular dysfunction, 

additional patients who underwent OCT post-PCI from October 2013 to August 2017 were 

identified retrospectively from the Royal Perth Hospital OCT database.  

 

Figure 3.1 Flow-chart showing the stepwise recruitment of the patients for the study 

 

 

 

3.3.2 OCT Image Acquisition 

OCT imaging was performed at the time of CAG/angioplasty. The frequency-domain OCT 

system (C7-XRTM OCT Intravascular Imaging System. St. Jude Medical, St. Paul, MN, USA) 
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was used for the current study. A 2.7-Fr OCT imaging catheter (Dragonfly, Lightlab Imaging, 

Westford, MA, USA) was advanced over a standard 0.014 guidewire with the imaging marker 

sufficiently distal.  

Automated OCT pullback (pullback speed 20 mm/s) was performed during simultaneous iso-

osmolar X-ray contrast medium (Visipaque 320, GE Healthcare, Buckinghamshire, U.K.) 

delivery through the guide catheter, using a power injector (Covidien/Mallinckrodt Angiomat 

Illumina Contrast Delivery System, COVIDIEN (UK) Commercial LTD, Hampshire, UK). 

 

3.3.3 OCT Image Acquisition and Data Analysis 

OCT imaging was performed as per standard cardiac catherisaton protocol described in Chapter 

2; Section 2.3.2. All the OCT images were anonymised prior to analysis. Stented segments 

were identified using concurrent angiographic images. The nearest side branch was used as a 

marker to identify the target segment pre-and post-stent. The distance of the stent edge to the 

nearest side branch on the post-PCI images was used to identify the segment of interest in pre-

PCI OCT runs.  OCT frames where the image quality was affected by incomplete clearance of 

blood or other artifacts and frames involving bifurcations were excluded from final 

analysis.OCT frames were analysed at 1mm intervals.  OCT plaque analysis was performed as 

previously described in Chapter 2; Section 2.3.3.  

To study the association between plaque features behind the strut and abnormal TIMI flow post 

stenting, OCT frames were analysed at 1 mm intervals for both LA and CA and consecutive 

frames (200 µm) were analysed for small plaque features including macrophages, 

microchannels and cholesterol crystals. 

Post stent deployment angiograms were reviewed to assess the TIMI flow. TIMI flow was 

graded as previously described [558, 559]. Based on TIMI flow post-PCI, patients were divided 
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into a TIMI III group (normally restored post-PCI blood flow to the distal vessel) and a ≤TIMI 

II group (abnormal post-PCI blood flow to the distal vessel). 

All OCT analyses were performed by a separate independent operator at both sites. Analyses 

of pre-stenting images and post-stenting images were temporarily separated by 8 weeks and 

performed on anonymized datasets.  To study post-PCI microvascular dysfunction, all OCT 

analyses was performed by an independent operator blinded to the TIMI flow of the patients. 

Post-PCI TIMI flow scoring was performed by an independent operator blinded to the OCT 

analysis. 

 

3.3.4 Statistical Analysis 

Categorical variables were summarized as count (percentage), continuous variables as mean ± 

standard deviation or as median [25th-75th percentile] as appropriate to the distribution. 

Continuous variables were compared using a paired Student’s t-test or Wilcoxon signed-rank 

test.  The agreement between various plaque features pre- and post-stenting was assessed by 

Bland-Altman difference plots and Pearson’s correlation or Spearman’s correlation coefficient 

as appropriate. To test the effects of variable frame intervals on plaque quantification, 

continuous variables were compared using a paired Student’s t-test or Wilcoxon signed-rank 

test and Pearson’s correlation or Spearman’s correlation coefficients as appropriate.To test 

whether post-PCI plaque features are associated with microvascular dysfunction, we used the 

Mann-Whitney U test and for categorical data the Pearson Chi-Square test. Independent 

predictors of reduced TIMI flow post-PCI were analysed using a univariate logistic regression 

model. Individual clinical and plaque features with significant predictive value (p<0.1) on 

univariate analysis were further evaluated with multivariate logistic analysis. Backward 

elimination was used to determine the most parsimonious multivariate model.  Intra- and inter-
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observer variability was examined by using the intra-class correlation coefficient (ICC), two 

way a mixed model for absolute agreement. Statistical analyses were performed with SPSS 

software version 24.0 (IBM Corp., Armonk, NY, USA). A p < 0.05 was considered significant.  

 

3.4 Results 

3.4.1 Pre-and post-PCI OCT plaque features 

OCT data from 7,729 frames on 52 patients (mean age 6012 years and 71% male) were 

included in the final analysis (Table 3.1). The number of OCT images analysed pre- and post-

PCI was similar: 3,831 pre-PCI frames (mean of 74±57 frames per patient) and 3,898 post-PCI 

frames (mean of 75±55 frames per patient).  

There was a strong correlation between pre-PCI and post-PCI LA, R = 0.92, p<0.001 and good 

agreement on a Bland-Altman plot (Figure3.2).  Lipid arc was similar both pre-PCI and post-

PCI (55º [13º-93º] vs 40º [18º-87]; difference 1º [-7º–16º], p=0.054) (Table3.2). There was a 

strong correlation between pre-PCI and post-PCI CA: Rs =0.93, p<0.001 and good agreement. 

Calcium arc was significantly underestimated post-PCI vs pre-PCI (21º [2º-42º] vs 18° [2º-35º] 

with a median difference 2 [0º-10º], p=0.001). 

There was a moderate correlation between pre-PCI and post-PCI macrophages, Rs =0.84, 

p<0.001 and good agreement between pre-PCI and post-PCI macrophages (Figure3.3). The 

median number of macrophages was significantly underestimated post-PCI vs pre-PCI (9 [3-

19] vs. 8 [3-14]; difference 3 [1-7], p<0.001). 
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Table 3.1 Baseline Demographic Data of Patient Included for Pre-and Post-PCI Plaque 

Analysis 

 

Risk Factors 

N(%) meanSD 

Median [25th to 75th percentile] 

  

Total N=52 

Age (Years) 60.1  12.4 

Male Sex   37 (71.2) 

Co-morbidities  

    Diabetes Mellitus 20 (38.5) 

    Hypertension 27 (51.9) 

    Smoking 10 (19.2) 

    Dyslipidaemia 31 (59.6) 

    Family History 8 (15.3) 

    Creatinine (µmol/L) 82.9  38.1 

Indications for Coronary Angiography   

    STEMI 11 (21.2) 

    Acute Coronary 

    Syndrome 

21 (40.4) 

    Stable Angina 20 (38.5) 

Length of Imaged Vessel Analysed (mm) 25.9  12.1 

Anatomical Location of Stented Segment (Artery)  

    Left Main 4 (7.7) 

    Left Anterior Descending 33 (63.5) 

    Left Circumflex 7 (13.5) 

    Right Coronary 8 (15.4) 

Types of stents used  

   Bare Metal Stent 1 (1.9) 

   Drug-Eluting Stent 43 (82.7) 

   Bio absorbable  

   Vascular Stent                                     

8 (15.4) 
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Table 3.2 Comparison of Measurements of Various Plaque Features Pre-and Post-PC 

 

 

 

 

 

Figure 3.2 Comparison between Pre-and Post-Percutaneous Coronary Intervention (PCI) 

lipid arc and calcium arc measurements. 

 (A) Scatter plot showing the correlation between pre- and post-PCI LA measurement, (B) 

Bland-Altman plot showing the limit of agreement between pre- and post-PCI LA (C) Scatter 

plot showing the correlation between pre- and post-PCI CA measurement(D) Bland-Altman 

plot showing the limit of agreement between pre- and post-PCI CA 
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The data for other small plaque components (microchannels, cholesterol crystals) are described 

in Table3.2 with the correlation and agreement graphs shown in (Figure3.3). 

 

 

 

 

 

Figure 3.3 Comparison between Pre-and Post-Percutaneous Coronary Intervention (PCI) 

macrophages, microchannels, and cholesterol crystals. 

(A) Scatter plot showing the correlation between pre- and post-PCI macrophages, (B) Bland-

Altman plot showing the limit of agreement between pre- and post-PCI macrophages, (C) 

Scatter plot showing the correlation between pre- and post-PCI MC, (D) Bland-Altman plot 

showing the limit of agreement between pre- and post-PCI MC, (E) Scatter plot showing the 

correlation between pre- and post-PCI CC measurement, (F) Bland-Altman plot showing the 

limit of agreement between pre- and post-PCI 

 

3.4.2 Post stenting plaque features associated with microvascular dysfunction 

Of 153 consecutive eligible patients identified, 128 were included in the final analysis (Table 

3.3). Five patients were excluded due to poor OCT image quality and in 20 subjects TIMI flow 

could not be assessed due to poor quality angiographic imaging of the distal part of the target  

 

 



 

115 

 

 

 

Table 3.3 Baseline patient demographics and comparison of modified plaque features 

between patients with TIMI <II and TIMI III blood flow post-PCI 

*** p value <0.001, * p value <0.01 

 

 

Risk Factors  TIMI ≤II Group 

Total N=27 

 TIMI III Group 

  Total N= 101 

Age (Years) 60.1  12.3 61.7 ± 10.8 

Male Sex   24 (88.9) 75 (74.3) 

Co-morbidities   

    Diabetes Mellitus 11 (40.7) 22 (21.8)* 

    Hypertension 17 (63.0) 57 (56.4) 

    Smoking 6 (22.2) 18 (17.8) 

    Dyslipidaemia 16 (59.3) 42 (41.6) 

    Family History 0 2 (2) 

    Creatinine (µmol/lit) 83.6  24.7 82.8 ± 42.7 

Indications for Coronary Angiography    

    STEMI 3 (11.1) 9 (8.9) 

    Acute Coronary 

    Syndrome 

19 (70.4) 68 (67.3) 

    Stable Angina 5 (18.5) 24 (23.8) 

    Length of Imaged Vessel Analysed (mm) 28.7  8.0 28.5 ±  10.7 

Anatomical Location of Stented Segment (Artery)   

    Left Main 1 (3.7) 3 (3.0) 

    Left Anterior Descending 20 (74.1) 60 (59.4) 

    Left Circumflex 3 (11.1) 14 (13.9) 

    Right Coronary 3 (11.1) 24 (23.8) 

Types of stents used   

   Bare Metal Stent 0 4 (4.0) 

   Drug Eluting Stent 26 (96.3) 78 (77.2) 

   Bio absorbable  

   Vascular Stent                                     

1 (3.7) 19 (18.8) 

OCT plaque features   

  Lipid Arc  89° [50°-139°] 62° [29°-88°]*** 

  Calcium Arc  24° [6°-45°] 7° [0°-34°]* 

  Macrophages 0 (0-10) 0 (0-8) 

  Microchannels  0 (0-0) 0 (0-0) 

  Cholesterol Crystals  0 (0-0) 0 (0-0) 
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Table 3.4 Univariate and Multivariate Analysis of Clinical and Plaque Features for 

Abnormal TIMI flow Post-PCI 

 

Clinical or Plaque 

Feature 

Odds Ratio (95% CI) p-value 

 Univariate Analysis  

Diabetes Mellitus  2.47 (1.002-6.081) 0.049 

Lipid Arc  1.20 (1.09-1.33) < 0.001 

Calcium Arc  1.14 (0.99-1.29) 0.063 

Macrophages  1.39 (0.93-2.08) 0.085 

 Multivariable Analysis  

Diabetes Mellitus  2.87 (1.01-8.19) 0.048 

Lipid Arc 1.29 (1.14-1.38) <0.001 

Calcium Arc  1.26 (1.07-1.40) 0.005 

  

 

3.4.3 Reproducibility 

Intra-observer variability was assessed on 200 (100 pre-stenting, 100 post-stenting) frames on 

randomly selected patients. There was excellent test-retest reproducibility for LA (ICC=0.96, 

95%CI 0.95-0.97), CA (ICC=0.98, 95%CI 0.97-0.98), BS (ICC=0.91, 95%CI 0.88-0.93), MC 

(ICC=0.85, 95%CI 0.81-0.89) and CC (ICC=0.95, 95%CI 0.93-0.96). 

Inter-observer agreement assessed on 150 (80 pre-PCI and 70 post-PCI) OCT frames yielded 

excellent concordance for LA (ICC=0.97, 95% CI 0.96-0.98), CA (ICC=0.95, 95% CI 0.94-

0.97), macrophages (ICC=0.87, 95% CI 0.82-0.90) and cholestrol crystals (ICC=0.86, 95% CI 

0.81-0.89).  There were no frames with microchannels.  
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3.5 Discussion 

This study describes that coronary plaque behind stent struts can be accurately quantified and 

that it is associated with reduced TIMI flow, a clinically relevant measure of procedural failure. 

More lipid and a calcified plaque was present in patients with ≤ TIMI II blood flow compared 

to TIMI III flow post-PC the associations remained significant after multivariate adjustment 

for confounders.  

  

3.5.1 Pre- and post-PCI plaque analysis 

This study reports that lipid-rich plaque was accurately quantified with minimal numerical 

underestimation post-PCI. Calcium was significantly underestimated but the numerical 

difference was small and pre- and post-stent measurements were strongly correlated. This study 

also  showed that smaller plaque features measured semi-quantitatively including 

macrophages, microchannels and cholesterol crystals were all significantly underestimated 

post-PCI but maintained moderate correlation with pre-PCI measurements.  As smaller plaque 

components are randomly distributed along the length of the plaque, a single strut shadow may 

conceal any of these small plaque features, which may be sufficient to explain the degree of 

underestimation that we have observed. The width of the strut shadow depends on the stent 

strut size, the orientation of the strut at the vessel wall and the distance between the stent strut 

and the light source (OCT catheter) (Figure3.4). It may be anticipated that the impact of strut 

shadows on plaque quantification is dependent on the size of the plaque features.  

This study showed an excellent correlation between the quantification of large plaque 

components (LA and CA) pre- and post-PCI. This is likely because strut shadows cover small 

arcs that are discontinuous and therefore have minimal impact on the measurement of large 

arcs.  However, both lipid and calcium were numerically underestimated post-PCI with the 
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difference being statistically significant for calcium. Distal embolization of plaque is a 

recognised effect of stent deployment that may contribute to numerical underestimation of 

lipid [344, 460]. Other factors modifying OCT features post stent may include plaque 

disruption, deeper displacement and medial dissection [560], change in macrophages (e.g. from 

linear to punctate, making it more challenging to identify), rupture or compression of 

microchannels and change in the orientation of cholesterol crystals. 

 

 

3.5.2 Post-PCI plaque features predictive of coronary microvascular dysfunction 

This study reports  that more lipid behind stent struts is associated with reduced TIMI flow 

post PCI. Previous studies have shown that the presence of thin-cap fibroatheroma [451], as 

well as high plaque lipid content on OCT, performed pre-PCI is associated with abnormal TIMI 

flow post-PCI [344, 460]. Morphological characterization of plaque may help to guide the use 

of adjuvant PCI devices to reduce the post stenting complications. Previous studies using NIRS 

have demonstrated significant reduction in lipid content of the plaque. However, this concept 

has been challenged in the past due to inconsistent success of distal protection devices inorder 

to prevent the distal embolisation of plaque content, inparticular the lipid rich core. A previous 

study demonstrated that the use of a distal protection device,  in ACS patients with lipid-rich 

plaque, decreased the incidence of no-reflow and was associated with fewer serious adverse 

cardiac events [561].  In contrast, in the prospective multicenter CANARY trial, a significant 

reduction in lipid content was noted post PCI, as detected by near infra-red spectroscopy, but 

the use of a distal protection device did not prevent myonecrosis post stenting [281].  

Our data demonstrated that there is no significant reduction in plaque lipid and supports the 

idea that likely not all periprocedural myonecrosis is due to distal embolization, for example, 
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the loss of side branches, severe dissection, vasospasm or intraprocedural stent thrombosis may 

also have contributed to post-procedural myonecrosis. 

 

 

Figure 3.4 Variations in the size of the strut shadow case on the vessel wall during OCT 

(A) The size of the strut shadow increases with distance from the strut. For example, 

the wide strut shadow farthest away from the OCT catheter may obscure 27m 

underneath the strut and 39m at 0.75 mm depth in the vessel wall (A&B). Due to the 

difference in the orientation of strut at the vessel wall, the light can cast either a wide 

or a narrow shadow. The narrow strut shadow farthest from the OCT catheter may 

obscure the structure size 6 m underneath the strut and 10 m at 0.75 mm depth in 

the vessel wall (C). The distance of the strut shadow from the catheter also impacts the 

size of the shadow. For example, the wide strut shadow closest to the OCT catheter (as 

shown at point C compared to A) may obscure the structure size 27m underneath the 

strut and 77 m at 0.75 mm depth in the vessel wall (D). The narrow strut shadow 

closest to the OCT catheter (shadow D compared to shadow B) may obscure the 

structure size 4 m underneath the strut and 19 m at 0.75 mm depth in the vessel wall. 

 

 

This study interestingly demonstrated that there is a correlation between high lipid and poor 

TIMI flow post PCI despite significant plaque modification. A likely explanation for this being 

that plaque with initial higher lipid content, despite undergoing significant modification, is 

more likely to have a high residual plaque content post stent placement. Another striking 
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finding of our study is the higher calcium arc in patients with TIMI flow ≤ II group. Calcium 

is less likely to embolize due to its harder consistency. The higher calcium burden in TIMI 

flow ≤ II group most likely reflects more advanced atherosclerosis and more complex lesions 

with mixed plaque composition. The other potential contributing factor could be the routine 

use of high-pressure non-compliant balloon inflations (pre-or post-stenting) in calcified lesions 

resulting inflow-limiting stent edge dissections or distal embolization of non-calcified, lipid 

component of these heavily calcified plaques.  

Pre-PCI plaque features detected on OCT are associated with post PCI microvascular 

dysfunction [460, 562]. However, clinically, OCT is frequently performed only post-PCI for 

stent optimization and plaque behind newly deployed stent struts is usually ignored.  Theses 

data suggest that this may be a missed opportunity for intermediate and long-term risk 

stratification of patients undergoing PCI.  No-reflow has serious prognostic implications and 

once no-reflow occurs there is no effective therapy that can be administered to consistently 

correct it [563]. It is likely, yet unproven, that aggressive post-dilatation of stents in lipid-rich 

lesions can increase the likelihood of no-reflow. Post-PCI plaque analysis can help in 

identifying those lesions at the risk of no-reflow. More accurate sizing of non-compliant 

balloons using OCT rather than fluoroscopy thereby avoiding oversized balloons inflated to 

high-pressure could potentially assist in preventing no-reflow when there is an extensive 

burden of lipid-rich plaque. This would have to be prospectively tested because plaque with 

high residual lipid post-stent placement is more likely to have had a higher lipid content pre-

stenting so that embolization may already have occurred after stent placement prior to post-

dilatation.  

Rather than predicting no-reflow the greatest value in assessing plaque behind struts is likely 

to derive from predicting medium to long term stent or target vessel failure. The native plaque 

behind stent struts potentially plays an important role in the development of in-stent 
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atherosclerosis due to deep vessel injury and local inflammation [564]. Specific endoluminal 

OCT findings, such as tissue prolapse volume and its irregular shape has been associated with 

neointimal hyperplasia and device-orientated clinical end points [435, 565]. However, direct 

quantification of plaque components such as lipid post-stent placement will enable new studies 

to further insights into the role of paleoatherosclerosis. Our study would potentially pave the 

way for future studies to investigate the role of underlying plaque in late stent restenosis and 

thrombosis.  

 

3.5.3 Strengths and Limitations  

This study was conducted  in a stepwise manner and analysed more than 21000 OCT images 

to address the gaps in the existing knowledge of OCT plaque analysis. Similar OCT findings 

by independent operators at both study centres suggest that post-PCI plaque analysis is highly 

reproducible.  

Retrospective studies may have an unquantifiable bias in patient selection because OCT was 

only performed for a clinical indication and in most instances for optimization of PCI. 

Matching of pre- and post-PCI frame based on the relation of the stent edge to the neighbouring 

side branches is not completely accurate and does not account for vessel straightening post-

PCI. However, any degree of error introduced by inaccurate matching would attenuate the 

association between plaque pre-and post-stenting so that the true association is likely to be 

stronger than reported. The number of patients included for pre- and post-stenting analysis of 

plaque characteristics is modest, which can potentially limit the statistical power for plaque 

features such as lipid arc and calcium arc. Minimum, mean and maximum luminal diameters 

pre-and post-PCI were not analyzed and may potentially impact TIMI flow. Finally, the study 
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population had a relatively low lipid burden which could potentially underestimate the 

phenotypic variation of plaque in people with and without normal TIMI flow.  

 

3.6 Conclusion 

This study reports that the plaque behind the struts can be measured using OCT and may impact 

on clinical outcomes.  
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Chapter 4  Association Between Plaque Morphology Detected on 

Optical Coherence Tomography (OCT) and GRACE and 

SYNTAX Scores in Subjects with Acute Coronary Syndrome 

(ACS) 
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4.1 Abstract 

4.1.1 Background 

Clinical and angiographic risk scores are extensively validated to predict cardiovascular 

outcomes. The morphological characteristics of atherosclerotic plaque provide incremental 

prognostic information. Optical coherence tomography (OCT) can quantify in-vivo plaque 

features with high resolution. This study investigated that whether OCT plaque features are 

associated with validated risk scores. 

 

4.1.2 Methods 

Patients with ACS were prospectively recruited to have multi-vessel OCT at the time of 

coronary angiography, or retrospectively identified from an OCT registry to allow 

measurement of high-risk plaque features and calculation of the GRACE and SYNTAX scores. 

 

4.1.3 Results 

A total of 104 patients with ACS (mean age 59.6±11.1-year, 76.2% male), were included (75 

prospective). Multi-vessel OCT plaque analysis showed that both lipid arc (LA) (R=0.32, 

P=0.001), and calcium arc (CA) (R=0.35, P<0.001) were positively correlated with GRACE 

score. LA (R=0.34, P=0.001), macrophages (R=0.22, P= 0.023), microchannels (R=0.23, 

P=0.018) and presence of thin-cap fibro-atheroma (R=0.21, P= 0.036) were all positively 

correlated with the SYNTAX score.  

Analysis of non-culprit single vessel OCT showed that LA (R=0.29, P =0.015) and CA 

(R=0.46, P <0.001) positively correlated with the GRACE score. Both LA (R=0.37, P =0.001), 

TCFA (R=0.25, P =0.036) and Macrophages (R=0.32, P =0.007) were correlated positively 
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and plaque free wall (R=- 0.34, P=0.004) negatively with the SYNTAX score. The number of 

high-risk OCT plaque features positively correlated with GRACE score (R=0.34, p< 0.001) 

and SYNTAX score (R=0.42, p<0.001). 

 

4.1.4 Conclusion 

In ACS patients, there is a significant association between OCT plaque features and clinical 

and angiographic risk scores. Multi-vessel OCT did not enhance the correlations with the 

GRACE and SYNTAX scores over single non-culprit vessel imaging.  
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4.2 Introduction 

Patients with ACS demonstrate a wide-ranging risk of morbidity and mortality dictated by their 

baseline risk factors, clinical syndrome acuity, management strategy and severity of coronary 

artery disease, among other factors [121, 566]. Step-wise prospective risk stratification is 

essential for the selection of treatment strategy and to estimate patient prognosis. Current 

guidelines [129] recommend the use of the Global Registry of Acute Coronary Events 

(GRACE) score for in-hospital risk stratification prior to coronary angiography based on 

clinical, electrocardiographic, and cardiac biomarker variables [130, 137]. Once patients have 

undergone coronary angiography (CAG), the Synergy between percutaneous coronary 

intervention with Taxus and cardiac surgery (SYNTAX) score is useful to refine risk 

stratification and inform revascularisation decisions, based on the coronary anatomy and lesion 

characteristics [143, 144, 150, 156].  

Studies using IVUS and NIRS have shown that assessment of plaque morphology and chemical 

composition provide prognostic information [261, 278]. However, due to insufficient 

resolution (100 µm), IVUS is unable to differentiate thick from thin cap fibro-atheroma, or to 

identify several a high-risk plaque features implicated in future acute coronary syndrome  

events [334], while NIRS is at present only able to detect the presence of a lipid core [265]. 

Neither modality can detect the presence of macrophages, vasa-vasorum and cholesterol 

crystals that are implicated in plaque progression, destabilization and cap rupture [457]. 

OCT has sufficient resolution to quantify several high-risk histopathological plaque features 

not accessible via IVUS or NIRS such as macrophages, microchannels, cholesterol crystals 

[283, 456, 551]  and TCFA [342, 486, 567]. However, there are limited data on whether these 

high-risk plaque features are associated with clinical and angiographic risk scores. This chapter 
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aimed to investigate the association between the GRACE and the SYNTAX scores and various 

high-risk plaque features in multi-vessel and single vessel OCT imaging. 

 

4.3 Methods 

4.3.1 Study Population 

Patients with ACS at the Department of Cardiology, Royal Perth Hospital (RPH) were recruited 

prospectively in the ‘Multi-modality imaging and biomarkers to improve risk-stratification for 

secondary prevention after acute coronary syndrome (The Motivator Study) 

(http://www.anzctr.org.au:ACTRN12615001234505) and retrospectively from the 

Departmental OCT Registry (Figure4.1). Inclusion criteria were: age 18 to 80 years, ACS 

clinically deemed to be due to type 1 MI and  proceeding to inpatient coronary angiography 

(CAG), ST-elevation myocardial infarction (STEMI) proceeding to non-emergency in-patient 

angiography (late presenters or post pharmacological re-perfusion). Patients were excluded if 

1.) Glomerular filtration (eGFR) <40ml/min or <60ml/min with diabetes mellitus, 2.) Unlikely 

to survive for at least three years due to existing medical comorbidities, 3.) Coronary anatomy 

unsuitable for OCT, 4.) Pregnancy, 5.) Prior Coronary Artery Bypass Graft (CABG), 6.) 

STEMI treated with a primary percutaneous coronary intervention (PCI). The study was 

approved by the Royal Perth Hospital Human Research Ethics Committee (MOTIVATOR Ref: 

REG 2015-033) (Registry Ref: RGS327). Written consent was obtained prospectively, and a 

waiver of consent was granted for the retrospective registry.  
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4.3.2 Baseline Data 

For each patient, baseline demographic data, cardiac risk factors and medical history at the 

time of admission were recorded. Presenting clinical features including heart rate, blood 

pressure, Killip class and presence of cardiac arrest at the time of admission were noted. 

Presenting electrocardiogram (ECG) features and routine laboratory tests were recorded 

including full blood count, renal function, serum electrolytes and cardiac enzymes. For the 

retrospective cohort, this above-mentioned data was collected from medical records. 

 

4.3.3 OCT Image Acquisition and Analysis 

OCT imaging was performed at the time of CAG/angioplasty following standard catherization 

laboratory protocol as described in ‘Chapter 3’. The number of vessels imaged with OCT and 

the timing of the imaging (pre- or post-stenting) was decided by the interventional cardiologist 

at the time of CAG. 

OCT plaque analysis analysis method has been described in ‘Chapter 2’.In addition, thin cap 

fibro-atheroma (TCFA) was defined as a fibrous cap thickness of less than 65 µm overlying a 

lipid-rich plaque [285, 568]. The presence or absence of non-culprit TCFA was recorded in the 

individual frames of each analyzed run. Plaque free wall (PFW) angle was defined from the 

centre of the lumen as the arc of the cross-section with a visible, healthy wall having an intima-

media thickness of less than 0.5 mm [477]. Thrombus by OCT appears as a mass attached to a 

luminal surface or floating within the lumen [297]. The presence or absence of thrombi was 

recorded. 

Consecutive OCT frames at 200 µm intervals were analyzed to study small plaque features 

including macrophages, microchannels and cholesterol crystals.  
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4.3.4 Clinical and Angiographic risk scores assessment 

GRACE score was calculated based on the clinical history, ECG and laboratory values upon 

the first arrival to the CCU or the acute medical admissions unit, as previously described [569, 

570].  

The SYNTAX score was assessed using the previously described method [143, 145]. The 

calculation was performed with the internet-based SYNTAX Score calculator 

(www.syntaxscore.com). In summary, the coronary tree is divided into 16 segments, each with 

a corresponding weighting factor. Lesions producing ≥ 50% luminal obstruction are taken into 

account with their weighting factors. Additionally, factors reflecting the severity of the 

atherosclerotic lesion and the potential difficulty of a percutaneous treatment, are taken into 

account. Finally, all points are summed to obtain the final SYNTAX score reflecting the 

complexity of the CAD. 

 

4.3.5 Statistical Analysis 

For each patient the median (25th, 75th percentile) value for each plaque feature was calculated 

based on all the frames analyzed for a) multiple vessels OCT, which include all vessels imaged, 

b) Culprit vessel  OCT only c) Non-culprit vessel OCT. Categorical variables are summarised 

as count (percentage) and continuous variables as a median (25th, 75th percentile). The 

association between various OCT plaque features and the GRACE score and SYNTAX score 

were determined using Spearman’s correlation coefficient. 

The association between plaque features and risk scores was determined in linear regression 

models with separately the GRACE score and the SYNTAX score as dependent variables. 

Clinical, biochemical and plaque variables associated with risk scores (p<0.1) on univariate 

http://www.syntaxscore.com/
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analysis were included in the final linear regression model. Plaque variables showing 

collinearity were considered separately. The variables used in the adjusted model included 

diabetes, smoking, hypertension, dyslipidaemia, body mass index (BMI), haemoglobin, serum 

total cholesterol, serum low-density lipoprotein, peak high-sensitivity troponin, serum 

creatinine, LA, CA, macrophages, microchannels, cholesterol crystals, PFW, presence of 

thrombus and presence of thin-cap fibro-atheroma. The backward elimination method was used 

to determine the most parsimonious multivariable model. The multivariable model analysing 

the association between GRACE and OCT plaque features included LA, microchannels, 

smoking and haemoglobin. Due to the correlation between various plaque features, two 

different multivariable regression models were used to assess the association between 

SYNTAX and OCT plaque features.  Model 1 consisted of LA, macrophages, serum 

cholesterol and diabetes as an independent variable. Model 2 consisted of PFW, microchannels, 

TCFA and haemoglobin as independent variables. SYNTAX score was used as a dependent 

variable for Model 1 and 2. 

Correlation of a total number of high-risk OCT plaque features with GRACE score and 

SYNTAX score was determined Spearman’s correlation coefficient. Furthermore, based on the 

presence of high-risk OCT plaque features, patients were divided into three groups, where 

group 1 has 0-high risk OCT plaque feature present, group 2 has 1-2 and group 3 has  ≥ 

3 high-risk OCT plaque features. For a patient-level analysis, plaque features including LA, 

CA and macrophages above the median value were considered positive. Due to the infrequent 

presence of microchannels and cholesterol crystals, their presence was considered positive. 

Patients were also divided into tertiles based on the GRACE score and the SYNTAX score. 

The proportion of patients with 3 or more high-risk plaque features was compared across 

tertiles of SYNTAX and GRACE using 3X3 frequency table. 
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Statistical analyses were performed with Statistical Package for the Social Sciences (SPSS) 

software version 26.0 (IBM Corp., Armonk, NY, USA). A p-value < 0.05 was considered 

significant.  

 

4.4 Results 

A total of 104 patients (mean age 59.6±1-year, 76.2% male) including 75 patients from the 

prospective- and 29 patients from the retrospective cohort were included (Figure4.1). The 

baseline characteristics of the patients are described in Table 4.1. Indication for coronary 

angiography included: re-perfused STEMI proceeding to non-emergency in-patient 

angiography (19.2%), NSTEMI (78.2%) and unstable angina (1.9%). The median SYNTAX 

score of our cohort was 10.0 [6.0-17.8], and the median GRACE score was 118 [94-140]. The 

SYNTAX score and GRACE score were not significantly correlated (R=0.18, p=0.065). 

A total of 180 vessels were imaged with OCT (mean vessel/patient 1.7±0.6) (Table 4.2). After 

excluding 4395 frames (median frames/patient 30[10-64]), a total of 46560 OCT frames were 

analyzed (median frames/patient 475[266-549]).  

 

4.4.1 Post-PCI plaque features predictive of coronary microvascular dysfunction 

This study reports  that more lipid behind stent struts is associated with reduced TIMI flow 

post PCI. Previous studies have shown that the presence of thin-cap fibroatheroma [451], as 
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Figure 4.1 Flowchart showing the recruitment of patients in this study 

 

 

 

LA (R=0.34, P=0.001), macrophages (R=0.22, P= 0.023), microchannels (R=0.23, P=0.018) 

and presence of thin-cap fibro-atheroma (R=0.21, P= 0.036) were all positively correlated with 

the SYNTAX score (Table 4.5). In multivariable analysis LA [ß= 0.33 (CI 0.04-

0.14),p=0.001], TCFA [ß= 0.21(CI 0.69 to 7.66),p=0.036), microchannels [ß= 0.36 (CI 0.23 to 

0.67),P<0.001] and haemoglobin [ß = -0.09 (CI -0.19 to -0.002), p=0.045] remained positively 

associated with the SYNTAX score (Table 4.6). 
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   Table 4.1 Baseline Characteristics 

 

 

Risk Factors Total N=104 
Prospective 

Cohort (N=75) 

Retrospective 

Cohort (N=29) 

Age (Years) 59.6±11.1 60.9±9.5 56.0 (±14.0) 

Male Sex   80 (76.2) 64 (85.3) 16 (55.1) 

Co-morbidities 

   Diabetes Mellitus 22 (21) 12 (16) 10 (34.5) 

   Smoking 32 (30.5) 24 (32) 8 (27.6) 

   Dyslipidaemia 50 (47.6) 35 (46.7) 15 (48.3) 

   Hypertension 54 (51.4) 42 (56) 12 (37.9) 

   Previous MI 6 (5.7) 6 (8) 0 

   Previous Stroke/TIA 2 (1.9) 2 (2.7) 0 

   PVD 7 (6.7) 4 (5.3) 3 (10.3) 

   BMI 29.0 (±5.9) 28.9 (±6.1) 29.3 (±5.6) 

OCT Procedural Data 

Total number of vessels imaged 180 151 29 

Mean length of vessels imaged/ 

Patient (mm)  

89.3±37.9 106.2±30.7 45.8±8.5 

Mean length of stented vessels 

imaged/ Patient (mm) 

10.3±14.9 14.2±15.9 0 

Total contrast 257 (±84.9) 242.6 (±74.4) 297.0 

(±100.2) 

  Total fluoroscopy time (min) 20.6 (±17.3) 20.4 (±19.5) 20.9 (±9.4) 

Vessels imaged 

Left anterior descending artery 91 (50.6) 69 (45.7) 22 (75.8) 

Left circumflex artery 48 (26.7) 46 (30.5) 2 (6.9) 

Right coronary artery 41 (22.8) 36 (23.8) 5 (17.2) 

Biochemical Profile 

Hemoglobin (g/L) 143.8±17.2 142.6 (±17.0) 146.9 (±17.3) 

Peak high sensitivity troponin 

(ng/L) 

1155.0 [140.5-

6925.0] 

1180 [148-

7340] 

(±46418.7) 

1020[125-

6690] 

Creatinine (µmol/L) 83.4±41.5 81.4 (±20.4) 88.6 (±72.0) 

eGFR (ml/min) 81.8±15.3 82.1 (±13.5) 81.1 (±19.4) 

Cholesterol (mmol/L) 5.1±2.8 5.0 (±1.2) 5.3 (±1.1) 

LDL (mmol/L) 1.2±1.1 3.1 (±1.0) 2.0 (±1.0) 

HDL (mmol/L) 1.1±0.4 1.1 (±0.4) 1.1 (±0.4) 

Clinical / Angiographic Risk Profile 

    GRACE score 118 [94-140] 123 [99-146] 98 [79.5-134.0] 

    SYNTAX score 10 [6.0-17.8] 10 [6-18] 11 [6.5-18.5] 
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                             Table 4.2 Total Number of vessels imaged with OCT  

OCT Imaging Number of patients 

Culprit Vessel  35 

One Culprit and one non-culprit vessel 53 

One Culprit and two non-culprit 

vessels 5 

Two non-culprit vessels 11 

                           

 

Table 4.3 Correlations between various OCT plaque features and the GRACE Score 

 

 

 

 

 

 

 

 

 

  

 

 

      *p  value < 0.05, **p value  <0.01, ***p value  <0.001 

 

 

 

Correlation Coefficients 

Plaque Features 

Global Multi-

Vessel OCT 

(N=104) 

Culprit Vessel 

OCT (N=93) 

Single Non-

Culprit Vessel 

OCT (N=71) 

Lipid Arc 0.32*** 0.24* 0.29* 

Calcium Arc 0.35*** 0.20# 0.46*** 

TCFA 0.10 0.04 -0.04 

PFW -0.17 -0.29** -0.10 

Presence  of 

Thrombus 
-0.04 -0.12 - 

Presence  of 

Macrophages 
0.14 0.02 0.15 

Prescence  of 

Microchannels 
0.15 0.02 0.10 

Presence  of 

Cholesterol Crystals 
0.18 0.15 0.11 
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Table 4.4 Summary of Univariate and Multivariate Analysis of Clinical and OCT Plaque 

Features Associated with the GRACE Score 

 
Clinical/ Plaque Variable Beta Coefficient [95% 

Confidence Interval] 

p-value  

 Univariate Analysis  

Lipid Arc  0.33 [0.12 to 0.45] 0.001 

Presence of Microchannels - 0.17 [-1.48 to 0.12] 0.095 

Smoking -0.19 [- 24.72 to -0.10] 0.048 

Body Mass Index - 0.84 [-1.81 to 0.14] 0.91 

Haemoglobin - 0.60 [- 0.91 to -0.28] < 0.001 

 Multivariate Analysis  

Lipid Arc 0.26 [0.07 to 0.39] 0.005 

Presence of Microchannels - 0.22 [-1.16 to -0.17] 0.016 

Smoking - 0.19 [- 23.42 to -1.0] 0.033 

Haemoglobin - 0.264 [- 0.77 to -0.15] 0.004 

 

 

Table 4.5 Correlations between various OCT plaque features and the SYNTAX Score 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
        * p  value < 0.05, **p value  <0.01, ***p value  <0.001 

Correlation Coefficients 

Plaque Features 

Global Multi-

Vessel OCT 

(N=104) 

Culprit Vessel 

OCT (N=93) 

Single Non-

Culprit Vessel 

OCT (N=71) 

Lipid Arc 0.34*** 0.27** 0.37*** 

Calcium Arc 0.15 0.16 0.12 

Presence of TCFA 0.21* -0.48 0.26* 

PFW -0.22 -0.14 -0.34** 

Presence  of 

Thrombus 
0.03 -0.05 - 

Presence  of 

Macrophages 
0.22* 0.15 0.32** 

Prescence  of 

Microchannels 
0.23* 0.12 0.11 

Presence  of 

Cholesterol Crystals 
0.14 0.08 0.08 
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Table 4.6 Summary of Univariate and Multivariate Analysis of Clinical and OCT Plaque 

Features Associated with the SYNTAX Score 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clinical/ Plaque Variable Beta Coefficient [95% 

Confidence Interval] 

p-value 

 Univariate Analysis  

Lipid Arc 0.35 [0.04 to 0.14] <0.001 

Plaque Free Wall -0.19 [-0.06 to 0.001] 0.057 

Presence of Macrophages 0.21 [0.39 to 11.60] 0.036 

Presence of Microchannels 0.28 [1.56 to 8.33] 0.005 

Presence of Thin-cap 

Fibroatheroma 

0.26 [1.31 to 8.83] 0.009 

DM 0.16 [-0.71 to 7.80] 0.10 

Creatinine 0.31 [0.03 to 0.11] 0.001 

Serum Cholesterol - 0.20 [- 3.0 to -0.02] 0.047 

Haemoglobin -0.182 [- 0.20 to -0.01] 0.065 

 Multivariate Analysis  

Model 1   

Lipid Arc 0.33 [0.04 to 0.14] 0.001 

Model 2   

Presence of Thin-cap 

Fibroatheroma 

0.21 [0.69 to 7.66] 0.019 

Presence of Microchannels 0.36 [0.23 to 0.67] <0.001 

Haemoglobin - 0.09 [- 0.19 to -0.002] 0.045 



 

137 

 

4.4.2 Single-vessel OCT plaque features 

To determine the association between single vessel OCT plaque features with GRACE score 

and SYNTAX score, sub-analysis on 93 patients with OCT imaging of the culprit vessel and 

71 patients with single non-culprit vessel imaging was performed. The mean analysed length 

of the culprit vessel was 52.0±16.4 mm and the stented segment represented on average 

11.7±15.4 mm. The mean analysed length of the non-culprit vessel was 49.0±13.8 mm and the 

stented segmented represented on average 4.5±11.9 mm. 73 out of 93 (78%) OCT imaged 

culprit vessels included stented segments. Whereas, only 17 out of 69 (25%) OCT imaged non-

culprit vessels included stented segments. 

The correlations of culprit vessel plaque features with GRACE score and SYNTAX score were 

consistent with the multi-vessel analysis but were numerically weaker than non-culprit 

analysis. The correlation of single non-culprit and multi-vessel OCT plaque features with 

GRACE score and SYNTAX score was both consistent and similar to the multi-vessel analysis. 

The correlations for multi-vessel, culprit- and single vessel non-culprit OCT plaque features 

with GRACE score and SYNTAX score are shown in Table 4.3 and Table 4.5, respectively.  

 

4.4.3 Comparison of single vs multi-vessel plaque feature 

The distributions of plaque features were similar when calculated from multi-vessel and culprit 

vessel imaging. However, presence of high risk OCT plaque features were numerically less in 

non-culprit vessel compared to multivessel or culprit  vessel imaging  (Table4.7).  
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Table 4.7 Comparison of single vs multi-vessel plaque features 

 

 

 

 

 

 

 

 

 

 

Plaque Features 

Mean ±SD 

Median[25th-75th 

Percentiles] 

N (%) 

Multi-Vessel OCT 

(n=104) 

Culprit-Vessel 

OCT (n=93) 

Non-Culprit Vessel 

OCT (n=69) 

Lipid Arc 64± 34  64± 38 52± 45 

Calcium Arc 6 [1-16] 2 [0-12] 5 [0-15] 

Macrophages 5 [2.0-14] 5 [2-5] 1 [0-4] 

Presence of 

Cholesterol Crystals 

32 (30.8)  20 (21.5) 8 (12) 

Presence of 

Microchannels 

53 (51) 33 (35.5) 16 (23) 

Plaque Free Wall 115±61 111± 66 127± 82 

Presence of TCFA 30 (29) 26 (28) 13 (19) 

Presence of Thrombus 13 (13) 12 (13) 0 (0) 
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4.4.4 Association of Number of High-Risk Plaque Features with GRACE and SYNTAX 

 Increasing number of plaques features positively correlated with GRACE score (R=0.34,   

p< 0.001) and SYNTAX score (R=0.42, p<0.001). The median number of high-risk plaque 

features increased across GRACE score tertiles (2 [1-3], 2 [2-4], 4 [3-5] respectively) and 

SYNTAX score (2 [0-4],3[2-4] and 4 [2-5] respectively) (Table4.8).  

The prevalence of patients with high-risk plaque features (≥ 3) accross tertiles of GRACE and 

SYNTAX scores demonstrated an increasing trend across combined tertiles of GRACE and 

SYNTAX (Figure 4.3). The frequency of patients with high-risk plaque features was lowest  

 

Table 4.8 Distribution of high-risk plaque features across GRACE Score and SYNTAX Score 

Tertiles. High-risk plaque features (HRPF)= Lipid, calcium, plaque free wall, macrophages, 

microchannels, cholesterol crystals 

 

 

 

 
         GRACE Score Tertiles 

 First Tertile 

(n=35) 

Second Tertile 

(n=35) 

Third Tertile 

(n=34) 

High risk plaque 

features 

2 [1-3] 2 [2-4] 4 [3-5] 

         SYNTAX Score Tertiles 

 First Tertile 

(n=40) 

Second Tertile 

(n=31) 

Third Tertile 

(n= 33) 

High risk plaque 

features 

2 [0-4] 3 [2-4] 4 [2-5] 
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Figure 4.2 Prevalence of patients with high-risk plaque features by tertiles of risk scores 

 

 

 

(20%) in the first tertile of GRACE and SYNTAX. Whereas, it was highest (92%) in the third 

tertiles of GRACE and SYNTAX.  

 

4.4.5 Reproducibility 

Intra- and inter-observer variability for various OCT plaque features is reported in ‘Chapter 3’. 

To test the inter-observer reproducibility of SYNTAX score, a second experienced operator 

blinded to previous SYNTAX score analysis, repeated SYNTAX score analysis in a randomly 

selected sample of patients. There was good interobserver variability with ICC= 0.90. 
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4.5 Discussion 

This study reports the association between various OCT plaque features with clinical and 

angiographic risk scores in patients with ACS. The main findings of this study are: (1) A 

positive association between OCT detected lipid with the GRACE score and SYNTAX score. 

(2) Plaque micro-features were associated with the SYNTAX score. (3) The associations 

between non-culprit single vessel- and culprit vessel plaque respectively with GRACE score 

and SYNTAX score were consistent with the multi-vessel plaque analysis (4) There was a trend 

of increasing frequency of patients with high-risk plaque features across increasing combined 

GRACE and SYNTAX tertiles.    

The predictive value of plaque morphological features has been shown in previous 

intravascular imaging-based studies [261, 523, 525]. The PROSPECT study [261], based on  

3-vessel radiofrequency IVUS imaging demonstrated that specific plaque features (thin-cap 

fibro-atheroma, plaque burden of ≥ 70%, minimal and/or luminal area ≤ 4.0 mm2) are 

associated with future events. The primary approach of the PROSPECT study was to identify 

high-risk lesions that lead to an adverse event. Only 18% of the lesions with all three high-risk 

plaque features were sites of recurrent events. Interestingly, several histological and 

intravascular studies have reported the presence of multiple high-risk lesions apart from the 

culprit lesion in high-risk patients [571]. In this study, we took a pan-coronary approach to 

examine OCT plaque features and risk at a patient level, as determined by risk scores, rather 

than that of individual plaques.  
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4.5.1 Association between OCT plaque features with the GRACE score and SYNTAX 

score 

These data show that plaque characterization beyond lipid content is associated with both 

clinical and angiographic risk scores. In addition to lipid, calcium arc was associated with 

GRACE score and both TCFA and small plaque features (macrophages, microchannels) were 

significantly associated with the SYNTAX score. These data suggest that in this cohort 

SYNTAX score identifies an earlier but more aggressive form of atherosclerosis, where 

inflammation is important. Whereas, GRACE score detects advanced atherosclerosis where 

advanced calcification may be important in the pathogenesis of CV events.  

This chapter studied the association between OCT plaque features and validated risk scores 

because data on OCT plaque predictors of CVD outcomes is limited. Xing et al. [496]  in a 

retrospective study of  1,474 patients reported that presence of OCT lipid-rich plaque in the 

non-culprit region of the culprit vessel predicted an increased risk of MACE (mainly ischemia-

driven revascularization), but there was no significant difference in other plaque features 

between non-culprit MACE (+) group and MACE (-) group.  The CLIMA study[525], a 

multicentre, observational registry investigated the association between untreated coronary 

plaque morphology of the left anterior descending artery in 1003 patients (1776 lipid plaques) 

and twelve months clinical outcomes. This study demonstrated that minimum lumen area < 3.5 

mm2, fibrous cap thickness < 75µm, lipid arc > 180° and the presence of macrophages were 

associated with increased risk of the primary endpoint. Furthermore, the simultaneous presence 

of the four high-risk features was in an independent predictor of events. Another retrospective 

study[572] of 165 stable patients demonstrated that the SYNTAX score was associated with 

plaque lipid and presence of TCFA on OCT of culprit lesions in the LAD.  This study 

fundamentally differs from these previous studies [496, 525, 572] as a pan coronary approach 
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with multivessel OCT was taken as compared to OCT imaging of a segment of a single 

coronary vessel. Another important difference between these previous studies and this study is 

that more detailed plaque analysis was performed and studied additional plaque features 

including plaque free wall and cholesterol crystals. Furthermore, a smaller sampling interval 

(200um intervals rather than every 1mm) was used to study plaque microfeatures. As the earlier 

data in thesis demonstrated  that larger sampling intervals can lead to underestimation of plaque 

micro-features [573]. Hence, it might have undermined the predictive value of plaque 

microfeatures in these previous studies [496, 572]. These data suggest that even though small 

plaque features occur relatively infrequently and variably even within the same artery, their 

correct detection conveys important prognostic information.  

 

4.5.2 Single-vessel OCT plaque features 

This study reports the association of single vessel, as well as multi-vessel OCT Plaque, features 

with GRACE score and SYNTAX score, because while theoretically, the aggregated plaque 

features from the multi-vessel assessment would provide more patient-level information it is 

less likely to be translatable into clinical care.  Interestingly the correlations were similar for 

single vessel and multi-vessel OCT plaque features and probably stronger for non-culprit rather 

than the culprit vessel.  One possible explanation could be that imaged culprit vessels more 

frequently included stenting coronary segments compared to the non-culprit vessels. This 

potentially could have led to an underestimation of plaque microfeatures and weaker 

association of existing risk-stratification tools with culprit vessel as compared to non-culprit 

vessel OCT plaque features  

Palmerini et al [574]; while comparing various clinical and angiographic prognostic risk scores 

demonstrated that risk models including both clinical and angiographic variables provided 
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better calibration and discrimination compared to clinical or angiographic models alone. 

However, whether incorporating plaque morphological features into existing clinical and 

angiographic tools will allow better discrimination of high-risk patients is not known. In this 

chapter it is  demonstrated that combining GRACE and SYNTAX tertiles identified an 

increasing prevalence of patients with high-risk OCT plaque features across combined GRACE 

and SYNTAX tertiles. This suggests that combined clinical, angiographic and plaque 

morphological features can identify individuals at higher risk for future cardiac events. Future 

studies are needed to investigate whether combining the existing clinical and angiographic risk 

scores with plaque morphological features can better predict future cardiovascular outcomes. 

 

4.5.3 Limitations 

The study concerns a relatively small number of patients with relatively low SYNTAX score, 

which indicates that they are a lower risk than the average hospitalized ACS patient, as is often 

the case in research studies. This might have resulted in an underestimation of the studied 

associations. However, the GRACE score of patients in this study was in a moderate range. 

Secondly, the timing (pre-or Post-stenting) of OCT was left to the discretion of the operator. 

This potentially could have led to a numerical underestimation of small plaque features as OCT 

was often performed only post-stenting in the culprit vessel. Thirdly, as the operators were 

allowed to choose the vessel for OCT imaging, which might have created selection bias, but 

given the similarities in findings for culprit and non-culprit vessels any effect may be minimal.  

Also, the luminal dimensions were not measured in our study, which are known to be associated 

with adverse outcomes. Additionally, the incremental value of OCT plaque features to the 

existing risk stratification tools in refining the risk stratification of patients with ACS is not  

statistically tested in this study. 
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4.6 Conclusion 

In patients with ACS, there is a significant association between OCT plaque features and 

clinical and angiographic risk scores. Multi-vessel OCT did not enhance the correlations with 

the GRACE and SYNTAX scores over single vessel imaging. 
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5.1 Abstract 

 

5.1.1 Objectives 

This chapter studied the association between coronary 18F-fluoride uptake and high-risk 

plaque features on intra-coronary optical coherence tomography (OCT) and the potential 

application to patient-level risk stratification. 

 

5.1.2 Background 

18F-Sodium Fluoride Positron Emission Tomography (18F-fluoride PET) non-invasively 

detects micro-calcification activity, the earliest stage of atherosclerotic arterial calcification, 

and has the potential to identify high-risk plaques. Currently there are no data on whether 18F-

fluoride uptake is associated with features of plaque vulnerability on OCT in patients 

presenting with acute coronary syndrome. 

5.1.3 Methods  

Sixty-two prospectively recruited patients with ACS underwent multi-vessel OCT at the time 

of coronary angiography and 18F-fluoride PET post-hospital discharge. The maximum tissue 

to background ratio (TBR=SUVmax/SUVbloodpool) was measured in each coronary segment 

on 18F-fluoride PET scans. High-risk plaque features on multi-vessel OCT were measured by 

standard methods. 18F-fluoride PET and OCT data were compared in matched coronary 

segments.  The number of patients testing positive (>2SD above the normal range) for micro-

calcification activity (0,1, ≥2 coronary lesions) was determined.  
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5.1.4 Results 

In 62 patients (mean age 61±9 years, 85% male) there were 286 coronary segments with OCT 

data. Coronary segments with elevated 18F-fluoride uptake (n=60) had higher lipid arc (LA) 

(74◦ [35◦-117◦] versus 48◦ [15◦-83◦], p =0.021), higher prevalence of macrophages [37 (62%) 

versus 89 (39%), p =0.008] and lower plaque free wall (PFW) (50◦ [7◦-110◦] versus 94◦ [34◦-

180◦], p =0.027), when compared with 18F-fluoride negative segments (n=226). 

Patients grouped by increasing number of coronary lesions positive for microcalcification 

activity (0,1, ≥2) showed decreasing plaque free wall, increasing calcification and increasing 

macrophages (respectively p=0.008, p<0.001 and p=0.028 ). 

 

5.1.5 Conclusion 

18F-fluoride uptake is associated with high-risk plaque features on OCT in a per-segment and 

per-patient analysis in subjects hospitalized for ACS. 
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5.2 Introduction 

A significant proportion of patients with acute coronary syndrome suffer recurrent major 

adverse cardiovascular events (MACE) following their index presentation, despite recent 

advances in pharmacological and invasive therapies [261]. The majority of the atherosclerotic 

lesions responsible for recurrent MACE events are non-flow limiting and cannot be identified 

on routine coronary angiography [107]. Histological studies of ACS non-survivors have 

identified a high-risk phenotype of coronary plaque rich in lipid, inflammatory cells and 

covered by a thin fibrous cap [107], raising the prospect that in-vivo plaque characterisation 

and plaque relevant biomarkers may refine risk stratification of high-risk patients. Studies 

using invasive intravascular imaging have demonstrated that in-vivo plaque morphology 

provides prognostic information and may improve patient risk stratification [261]. 

Recent studies demonstrate the feasibility and reproducibility of non-invasive coronary 

imaging with18F-Sodium fluoride positron emission tomography (18F-fluoride PET), which 

enables novel insights into the pathophysiology of atherosclerosis and vascular calcification 

[575, 576]. 18F-fluoride incorporates into hydroxyapatite crystals and detects micro-

calcification activity, the earliest and most active stage of arterial calcification that translates 

within a short period of time into new macrocalcification detectable of Computed tomography 

(CT) scans [577].  In addition, 18F-fluoride PET is able to identify culprit plaques in ACS 

patients [578]. However, there are limited data on whether 18F-fluoride tracer uptake is 

associated with high-risk plaque features in ACS. 

Optical coherence tomography (OCT) is a high-resolution intravascular imaging modality with 

the ability to characterize plaque features that would otherwise only be detectable by histology, 

including those implicated in plaque progression and destabilization such as thin fibrous caps, 

macrophages, microchannels and cholesterol crystals[285].  In this chapter the hypothesis was 
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that  microcalcification detected by 18F- fluoride represents the atherosclerotic procssess 

driven by undelying inflammatory processess and hence is associated with the features of 

plaque vulnerability as detected on OCT. The aim of this chapter was to investigate whether 

the high-risk plaque features identified by OCT are associated with uptake of 18F-fluoride in 

a per coronary segment and per-patient analysis among prospectively recruited patients with 

ACS. 

 

5.3 Methods 

5.3.1 Patient Recruitment 

ACS patients undergoing in-hospital coronary angiography were prospectively recruited from 

Royal Perth Hospital (RPH) between November 2015 and February 2018 as part of the Multi-

modality imaging and biomarkers to improve risk-stratification for secondary prevention after 

acute coronary syndrome (MOTIVATOR) study. The details of the study ‘MOTIVATOR’ 

study are described in Chapter 4; Section 4.3.1. 

 

5.3.2 OCT Image Acquisition and Analysis 

OCT image acquisition and OCT data analysis has been described previously  in Chapter 2; 

section 2.3.2. In addition, thin cap fibro-atheroma (TCFA) was defined as a fibrous cap 

thickness of less than 65 µm overlying a lipid-rich plaque[335]. The presence or absence of 

non-culprit TCFA was recorded in the individual frames of each analyzed run. Plaque free wall 

(PFW) angle was defined from the centre of the lumen as the arc of the cross-section with a 

visible, healthy wall having an intima-media thickness of less than 0.5 mm [477].  
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5.3.3 18F-Fluoride PET Image Acquisition and Analysis 

Participants underwent 18F-fluoride PET within 4 weeks of hospital discharge. Participants 

were injected with 250 MBq of 18F-fluoride and were rested for 60 minutes prior to imaging. 

An attenuation correction CT-scan was performed first (120kVp, ref. mAs = 50), followed by 

10 minutes of free breathing electrocardiograph gated (ECG) list-mode PET acquisition using 

a Siemens Biograph mCT 64 PET/CT scanner.  An ECG-gated, end-expiratory CTCA was 

performed within two weeks of the 18F-fluoride PET scan, using either a Phillips iCT with 

IMR or Siemens Definition AS+. Where needed, subjects were pre-treated with oral beta-

blocker therapy to obtain a target heart rate <65, before PET and CTCA imaging.  

The diastolic PET images, representing 50-75% of the cardiac cycle, were fused with the 

CTCA images, using a previously established method [579]. Fused PET/CTCA scans were 

analyzed by experienced observers, blinded to OCT data, using Siemens Syngo. via VB10B. 

Coronary artery 18F-fluoride PET analysis was performed by drawing 2D freehand regions of 

interest (ROI) around the adventitial border of major coronary arteries (>2mm in diameter) on 

3-mm axial slices [578]. Maximum radiotracer activity was recorded from each ROI and 

adjusted for blood pool activity by drawing a large spherical ROI in the right atrium, resulting 

in the tissue-to-background ratio (TBR)[580].  

A low-risk cohort (n=10) with no prior coronary heart disease and coronary calcium scores 

equal to zero were used to determine an upper limit of the normal reference range of radiotracer 

activity for each coronary segment based on the 18-segment model. For each coronary 

segment, the maximum 18F-fluoride activity was measured and thereafter the mean+2 standard 

deviations (SD) were calculated for the group (Table5.1). Thereafter, micro-calcification 

activity was deemed to be present in the ACS cohort in coronary segments with radiotracer 

activity >2SD above the mean obtained in the low-risk cohort. Coronary segments with TBR 
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values determined to be positive, but with PET activity appearing to originate from an adjacent 

non-coronary structure (eg. aortic valve or annulus) were deemed 18F-fluoride overspill and 

were considered as 18F-fluoride negative. 

 

5.3.4 Co-registration and labelling of all imaging according to the 18-segment model 

PET and OCT images were analyzed independently by two different observers blinded to the 

other complementary (PET or OCT) imaging data and geographically separated.  The co-

registration and labelling of different imaging were essentially done in following steps; 1) to 

harmonize the labelling of coronary segments on coronary angiography and CTCA; 2) co-

registration of CTCA with PET-CT and 3) labelling of coronary segments on OCT by 

comparison with coronary angiography.  
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Table 5.1 The upper limit of normal for 18F-Fluoride TBRmax for each coronary segment 

The mean TBR max and upper limit of normal (mean+2SD) for each coronary segment were 

determined in 10 subjects from the natural history cohort. Some segments were not possible to 

quantify. For each segment data from at least 8 subjects were required to determine the upper 

limit of normal. For segments with less than 8 data points the value from an anatomically 

adjacent segment was used [indicated by (*)]. 

 

 

 

Coronary Segment Number of low-risk 

patients analyzed 

Mean TBRmax Mean + 2SD 

TBRmax 

1 10 0.91 1.29 

2 10 0.88 1.38 

3 10 0.94 1.52 

4 Used segment 3 value* 0.94 1.52 

5 10 1.08 1.44 

6 10 0.83 1.17 

7 10 0.68 0.92 

8 Used segment 7 value* 0.68 0.92 

9 10 0.56 0.86 

10 Used segment 9 value* 0.56 0.86 

11 10 0.95 1.15 

12 9 0.72 0.96 

13 8 0.99 1.29 

14 Used segment 12 value* 0.72 0.96 

15 Used segment 13 value* 0.99 1.29 

16 Used segment 3 value* 0.94 1.52 

17 Used segment 6 value* 0.83 1.17 

18 Used segment 13 value* 0.99 1.29 
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5.3.4.1 Harmonization of coronary segments labelling on coronary angiography and 

CTCA 

Using the cine-angiography images, coronary segments were labelled on CTCA images based 

on the 18-segment reporting system as described previously [581]. Landmarks such as side 

branches, calcification and location of stenosis were used to label coronary segments. 

 

5.3.4.2 Co-registration of CTCA with PET-CT 

Co-registration of CTCA and PET-CT images was performed using previously described 

methods[582]. The diastolic PET images, representing 50-75% of the cardiac cycle, were fused 

with the CTCA images by manually aligning the ventricular blood pool radiotracer activity 

with the ventricular cavities identified on CTCA. Further adjustments were made to align the 

atrial blood pools, atrioventricular grooves and aortic root. 18F-NaF PET analysis was 

performed by experienced observers, blinded to OCT data, using Siemens 

Syngo. via VB10B. 

 

5.3.4.3 Labelling of Coronary Segments on OCT by Comparison with Coronary 

Angiography  

Cine-angiography of each OCT pullback and the location of matching side branches on CAG 

and OCT longitudinal and cross-sectional images were used to identify which coronary 

segments were imaged. Other anatomical landmarks such as calcification, location of stenosis 

or luminal configuration were additionally used for the co-registration processes.  Co-

registration was performed by two observers, blinded to both OCT and 18F-Fluoride PET 

findings.  
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5.3.5 Statistical Analysis 

Categorical variables are presented as counts: n (%). Continuous variables are expressed as the 

mean ± SD or as median [25th, 75th centile] dependent on whether the variable distribution was 

Gaussian. 

For segment level OCT analysis, the mean values of LA, CA and PFW were calculated for 

PET/OCT co-registered coronary segments. The presence of macrophages, microchannels and 

cholesterol crystals were also recorded in individual coronary segments imaged. To investigate 

segment level associations between elevated 18F-fluoride uptake and high-risk OCT plaque 

features a generalized estimating equation model was used to adjust for intra-individual effects. 

Due to the collinearity amongst various plaque features, the analyses were performed in two 

separate models. Model 1 included LA, CA, microchannels and cholesterol crystals. Model 

two included PFW, macrophages, presence of TCFA and presence of thrombus. A univariate 

analysis was performed to compare the max TBR values between 18F-fluoride positive and 

negative coronary segments. A univariate generalized estimating equation (binary logistic 

model) that adjusted for intra-individual effects was used to investigate the difference in OCT 

plaque features between 18F-fluoride positive and negative culprit segments (dependent 

variable), where lipid, calcium and PFW were continuous and macrophages, microchannels, 

cholesterol crystals and TCFA were categorical variables. The same method was used to 

compare non-culprit lesions that were 18F-fluoride positive and negative. The proportion of 

18F- fluoride segments in culprit and non-culprit segments were compared using a chi-square 

test. 

For patient-level analysis, the mean values of LA, CA and PFW were calculated from all multi-

vessel OCT pullbacks for each patient.  Positivity for lipid, calcium and PFW was defined as 

being above the median for the whole group. Patients were deemed positive for macrophages 
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when these were present in more than 50% of coronary segments. Patients were considered 

positive for cholesterol crystals and microchannels if these microfeatures were detected in one 

or more of the coronary segments.   

Patients were categorized into three groups according to the number of coronary segments with 

elevated micro-calcification activity (0, 1 or 2 or more). The chi-square test for trend was used 

to evaluate the difference in various plaque features across the three groups of patients [583]. 

The association between various high-risk OCT plaque features and the increasing number of 

18F- fluoride segments at the patient level was analyzed using linear regression. The total 

number of 18F- fluoride positive segments per patient was the dependent variable. Individual 

plaque features were included as continuous  (lipid, calcium and plaque free wall) or categorical 

variables (presence of macrophages, microchannels, cholesterol crystals and thin cap 

fibroatheroma variables. Clinical and OCT plaque features with p < 0.1 were included in the 

multivariable analysis with backwards elimination to arrive at the final model. 

Statistical analyses were performed with Statistical Package for the Social Sciences (SPSS) 

software version 25.0 (IBM Corp., Armonk, NY, USA). A two-sided p < 0.05 was considered 

significant.  

 

 

5.4 Results 

A total of 62 patients (mean age 61±9 years, 85% male) were included, and OCT imaging was 

obtained in 286 coronary segments (Figure 1). The demographic, procedural and imaging 

characteristics of the patients are shown in Table5.2. 
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Figure 5.1 Flowchart showing the recruitment of patients in 18F- Sodium Fluoride PET 

uptake and high risk plaque features on OCT  
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Table 5.2 Baseline characteristics.  
 

 
All Subjects 

(n=62) 

18F-NaF +ve 

Subjects (n=42) 

18F-NaF -ve 

Subjects (n=20) 

p value 

Characteristics on Admission     

Gender (males%) 53 (86%) 41 (97.6%) 12 (60%) 0.003 

Age (years) 61 (9) 59 (9) 65 (7) 0.025 

Height (cm) 175 (8) 176 (7) 172 (8) 0.032 

Weight (kg) 90 (22) 93 (23) 82 (17) 0.063 

Systolic blood pressure (mmHg) 132 (22) 132 (23) 134 (21) 0.632 

Diastolic blood pressure (mmHg) 77 (15) 75 (16) 79 (14) 0.378 

Heart rate (beats per minute) 72 (12) 70[62-79] 72 [62-84] 0.895 

Known coronary /peripheral 

circulatory disease 

5 (8) 3 (7) 2 (10) 0.701 

Dyslipidaemia 28 (45) 18 (43) 10 (50) 0.598 

Smoking  19 (30) 12 (29) 7 (35) 0.608 

Diabetes Mellitus 11 (18) 7 (17) 4 (20) 0.748 

Anti-hypertensive therapy 34 (55) 20 (48) 14 (70) 0.103 

Haemoglobin (g/dL) on admission 146 [135-154] 146 [135-152] 142 [133-156] 0.768 

Haematocrit 0.43 [0.40-0.45] 0.43 [0.40-0.44] 0.44[0.39-0.46] 0.783 

White blood cells x 109/ l 9.8 [8.3-11.9] 9.7 [8.3-10.9] 11 [8-12] 0.302 

Creatinine (μmol/l)  prior to coronary 

angiogram 

77 [72-93] 73 [65-82] 78 [74-93] 0.725 

Low density lipoprotein (mmol/l) on 

admission 

3.1 [2.5-3.5] 3.15 [2.67-3.62] 2.85 [2.2-3.47] 0.232 

High density lipoprotein (mmol/l) 1.0 [0.9-1.25] 1.0 [0.85-1.20] 1.05 [0.9-1.30] 0.087 

High sensitivity Troponin (ng/dL) )  

prior to coronary angiogram 

1185 [163-9607] 1485 [305-

13150] 

698 [113-4418] 0.305 

CRP (μg/mL) 5.2 [2.8-13.5] 5.4 [2.65-11.65] 5.0 [2.65-22.85] 0.999 

HBA1c (%) 5.6 [5.5-6.0] 5.7 [5.5-6.0] 5.6 [5.4-6.1] 0.521 
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Albumin (g/l) 41 [39-44] 40.5 [39-44] 41 [38.75-44] 0.764 

     

Medications on discharge 
    

ACE Inhibitor 32 (52) 23 (52) 10 (50) 0.861 

Angiotensin receptor blocker 11 (18) 8 (19) 3 (15) 0.697 

Calcium channel blocker 7 (11) 2 (4.8) 5 (25) 0.033 

Diuretics  6 (10) 3 (7) 3 (15) 0.338 

Beta blockers 50 (81) 34 (81) 16 (80) 0.929 

Statin  58 (94) 40 (95) 18 (90) 0.235 

Antiplatelet  58 (94) 41 (98) 19 (95) 0.149 

     

OCT Procedural Data 
    

Fluoroscopy Time (mins) 16.1 [12.4- 24.9] 15.3 [11.2- 25.2] 15.3 [11.2- 25.2] 0.342 

Total Contrast (ml) 231.5 [195-276] 230 [183- 328] 230 [183- 328] 0.799 

Vessels Imaged per Patient 2.1 (0.4) 2.0 (0.5) 2.1 (0.3) 0.505 

Total Length Imaged/Patient (mm) 104 [90-128] 97 [86-122] 97 [86 -122] 0.574 

Frequency of vessels imaged 
    

Left Main stem 32 (52) 23 (55) 9 (45) 0.473 

Left Anterior Descending Artery 59 (95) 41 (98) 18 (90) 0.288 

Left Circumflex Artery 40 (65) 23 (55) 17 (85) 0.027 

Right Coronary Artery  28 (45) 21 (50) 7 (35) 0.27 

     

18F-NaF Procedural Data 
    

Time between OCT and PET 

imaging (Days) 

10 [6-11] 9 [4-11] 11 [7-20] 0.098 

18F-NaF Dose (MBq) 249 [248-250] 249[248-250] 249 [248- 251] 0.204 

Time between Injection and PET 

imaging (min) 

63 [60-68] 62 [60-67] 65 [59-74] 0.423 

Data is represented as n (%), mean standard deviation or median [25th-27th percentile] 
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5.4.1 Segment Level Analysis 

Of the 286 coronary segments with 18F-fluoride PET and OCT data, a total of 60 (21%) 

showed elevated 18F-fluoride uptake (Table5.3). In Model 1, coronary segments with elevated 

(positive) 18F-fluoride uptake compared to negative uptake showed significantly higher LA 

(74◦ [35◦-117◦] versus 48◦ [15◦-83◦]; beta coefficient (ß)=0.06 , 95% confidence interval (CI) 

(0.01-012), p =0.021), CA (8◦ [0◦-40◦] versus 0◦ [0◦-6◦]; ß=0.19 (95% CI 0.07-0.31), p =0.003), 

and cholesterol crystals [11 (18.3%) versus 14 (6.2%); ß=1.144 (95%CI 0.28- 2.006), p =0.009] 

(Table 5.3). In Model 2, PFW was significantly lower in 18F-fluoride positive segments (50◦ 

[7◦-110◦] versus 94◦ [34◦-180◦]; ß=-0.05 (95% CI -0.09- -0.01), p =0.027) and the prevalence 

of macrophages was higher [37 (62%) versus 89 (39%); ß=0.766 (95% CI 0.203- 1.33), p 

=0.008]. 

In a sensitivity analysis, coronary segments deemed 18F-fluoride positive due to overspill from 

adjacent structures showed plaque features in between those of definite 18F-fluoride positive 

and negative segments (Table 5.4). 

 

5.4.2 Culprit and Non-Culprit Coronary Lesions 

Culprit lesions were analyzed based on 18F-fluoride positivity. Culprit segments were imaged 

with OCT in 52 out of 62 patients, and OCT of non-culprit segments was available in all 62 

subjects. Culprit lesions were not imaged with OCT in 8 subjects where the culprit vessel was 

deemed unsuitable for OCT and for undetermined reasons in a further 2 subjects. A total of 20 

out of 52 culprit segments were 18F-fluoride positive whereas 40 out of 234 non-culprit 

segments were 18F-fluoride positive (p= 0.001).  
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Table 5.3 Comparison of anatomical distribution and plaque features between coronary 

segments with and without elevated 18F-fluoride uptake 

 

 

LAD= Left anterior descending artery, LCx= Left circumflex artery, RCA= Right coronary artery,  

ß= Beta Coefficient, CI= Confidence Interval 

Data is represented as n (%) or median [25th-75th percentile] 

* p-value ≤ 0.001 in univariate analysis. 

** Co-linearity between plaque variables necessitated the use of separate models 

 

 

 

 

 

 

 

 
18F-Fluoride 

Negative 

 

18F-Fluoride 

Positive 

ß (95% CI) p-value 

Segments analysed (n) 226 60   

Max TBR 0.9 [0.76-1.05] 1.33 [1.18-1.56]*   

Coronary Distribution  
  

  

LAD 109 (48) 37 (63)   

LCx 45 (20) 17 (28)   

RCA 72 (32) 6 (10)      
  

OCT Plaque Features 
  

  

   Model 1**  

Lipid Arc  48º [15º-83º] 74º [35º-117º]  0.06 (0.01-0.12) 0.021 

Calcium Arc  0º [0º-6º] 8º [0º-40º]  0.19 (0.07-0.31) 0.003 

Microchannels 34 (15) 8 (13) 0.66 (-0.31-1.63) 0.185 

Cholesterol Crystals 14 (6.2) 11 (18)  1.14 (0.28-2.0) 0.009 

   Model 2**  

Plaque Free Wall  94º [34º-180º] 50º [7º-110º]  -0.05 (-0.09- -0.01) 0.027 

Macrophages  89 (39) 37 (62)  0.77 (0.20-1.33) 0.008 

Thrombus 3(1.3) 2 (3.4) 0.72 (0.90-2.33) 0.384 

Thin Cap Fibro- atheroma 24 (10) 10 (17) 0.07 (0.94-1.1) 0.896 
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Table 5.4  Plaque features on OCT in coronary segments that were 18F-Fluoride 

 

 

 

 

 

 

 

 

 

In culprit lesions calcium arc was significantly higher whereas the distributions of all other 

high-risk plaque features were similar in 18F- Fluoride positive compared to negative segments 

(Table5.5).  

18F-fluoride positive non-culprit lesions showed significantly higher lipid arc, calcium arc, 

presence of macrophages, cholesterol crystals and smaller PFW when compared to PET 

negative non-culprit lesions (Table5.5). The plaque morphology of 18F-fluoride positive non-

culprit lesions was similar to that of culprit lesions (Table5.5) 

 

5.4.3 Patient-Level Analysis 

In the total patient cohort, the distributions of plaque features on OCT were as follows: LA 59 

[39-80], CA 6 [1-15] and PFW 102 [68-146], while the plaque micro-features were 

detected as follows: Macrophages 13 (21%), microchannels 31(50%), cholesterol crystals 

22(35%) and TCFA 19(31%). 

Plaque Characteristics 18F-Fluoride 

negative 

segments 

(n=210) 

18F-Fluoride 

positive 

segments 

(n=60) 

Segments with 

18F-Fluoride 

spill over 

(n=16) 

TBRmax 

0.900 [0.760- 

1.033] 

1.330 [1.183- 

1.555] 

1.238 [1.124- 

1.319] 

Lipid 46 [14-81] 74 [35-117] 58 [38-87] 

Calcium 0 [0-6] 8 [0-39] 3 [0-13] 

Plaque Free Wall 94 [29-181] 50 [7-110] 93 [48-181] 

Macrophages 81 (39) 37 (62) 8 (50) 

Microchannels 32 (15) 8 (13) 2 (13) 

Cholesterol Crystals 13 (6) 11 (18) 1 (6) 
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Twenty patients had no 18F-fluoride positive lesion, 21 patients had one 18F-fluoride positive 

lesion, and 21 patients had two or more 18-Fluoride positive lesions. The distribution of various 

OCT plaque features across these groups is shown in Table 5.6. 

The proportion of patients with calcium arc above the group median increased across the three 

groups with an increasing number of 18F-fluoride positive lesions whereas PFW above the 

group median decreased across the three groups (Figure 5.2, Table5.6). The proportion of 

patients with OCT detected macrophages also increased across the three groups (Figure 5.2, 

Table 5.6) 

 

 

Figure5.2 Prevalence of selected plaque features above the group median as detected on 

optical coherence tomography (OCT) across three groups of patients with the increasing 

number of coronary lesions positive for micro-calcification activity. 
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Table 5.5 Comparison of various plaque features between culprit and non-culprit coronary 

segments with and without elevated 18F-Fluoride uptake 

 

 18F-Fluoride positive 

culprit segments (n=20) 

18F-Fluoride negative 

culprit segments (n=32) 

p-

value 

Max TBR 1.320 [1.240-1.510] 0.9150 [0.8150-1.0175] < 0.001 

Lipid Arc (degrees) 74 [35-139] 73 [48-114] 0.689 

Calcium Arc (degrees) 10 [1- 43] 0 [0-6] 0.004 

Plaque Free Wal 

(degrees) 
64 [10-125] 57 [7-133] 0.813 

Macrophages 15 (75) 21 (66) 0.478 

Vasa Vasorum 1 (5) 7 (22) 0.133 

Cholesterol Crystals 4 (20) 2 (6) 0.151 

 
18F-Fluoride positive 

non-culprit lesions 

(n=40) 

18F-Fluoride negative 

non-culprit lesions 

(n=194) 

 

Max TBR 1.345 [1.158- 1.570] 0.90 [0.744- 1.060] < 0.001 

Lipid Arc (degrees) 
74 [35-116] 40 [13-76] 0.020 

Calcium Arc (degrees) 
6 [0-34] 0 [0- 7] 0.006 

Plaque Free Wall 

(degrees) 41 [6 -105] 105 [40-193] 0.018 

Macrophages 
22 (55) 68 (35) 0.005 

Vasa Vasorum 
7 (18) 27 (14) 0.489 

Cholesterol Crystals 
7 (18) 12 (6) 0.017 

Presence of TCFA 
8 (20) 18 (9) 0.113 

Data is represented as n (%) or median [25th-75th percentile] 
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 In the multivariable analysis the calcium [ß=0.40 (95% CI 0.20- 0.60), p<0.001] wa 

independently associated with an increasing number of 18F- fluoride segments in patient-level 

analysis after adjusting for hypertension and smoking (Table5.7). 

 

 

 

 

 

 

 

Table 5.6 OCT high-risk plaque features across three groups of patients based on the number 

of 18F-Flouride positive coronary segments. 

 Group1 (n=20) 

18F-Fluoride positive 

lesions=0 

Group 2 (n=21) 

18F-Fluoride positive 

lesions=1 

Group 3 (n=21) 

18F-Fluoride positive 

lesions≥2 

Lipid Arc 53 [38-74] 60 [33-78] 70 [41-103] 

Calcium Arc 2 [0-5] 5 [1-13] 17[8-30] 

Plaque Free Wall 121 [87-176] 94 [61-144] 88 [58-119] 

Macrophages 2 (10) 3 (14) 8 (38) 

Microchannels 9 (45) 11 (52) 11 (52) 

Cholesterol Crystals 5 (25) 10 (48) 7 (33) 

Thrombus 2 (10) 1 (5) 2 (10) 

Thin Cap Fibroatheroma 5 (25) 5 (24) 9 (43) 
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Table 5.7 Summary of Univariable and Multivariable linear regression analysis of clinical and 

OCT plaque features associated with the increasing number of 18F-Fluoride positive lesions 

in patient-level analysis 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 Univariate Analysis  

Plaque Features 

Beta Coefficient [95% 

Confidence Interval] P value 

Calcium arc 0.45 [0.24- 0.67] < 0.001 

Lipid arc 0.01 [- 0.01- 0.20] 0.083 

Plaque Free Wall - 0.05 [- 0.10- 0.01] 0.085 

Macrophages 1.21 [0.39-2.0] 0.005 

Hypertension -0.79 [-1.48- -0.99] 0.026 

Smoking 0.63 [- 0.13 – 1.38] 0.103 

 Multivariable Analysis  

Calcium  0.40 [0.20- 0.60] < 0.001 

Hypertension - 0.87 [- 1.44- -0.31] 0.003 

Smoking 0.66 [0.10- 1.28] 0.034 
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5.5 Discussion  

This is the only study to date investigating the association between 18F-fluoride PET uptake 

and high-risk plaque features detected by intracoronary OCT in patients presenting with ACS. 

The coronary segments with elevated 18F-fluoride had more LA, CA, macrophages and 

cholesterol crystals, and less PFW. Furthermore, on a patient level, the detection of coronary 

18F-fluoride PET-positive lesions identified patients with high-risk plaque features.   

In this chapter it was demonstrated that 18F- Fluoride uptake was associated with higher plaque 

calcium, macrophages and cholesterol crystals and lower PFW. Dweck et al reported that 18F-

fluoride activity was strongly associated with CT calcium score [575]. Joshi et al reported that 

in 40 patients with stable angina coronary lesions,  18F- Fluoride uptake was associated with 

more high-risk features on intravascular ultrasound including higher remodelling index, 

microcalcification and necrotic core [578]. PFW is validated as an OCT surrogate for plaque 

burden and represents the absence of vessel wall remodelling due to early atherosclerosis [477]. 

In this study, PFW was inversely associated with 18F-fluoride uptake at segmental as well as 

a patient level. These data suggest that the absence of coronary 18F-fluoride uptake may 

identify a subgroup of patients with ACS with an earlier stage of atherosclerosis likely to be at 

relatively low risk of future recurrent events. 

 In this chapter it was observed that association of 18-F Fluoride uptake with plaque 

macrophages and cholesterol crystals. These findings are consistent with the concept that 18F-

fluoride binds to the areas of early and active calcification, likely triggered by plaque 

inflammation and intriguingly suggests a potential role for the NLRP3 inflammasome in early 

calcification [584]. Lee et al [585] studied 52 stable patients, excluding ACS, with OCT, IVUS 

and CTCA and reported that 18F-fluoride uptake was associated with plaque burden and 
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remodelling index on IVUS and higher lipid arc on OCT, but not with other plaque features 

including calcium or macrophages. In contrast, the present study involved patients with ACS 

and used a higher sampling rate / smaller sampling interval for analyzing OCT plaque 

microfeatures, as it was demonstrated in Chapter 2 that optimal frame interval to avoid 

underestimation of plaque microfeatures including macrophages, microchannels and 

cholesterol crystals [573]. Furthermore, unlike these previous studies [578, 585], the present 

study also conducted a patient-level analysis based on the number of positive 18F-fluoride 

positive lesions, which may be helpful in clinical translation.   

In this chapter, it was demonstrated that  20 out of 52 (38%) of the culprit segments 

demonstrated 18F- Fluoride uptake. Joshi et al [578] reported that in 40 subjects who had ACS 

93% (37/40) of the culprit lesions were 18F- Fluoride positive. While the TBRmax values 

reported in their study [578] were similar to our findings, other important differences may in 

part explain the lower prevalence of PET-positive culprit lesions described in our study. In the 

present study, we used a higher threshold for 18F-fluoride positivity, based on the upper limit 

of the normal range for our methods. Furthermore, the degree of calcification in culprit lesions 

in our patients was heterogeneous. Importantly, the present study used a higher dose of 

250MBq of 18F-fluoride with a 1-hour uptake phase and an image acquisition time of 10 

minutes compared to 125 MBq dose with a one-hour uptake phase and 20-30 minute 

acquisition time [578]. The shorter acquisition time reduces the likelihood of image 

degradation due to patient movement/discomfort but requires a higher radiotracer dose to retain 

sufficient counts and to limit false-positive findings due to ‘noise’ in the images. The higher 

threshold for lesion positivity in our study, based on our normal range, should reduce false 

positivity with the trade-off of missing some mildly positive lesions. The feasibility and 

reliability of 18F-fluoride to identify ruptured and high-risk atherosclerotic plaques has been 

reported previously [576]. Additionally, different approaches to vascular 18F-fluoride PET 
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analysis have been proposed [10] and further ongoing studies will clarify the role of each and 

lead to technological improvements in coronary PET imaging.      

In this chapter it is reported that  culprit lesions that were 18F-fluoride positive demonstrated 

similar plaque morphology but with more calcification than those that were negative. 

Interestingly non-culprit lesions that were18F-fluoride positive demonstrated similar high-risk 

plaque morphology to culprit lesions, whereas 18F-fluoride negative non-culprit lesions were 

low-risk. The OCT plaque features of ‘culprit’ and ‘non-culprit’ coronary segments stratified 

by 18F-fluoride uptake have not been reported previously. Also, prior studies that investigated 

the 18F-fluoride uptake and high-risk plaque features on intra-coronary imaging included only 

patients with stable coronary artery disease and may therefore not be directly comparable as 

there are recognized differences in plaque morphology between ACS and stable patients. The 

present study results support the concept that micro-calcification activity may identify a subset 

of patients with ACS who are at high risk of further events that may benefit from more 

aggressive risk factor modification or plaque stabilization therapies. Future prospective studies 

are needed to assess the clinical utility of 18F-fluoride PET imaging to predict major adverse 

cardiovascular outcomes after ACS. 

 

5.6 Limitations 

This study is the largest cohort of ACS patients undergoing assessment using 18F-fluoride and 

intracoronary OCT to date but nonetheless represents only a modest sample size.  On average 

5 coronary segments were imaged with OCT per patient (286 segments/62 patients) in at least 

2 of the 3 major epicardial arteries, of which the proximal 50mm of each coronary artery was 

always imaged. It is recognized that the vast majority of plaque events occur within the 

proximal 50mm from the ostium [586].  It follows that the under-sampling of the distal vessels 
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and smaller side branches would have a limited effect on the determination of a patient’s 

atherosclerosis phenotype.  These smaller segments often cannot be imaged with OCT for 

technical reasons. While the interpretation of OCT appearances representing various plaque 

features is broadly accepted [285], the interpretation of bright spots representing macrophages 

has been challenged.  

5.7 Conclusion    

In this study it is demonstrated that coronary artery 18F-fluoride uptake is associated with 

multiple high-risk OCT plaque features and has the potential to refine the risk stratification of 

patients with ACS.  
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Chapter 6  Conclusion 

 

Optical coherence tomography is a unique light-based intravascular imaging modality with 

distinctive superior resolution. The OCT imaging of the coronary arteries provide a detailed 

in-vivo microstructural characterization of the atherosclerotic plaque. This thesis provides 

important data about refining the methods of OCT plaque analysis (Chapter 2 and 3). 

Furthermore, this thesis investigates the role of OCT plaque analysis in refining the risk 

stratification of patients presenting with ACS (Chapter 4) and utilizing the OCT plaque features 

to assess the role of non-invasive molecular imaging (18F-fluoride) in risk stratification of 

patients with ACS (Chapter 5). 

 

6.1 Refining the methods of OCT plaque analysis   

Utilising the superior resolution of OCT, various plaque features can be analysed in great detail. 

Despite the published expert review documents to guide OCT plaque analysis [285, 286], there 

is a lack of strict guidelines to guide step by step plaque analysis. Interestingly, there is no 

universal consensus on the frequency of frame intervals for analysing various plaque features. 

In Chapter 2, the effect of variable frame intervals on quantification of various plaque features 

has been studied using 3,108 OCT frames in 27 patients. The results demonstrated no 

significant difference in the quantification of plaque macro features (lipid, calcium)  using 

200m , 400m  and 1mm frame intervals. The mean difference in lipid arc was <1° (0.5%) 

using 400m  and 1 mm frame intervals compared to 200m  frame intervals (r=0.99, p< 

0.001). However, smaller plaque features including macrophages, microchannels and 

cholesterol crystals were significantly underestimated. Quantification of macrophage showed 
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a strong correlation (R=0.99, p<0.001 and R=0.96, p<0.001) respectively for 400m  and 1mm 

frame interval analysis. However, macrophages were significantly underestimated by 57% and 

85% with 400m and 1mm frame analysis respectively. This highlights the potential 

underestimation of important plaque microfeatures in previous studies using routinely 1 mm 

frame interval approach.  

Additionally, until now, plaque analysis using OCT was only performed in non-stented 

segments of coronary arteries. Whereas more often than not, OCT is routinely performed post 

stenting to optimise the PCI. Chapter 3 investigates quantification of various plaque features 

behind the stent struts in 52 patients undergoing PCI at two different centers. The data showed 

that plaque lipid can be measured accurately post-stenting. The lipid arc was similar pre- 

(55°[13°-93°]) and post-stenting (40° [18°-87°]) with a median difference of (1° [-7°-16°], 

p=0.054).  Macrophages were significantly underestimated pre-PCI (9 [3-19]) versus post PCI 

(8 [3-14]) with a median difference of (3 [1-7], p<0.001). Similarly, microchannels and 

cholesterol crystals were significantly underestimated. 

To investigate the clinical utility of plaque analysis behind the struts, the association between 

various plaque features and microvascular dysfunction was studied in 128 patients undergoing 

PCI (Chapter 3). In this cohort, patients with microvascular dysfunction compared to normal 

flow post PCI were found to have higher plaque lipid (89° [50°-139°]) versus  62° [29°-88°]), 

p <0.001) and calcium (24°[6°-45°] versus 62°[29°-88°], p value < 0.05).Furthermore, the 

plaque lipid (OR 1.29, 95% CI 1.14-1.38, p< 0.001) and calcium (OR 1.26, CI 1.07-1.40, 

p=0.005) content behind the struts was associated with microvascular dysfunction. The 

association between various plaque features pre-stenting and microvascular dysfunction has 

been shown previously. However, the persistent association between plaque features post 

stenting and microvascular dysfunction suggested that plaque features post stenting potentially 

can provide important clinical information.  The results of this study revealed that plaque 
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behind the struts can be analysed and specific plaque features behind the struts are associated 

with clinical outcomes. 

 

 

6.2 Role of OCT in refining the risk stratification in patients with ACS 

Despite existing risk stratification tools, a significant number of patients experience recurrent 

ischemic events. Previous intravascular imaging-based studies have demonstrated that plaque 

features predict cardiovascular outcomes. OCT has the ability to study plaque features in much 

more detail as compared to other intravascular imaging modalities. However, the outcome data 

regarding OCT plaque features and cardiovascular outcomes is limited. Previously, two 

observational studies have investigated the association between OCT plaque morphological 

features and cardiovascular outcomes [496, 587]. However, in these studies, only selective 

imaging of single (culprit) vessel was performed and the plaque features were analysed at 1 

millimetre, potentially underestimating the plaque microfeatures. Also, plaque features as 

cholestrol crystals ( a marker of plaque vulnerability) and plaque free wall (an OCT  serrogate 

of plaque volume) were not analysed in these studies. 

In a study of 104 patients presenting with ACS, association of GRACE and SYNTAX scores 

with various plaque features in multivessel and single vessel (culprit, non-culprit) OCT was 

examined (Chapter 4). Multi-vessel OCT plaque analysis showed that both lipid (r=0.32, 

P=0.001), and calcium (R=0.35, P<0.001) were positively correlated with GRACE score. Lipid 

(R=0.34, P=0.001), macrophages (R=0.22, P= 0.023), microchannels (R=0.23, P=0.018) and 

presence of TCFA (R=0.21, P= 0.036) were all positively correlated with the SYNTAX score. 

Additionally, the number of high-risk OCT plaque features positively correlated with GRACE 

score (R=0.34, p< 0.001) and SYNTAX score (R=0.42, p<0.001). These data revealed that In 
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patients with ACS, there is a significant association between OCT plaque features and clinical 

and angiographic risk scores. 

Furthermore, the prevalence of patients with high-risk plaque features (≥ 3) in a frequency table 

(3X3) of combined GRACE and SYNTAX tertiles demonstrated an increasing trend across 

combined tertiles of GRACE and SYNTAX. The frequency of patients with high-risk plaque 

features was lowest (20%) in the first tertile of GRACE and SYNTAX. Whereas, it was highest 

(92%) in the third tertiles of GRACE and SYNTAX. These data suggest that combined clinical, 

angiographic and plaque morphological features can identify individuals at higher risk for 

future cardiac events 

 

 

6.3 Utilising the OCT plaque analysis in establishing the role of non-invasive 

imaging modalities for refining the risk stratification of ACS patients  

With the ongoing efforts to establish new tools to further refine the risk stratification in ACS 

patients, non-invasive molecular imaging with 18F-fluoride has shown early promise in 

identifying culprit plaques. In Chapter 5, using multivessel OCT plaque analysis, the 

association between various features of plaque vulnerability and high 18F- fluoride uptake was 

studied prospectively in 62 patients. The association between 18F-fluoride uptake and OCT 

plaque features of vulnerability was analysed in 287 coronary segments [60 (21%) segments 

with 18F-fluoride positive uptake]. Coronary segments with 18F-fluoride uptake compared to 

no uptake showed higher lipid (74° [35°-117°] versus 48° [15°-83°], p=0.021), calcium (8° 

[0°-40°] versus 0° [0°-6°], p=0.003), macrophages [37 (61%) and significantly lower PFW 

(50° [7°-110°] versus 94° [34°-180°], p=0.027). Also, culprit lesions were analysed based on 

18F- fluoride positivity. In 18F- fluoride positive culprit lesions with calcium was significantly 
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higher than those culprit lesions without 18F-fluoride uptake (10º [1º- 43º] vs 0º [0º- 6º], 

p=0.004). Interestingly, non-culprit lesions with 18F- fluoride uptake compared to those 

without the uptake, showed significantly higher lipid (74º [35º-116º] vs 40º [13º-76º], 

p<0.001), calcium (6º [0º-34º] vs 0º [0º-7º], p=0.020) , presence of macrophages [22 (55%) vs 

68 (35%), p=0.005] cholesterol crystals [7 (18%) vs 12 (6%), p=0.017]  and smaller PFW (41º 

[6º-105º] vs 105º [40º-193º], p=0.017). This data demonstrates that coronary segments with 

18F-fluoride uptake were associated with OCT features of plaque vulnerability. Also,  non-

culprit coronary segments with 18F- fluoride uptake compared to those without, phenotypically 

were similar to culprit coronary segments with 18F- fluoride uptake.   

This study  for the first-time studied the use of 18F- Sodium Fluoride PET to identify ‘high-

risk patients’ as well as individual ‘high-risk lesions’. At patient-level analysis, patients were 

divided into three groups based on the number of 18F-NaF positive lesions (group 1= 0 positive 

18F-NaF lesions, group 2= 1 positive lesion and group 3= 2 ≥ positive lesions). The proportion 

of patients with presence of calcium increased across the three groups (Group 1=20% vs. Group 

2=, 43% vs. Group 3=86%; p<0.001). Presence of macrophages also increased across the three 

groups (Group 1=10% vs. Group 2=14% vs. Group 3= 38%, p= 0.028).  Whereas, PFW 

decreased across the three groups (Group1=75% vs. Group 2=43% vs. Group 3=33%, 

p=0.008). These data suggest that on a patient level, the detection of coronary 18F-Fluoride 

PET-positive lesions identified patients with high-risk plaque features.   

 

6.4 Future Directions 

The superior resolution of optical coherence tomography provides clinicians with the 

opportunity to perform refined and detailed in-vivo plaque analysis, which is not possible with 

other intravascular imaging modalities. The critical work performed in this thesis will set the 
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ground for future methodological improvement in OCT plaque analysis. The use of appropriate 

frame intervals for analysis of various plaque features in future studies will eliminate the 

potential of underestimation of microfeatures as well as investigate the precise role of 

microfeatures in disease progression and future adverse cardiovascular outcomes. Also, the 

findings of this study will facilitate the use of OCT in studying the effects of novel therapies 

such as anti proproteins convertase subtilisin kexin type 9 (anti-PCSK 9)  on plaque 

morphology and its cellular structures (macrophages, vasa vasorum, cholestrol crystals) in the 

future studies.  Additionally, the ability to analyse plaque behind the struts as demonstrated in 

this thesis will allow future studies to investigate not only the role of native plaque in cases of 

stent failure but also, to investigate the predictive value of plaque features behind the struts for 

future cardiovascular outcomes. 

The results of this thesis demonstrated that combining the existing clinical and angiographic 

risk models identified a higher proportion of patients with high-risk OCT plaque features. 

These findings will provide the basis for a  future prospective study to test whether combining 

the high-risk plaque features with existing clinical and angiographic scores will help in better 

identifying the ACS patients at risk of future cardiovascular events. Also, the association of 

various plaque features with clinical and angiographic scores tested in multivessel and single 

(culprit and non-culprit) vessel imaging will help in optimising the design of future studies i.e. 

selection of vessel for plaque analysis for investigating the prognostic value of OCT plaque 

features.  

Finally, analysing the coronary segments with and without 18F-fluoride uptake for high-risk 

plaque features using OCT revealed that 18F- fluoride PET has the potential to risk-stratify 

patients with ACS. This novel work will pave the way for a future prospective study to 

investigate the predictive value of this novel, non-invasive, molecular imaging modality (18F-

fluoride PET) for cardiovascular outcomes in patients presenting with ACS 
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