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Abstract 

Carotid endarterectomy in patients with asymptomatic carotid stenosis (ACS) is 

controversial. Researchers focus on identification of the vulnerable carotid plaque to 

improve patients’ selection for surgery. However, there is no consensus on a specific 

algorithm. Also, most studies analyse static plaque measurements, despite carotid plaques 

being dynamic structures.  

The aims of this thesis were to determine the association of clinical parameters and 

ultrasonic plaque characteristics with stroke and mortality risk; also, stroke risk in terms of 

time. The final endpoint was to provide new methods of stroke and mortality stratification 

and assess new features of plaque instability, in patients with ACS. 

In a natural history study of 1121 patients with ACS, a high-risk subgroup with 

annual stroke risk of 7.2%, based on clinical parameters, was identified. Independent stroke 

predictors were creatinine, severity of stenosis, history of contralateral neurological events 

and progression of stenosis. A model based on six computer-extracted plaque texture 

features, predicting cerebrovascular events in the first two years, was developed. Finally, a 

subgroup of patients with 100% 5-year cardiovascular mortality was identified. Independent 

predictors of cardiovascular mortality were male gender, age, diabetes, stenosis >80%, not 

taking aspirin, cardiac failure and left ventricular hypertrophy. 

In the final part of the thesis, quantification of discordant plaque motion and its 

relationship to symptoms was evaluated. In a cross-sectional study, involving 116 patients 

(58 symptomatic and 58 asymptomatic), discordant motion was associated with a high 

prevalence of symptomatic carotid plaques. A method of objective computerised 

measurements for identification and quantification of discordant plaque motion was 

developed. The optimal predictor and a cut-off point for discordant motion were found. 
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Plaque motion analysis is a potential tool in stroke risk stratification. It should be tested, in 

combination with other plaque features, in prospective studies of patients with ACS. 
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Summary 

The role of carotid endarterectomy (CEA) in patients with asymptomatic carotid stenosis 

(ACS) has now become controversial. This is because recent reviews of cohort studies 

indicate that the average annual risk of ipsilateral stroke, in medically treated patients with 

ACS, has fallen to approximately 1% or less. This is attributed to advances in optimal medical 

therapy. In view of the above, it is argued that patients with ACS should be treated with 

medical therapy alone and that CEA is not justified in these cases. 

However, a significant number of cerebrovascular events occur in asymptomatic 

patients, despite medical therapy. Effectiveness of CEA would improve if a group of 

asymptomatic patients, on best medical therapy, that is at high risk for stroke could be 

identified. Research on detection of the vulnerable carotid plaque has been intense but 

there has been no agreement so far on a specific algorithm. Besides, most of these studies 

use static plaque image analysis, although carotid plaques are dynamic structures and are 

subjected to a complex of mechanical forces during the cardiac cycle. It is believed that 

many plaques rupture not only because of inherent weaknesses, making them unstable, but 

also because of high stresses, as evidenced by discordant movement. 

ACS is the result of atherosclerosis which is a systemic disease often affecting 

several vascular beds, particularly the coronary arteries. In patients with ACS, mortality from 

myocardial infarction is high and the statement is often made that “patients need to live at 

least 3-5 years to get the full benefit of CEA”.  

The aim of the work presented in this thesis is to improve on the existing methods of 

risk stratification for both stroke and myocardial infarction. The ability to stratify risk may 

contribute to a refinement of the indications for CEA in patients with ACS. 
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Chapter 1 of this thesis is a review of the relevant literature. Pathology of 

atherosclerosis, theories of atherogenesis, histological characteristics of plaques and their 

classification are reviewed in section 1.1. Section 1.2 focuses on stroke and its relationship 

to carotid atherosclerosis, including stroke epidemiology, the effect of wall shear stress on 

carotid bifurcation, the pathogenesis and the different types of cerebrovascular events.  

In section 1.3, the ability of different imaging modalities, such as arteriography, 

Duplex ultrasound, computed tomography (CT) or magnetic resonance imaging (MRI), to 

identify plaque features that are associated with increased stroke risk is reviewed. 

In section 1.4, natural history of asymptomatic and symptomatic carotid disease as 

well as the role of CEA, carotid stenting or medical therapy in the management of carotid 

patients are reviewed. The current status of treatment of patients with ACS and the need for 

identification of a high-risk for stroke group are reviewed in section 1.5. 

Section 1.6 is focused on efforts to improve stroke risk stratification in patients with 

asymptomatic carotid disease, based on clinical parameters and imaging modalities, such as 

Transcranial Doppler (TCD), Duplex ultrasound and CT. In section 1.7, studies on mortality 

risk of patients with ACS are reviewed. Also, results from a systematic review of the 

literature by our group, regarding all-cause and cardiac mortality in asymptomatic patients, 

are reported. 

The role of plaque rupture in stroke mechanism, biomechanical parameters of 

carotid arteries, the effect of different types of stress on plaque stability and studies on 

carotid plaque motion analysis are reviewed in section 1.8.  

Based on the review of the literature, the need to improve selection of 

asymptomatic patients for CEA becomes obvious. 
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Chapter 2 is devoted to outline the aims of this thesis which are: a) to determine the 

association of clinical parameters and ultrasonic plaque characteristics with stroke and 

mortality risk; also, stroke risk in terms of time and b) to assess new features of plaque 

instability (plaque motion). 

Longitudinal studies are described in chapters 4 and 5. As mentioned above, among 

the aims of this thesis was to improve stroke and mortality risk stratification methods in 

asymptomatic patients, through analyses in ACSRS study. This was a natural history study of 

1121 patients with ACS >50%. The aim of this study was to identify high-risk groups for 

stroke and mortality. On admission to the study, clinical and biochemical factors, ultrasonic 

plaque features, electrocardiogram (ECG) and CT brain scan results were recorded. Patients 

were followed-up every six months with a carotid Duplex scan. Outcome measures were any 

ipsilateral CORI event or ischaemic cerebral stroke, all other strokes or TIAs and death. 

Methodology and rationale of ACSRS are discussed in detail in chapter 3 (section 3.1).  

The development of a risk prediction model for stroke for any patient with ACS, 

based on clinical factors, is described in chapter 4 (section 4.4.1). Cox regression analysis 

showed that history of contralateral TIAs or stroke, elevated serum creatinine (>97 μmol/L) 

and severity of stenosis were all independent predictors of stroke. When progression of 

stenosis was added to the above model, prediction of stroke risk improved. A subgroup of 

patients with ACS >50% and an annual stroke risk of 7.2%, that carries 18 times the risk of a 

low-risk subgroup (annual stroke risk of 0.4%), was identified. It is suggested that patients 

with ACS and such a high predicted stroke risk should be considered as candidates for CEA. 

This is the first time that a subgroup is identified with such a high risk of stroke, based on 

clinical parameters and stenosis. 

As shown in chapter 4 (section 4.4.2), progression or regression was detected in 

19.8% and 3.8% of the asymptomatic carotid plaques, respectively. The majority of plaques 
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(76.4%) remained stable over time. Patients with progression had almost twice the risk of 

stroke, compared with patients without progression. However, progression was a rather 

poor predictor of overall stroke risk as only 19 out of 59 strokes occurred in the group of 

patients with progression. Serial Duplex scanning of asymptomatic patients to detect 

progression seems to be of limited clinical significance. 

Analysis in chapter 5 (section 5.4.1) showed that six novel computer-extracted 

plaque texture features were independent predictors of early stroke or TIA in patients with 

ACS. When these novel plaque features were combined with clinical factors and established 

ultrasound plaque features (stenosis severity, presence of DWA or JBA, GSM and history of 

contralateral TIA/stroke), a group of patients at high risk for stroke in the first 2 years was 

identified. It is suggested that these patients should be considered as candidates for CEA 

even if they have a short life expectancy. Also, a group of patients at high risk for stroke/TIA, 

that would occur after the second year of follow-up, was identified. It seems that, in these 

cases, there is sufficient time for stabilisation of the plaque through aggressive medical 

therapy. This is the first time that stroke risk stratification in terms of time, in patients with 

ACS, has been reported. 

As shown in chapter 5 (section 5.4.2), age, male gender, carotid stenosis >80% 

(NASCET criteria), diabetes, cardiac failure, LVH on ECG, smoking, no antiplatelet therapy 

and history of vertebrobasilar symptoms were independent predictors of all-cause mortality. 

Similarly, age, male gender, diabetes, fibrinogen >3.6 g/L, carotid stenosis >80%, cardiac 

failure, no antiplatelet therapy and LVH on ECG were predictors of increased cardiovascular 

(CV) mortality. Based on the last model, risk tables for CV mortality were developed and a 

subgroup of asymptomatic patients with 100% predicted 5-year CV mortality, that carries 25 

times the risk of a low-risk subgroup (overall 5-year predicted CV mortality is 4%), was 
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identified. Patients at high CV mortality risk might benefit from medical therapy rather than 

surgery. This model is a new tool for mortality risk stratification for any patient with ACS. 

Cross-sectional studies are described in chapter 6. A cross-sectional, case-control 

study with 116 patients (50% symptomatic and 50% asymptomatic) with carotid stenosis 

>50% was set up. The aim of this study was to determine the association of discordant 

plaque motion with symptoms and to develop a method of objective measurements of 

discordant plaque motion. For each patient, during routine carotid Duplex scanning, two 

video clips of B-mode ultrasound images of carotid plaques were obtained: one in grey scale 

and one with colour Doppler. Subsequently, the plaques were classified visually as having 

concordant or discordant movement. Finally, plaque motion analysis with a dedicated 

computer software was performed. Methodology of this study is described in detail in 

chapter 3 (section 3.2). Analysis showed that discordant movement was an independent 

predictor of the presence of symptoms. In fact, 80% of symptomatic plaques showed 

discordant motion. In the asymptomatic group, only one third of the plaques showed 

discordant motion. 

Finally, reproducibility of the above method and causes of discrepancy were 

evaluated. An objective measurement of the severity of discordant movement and a cut-off 

point for discordant motion were identified. Sensitivity and specificity for symptoms were 

high. This is the first cross-sectional study which shows that it is possible to quantify 

discordant carotid plaque motion with the use of 2-D ultrasound video clips and a 

customised software. This is a new tool that can reliably distinguish concordant from 

discordant carotid plaques. Its combination with static plaque characteristics might improve 

stroke risk stratification in patients with ACS. This needs to be tested in a prospective study. 

Chapter 7 consists of a general discussion and conclusions, including suggestions for 

future work. 
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1.1 Atherosclerosis 

1.1.1 Introduction-Pathology of atherosclerosis 

Atherosclerosis is a chronic, progressive disease of the arterial system. It is composed of two 

words, atheroma and sclerosis, both derived from the Greek language. Atheroma is derived 

from the Greek athere which means gruel or porridge while sclerosis means hardening. 

Arterial plaques typically have a gruel colour and a soft consistency, with variable amounts 

of induration that differ among individual plaques and stages of disease. It was in 1755, 

when von Haller (Haimovici & DePalma, 1996) first used the term atheroma to describe a 

common type of plaque that on sectioning exuded yellow pultaceous content from its core. 

A typical fibrous plaque is characterised by a central atheromatous core under a fibrous or 

fibromuscular cap, macrophage accumulation and round cell adventitial infiltration. This 

type of lesion is typical of the disease in its active phase and is more common in younger 

people. In older individuals, atherosclerotic lesions are usually fibrotic and calcified. A classic 

definition of atherosclerotic plaque described a “variable combination of changes in the 

intima of arteries consisting of focal accumulation of lipids, complex carbohydrates, blood 

and blood products, fibrous tissue and calcium deposits” (WHO, 1958). Today, we know that 

the process affects the entire arterial wall. Atheromatous plaques invade the media.  

Advanced atherosclerotic lesions typically exhibit round cell infiltration, medial changes and 

neovascularisation. 

 The development of a lipid atherosclerotic core and its relationship to the cap have 

been associated with plaque complications. It has been noticed that a “core” develops in the 

early stages of atherosclerosis, before fibrous plaque formation begins (Guyton & Kemp, 

1996). Lipid accumulation triggers an inflammatory cascade along with immune reactions in 

both early (Ross, 1999) and late stages of atherogenesis (Frostegard et al, 1999). Lipids 

attract inflammatory cells that produce cytokines, such as interleukin-6 (IL-6) or tumor 



30 
 

necrosis factor-a (TNF-a), which interact with arterial tissue. In contrast, production of anti-

inflammatory cytokines, such as IL-10, is reduced. Elevation of cytokines, such as TNF-α, has 

also been shown to affect the arterial wall (Desfaits, Serri & Renier, 1998; Winkler et al, 

1999; Fazio & Linton, 2001). The atherosclerotic plaque contains leukocytes (80% are 

monocytes or monocyte-derived macrophages) and lymphocytes, mainly memory T cells (5% 

to 20% of lymphocytes) (Gerszten et al, 2000). It has been found that inflammation as well 

as the size and composition of the lipid core contribute to plaque vulnerability, leading to 

sudden expansion or rupture of the plaque as a result of further lipid accumulation or 

intraplaque haemorrhage. 

 

1.1.2 Histology of atherosclerotic plaques 

1.1.2.1 Fatty streaks 

Fatty streaks are minimally raised, yellow, early lesions, found commonly in the aortas and 

coronary arteries of infants and children, which tend to progress to more advanced lesions. 

They contain lipids, deposited intracellularly in macrophages or in smooth muscle cells. A 

World Health Organisation study group definition for fatty streaks and intermediate lesions 

of atherosclerosis is: Type I lesions are microscopic lesions, not visible to human’s eye, that 

appear very early in life, often during infancy, consisting of an increase in intimal 

macrophages containing lipid deposits, the “foam cells” (Stary, Chandler & Glagov, 1994).  

Type II lesions are grossly visible and develop during the first decade of life. They stain with 

Sudan III or IV stain. Lipid droplets in intimal smooth muscle cells and droplets of 

extracellular lipids have been found in fatty streaks. Intermediate lesions (Type III) are 

characterised by the presence of free lipid droplets among the smooth muscle cells, usually 

appear from the third decade of life onwards and occur at sites of the arterial system 
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exposed to forces, such as low shear stress (Cornhill, Hederick & Stary, 1990; Glagov et al, 

1988), that provoke increased influx of low-density lipoprotein (LDL) (Insull & Bartch, 1966). 

 In fact, LDL cholesterol accumulates in intact intima, even before lesions develop. 

This process resembles the early lesion formation described by Aschoff (1924), in the 20th 

century, and Virchow (1856), in the 19th century. 

 Animal experiments have shown that, during early atherogenesis, monocytes bind 

to the endothelium and infiltrate into the subintimal layer to become tissue macrophages 

(Fagiotto, Ross & Harker, 1984a; Fagiotto & Ross, 1984b; Gerrity, 1981). According to the 

lipid hypothesis theory, LDL, after its oxidation or acetylation, transverses the endothelium 

and attracts macrophages to form foam cells (Steinberg et al, 1989). Also, this theory 

suggests that the endothelium modifies LDL to promote foam cell formation. 

 Macrophages produce platelet-derived growth factor (PDGF), modifying growth 

factor-β (TGF-β), and IL-1 or other interleukins. OxLDL also triggers a release of gene 

products ordinarily unexpressed in normal vascular tissue, such as tissue factor (TF) (Brand 

et al, 1994). TF’s expression requires the presence of bacterial lipopolysaccharides. Thus, it is 

suggested that hypercoagulability in atherosclerosis could be enhanced by endotoxaemia. 

 A T-cell 1 cellular immune response occurs during atherogenesis. This is suggested 

by the large amount of macrophages and T lymphocytes found in atherosclerotic lesions. 

Also, immunochemistry studies have shown the presence of T cell cytokines, IL-2 and 

interferon-7 in atherosclerotic plaques (Frostegard et al, 1999). 
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1.1.2.2 Endothelium 

Endothelium plays an important role in atherogenesis. While endothelial cells tend to 

become oriented away from the direction of flow, exhibiting proliferation, stigmata or 

stomata and decreased microfilament bundles, it has been observed during atherogenesis 

that they become rounded or polyhedral with increased formation of multinucleated cells 

and cilia. Animal studies have shown enhanced proliferation and cell death with exposure of 

subendothelial foam cells. Human endothelium exhibits increased TF release and mural 

thrombus formation. Also, with expression of monocyte adhesion molecules (vascular cell 

adhesion molecule -VCAM-1), leukocyte adherence increases. Reduced endothelium release 

of relaxing factor and prostacyclin leads to vasoconstriction. 

 

1.1.2.3 Media 

Smooth muscle cells are encountered mainly in the media but a certain amount exists in the 

intima of the arterial wall too. During their proliferation, increased production of altered 

intracellular and extracellular protein matrices has been observed, i.e. increased expression 

of type I and type III collagen, proteoglycans, dermatan sulfate and stromelysins. Their 

capability to produce connective tissue means that an increased number of smooth muscle 

cells lead to a stronger fibrointimal response and a more stable atheromatous lesion. 

 Smooth muscle cells also produce cytokines, such as macrophage colony-stimulating 

factor (M-CSF), TNF and monocyte chemoattractant protein-1 (MCP-1). Myocytes 

accumulate lipoproteins through native receptor pathways or phagocytosis. They also 

express increased lipoprotein lipase activity and a scavenger receptor which is usually found 

in foam cells. 
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1.1.2.4 Macrophages 

Monocytes are the precursors of tissue macrophages, which play an important role in the 

atherosclerotic process. Macrophages proliferate and express MCP-1, M-CSF, TNF, IL-1 and 

other interleukins, PDGF, CD immune antigens and TF (Steinberg et al, 1989). Macrophages 

acquire large amounts of free and esterified cholesterol, acetyl coenzyme A (CoA), 

cholesterol acyltransferase and acid cholesterol ester hydrolase while neutral cholesterol 

ester hydrolase is reduced. They also express 15-lipoxygenase, which is a scavenger 

receptor, and a variety of matrix degrading enzymes. In humans and in animal models, 

macrophages show increased lipoprotein oxidation products. 

 The infiltration of coronary and carotid plaques by macrophages is significantly 

higher in unstable rather than in stable plaques. This has been demonstrated in autopsy 

studies as well as in specimens (Dirkensen et al, 1998; Lutgens et al, 1999; Bassiouny et al, 

1997; van de Wal et al, 1994; Davies et al, 1993; Richardson et al, 1989). 

 

1.1.2.5 Gelatinous plaques 

Virchow (1856) and Haust (1971) described gelatinous intimal lesions as a progenitor of 

advanced atherosclerosis. Smith’s (1988) study on these lesions has shown that all plasma 

proteins, especially haemostatic components, can infiltrate the arterial intima and trigger 

the formation of gelatinous plaques. They are characterised by finely dispersed, perifibrous 

lipid with collagen strands around the lesions. Gelatinous plaques contain often a significant 

amount of smooth muscle cells and cross-linked fibrin. 

 These plaques are soft and “wobble” with gentle lateral pressure. They are observed 

during surgery, especially in smokers’ lower abdominal aorta. Gelatinous lesions are 
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translucent and neutral in colour, with central grey or opaque areas. These lesions exhibit 

low lipid content and high fluid content.  

 

1.1.2.6 Fibrous plaque: The prototypical atheroma 

Fibrous or type IV plaques consist of smooth muscle cells and connective tissue. These form 

a fibrous cap over a yellow atheromatous core. The soft core consists of cholesterol esters, 

mainly derived from disrupted foam cells, free cholesterol and cholesterol linoleate. In early 

lesions, the core contains vesicular lipids rich in free cholesterol (Guyton & Kemp, 1996), 

which is produced by hydrolisation of LDL cholesterol esters (Chisolm et al, 1991). 

Cholesterol ester accumulation is a result of lipoprotein aggregation and fusion. Fibrous 

plaques contain also large numbers of macrophages. The fibrous cap is believed to stabilize 

the plaque by preventing rupture of the soft core (Davies & Thomas, 1984).  

  Fatty streaks, gelatinous plaques and arterial injuries can lead to fibrous plaque 

formation. A study has shown that mural thrombi can also evolve to become atheromas 

(Moore, 1973). 

 Type V lesions are characterised by a thick layer of overlying fibrous connective 

tissue. They have been further classified as largely calcified (type Vc) or consisting mainly of 

connective tissue with little or no lipid or calcium (type Vb). 

  Fibrous plaques protrude into the arterial lumen. Plaque growth is usually followed 

by enlargement of the diseased artery, predisposing to aneurysm formation. Lytic 

inflammatory cells and active T lymphocytes participate in the process (Glagov, 1987). 

Remodelling of the artery, as a reaction to plaque formation, is observed in humans 

(Clarkson, 1994). Lesion expansion, ulceration, rupture or subsequent thrombosis can 

compromise the arterial lumen and cause distal ischaemia. 
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 In the early stages of fibrous plaque formation, lipids appear intracellularly, while in 

intermediate type II and fibrous plaques, they appear extracellularly (Hata, Hower & Insull, 

1974). This can cause severe inflammatory reactions in the connective tissue, followed by 

periarterial inflammation, fibrosis and lymphocytic infiltration (Baranowski et al, 1982). In 

intermediate fibrous plaque lesions, there is a prominent adventitia neovascularisation. 

Advanced atherosclerotic plaques contain immunoglobulin G (IgG) in large quantities, 

participating in a typical immunologic process (Yla-Herttuala et al, 1994). A study has shown 

that patients with carotid atherosclerotic lesions have higher antibody ratios of anti-OxLDL 

and IgG compared with individuals without atherosclerosis (Maggi et al, 1994). It has been 

suggested that atherogenesis is an inflammatory process where there is participation of the 

complement and macrophages (Schmiedt et al, 1998). 

 

1.1.2.7 Complicated plaques 

Type VI lesions (complicated plaques) occur when a type IV or V lesion (fibrous plaques) 

undergoes disruption of the intimal surface, such as occurs with ulceration of or 

haemorrhage into a plaque, or extensive necrosis. Complicated plaques may be the source 

of emboli or may cause arterial thrombosis. These events commonly lead to distal 

ischaemia, which may produce life-threatening symptoms such as stroke, gangrene or 

myocardial infarction. 
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1.1.3 Theories of atherogenesis 

1.1.3.1 Lipid hypothesis  

Cholesterol seems to play a crucial role in the pathogenesis of atherosclerosis and has been 

one of the most studied molecules in biomedical history. Thirteen Nobel Prizes have been 

awarded to scientists that have studied this molecule (Brown & Goldstein, 1986). Nikolai 

Anitschkow in St. Petersburg, Russia, at the turn of the last century, fed rabbits with pure 

cholesterol dissolved in sunflower oil and produced vascular lesions (Steinberg, 2004; 

Steinberg, 2005). These lesions were almost identical to those seen in human 

atherosclerosis. He suggested that these lesions were caused by elevated serum cholesterol. 

He also noted a distinctive distribution pattern of the lesions, which were localised near 

arterial branch points, and assumed that this was due to haemodynamic factors. His work 

was criticised by others because the levels of cholesterol produced in rabbits were too high 

and could not be reproduced in other animal models such as dogs or rats (Steinberg, 2004; 

Steinberg, 2005). 

 Cholesterol is absolutely insoluble in water. For its transportation in an aqueous 

environment, it is associated with specific proteins, forming lipoproteins. John Goffman 

(1949) of the Donner Laboratory at Berkley conducted the first study on quantification of 

lipoprotein content in whole serum. Using analytic ultracentrifugation, lipoprotein fractions 

were isolated and their densities and floatation characteristics were determined.  

 For cholesterol transportation in blood, esterification of its polar hydroxyl group is 

necessary. Cholesterol remains sequestered within a core, which is an oil droplet consisting 

of triglycerides and cholesteryl esters, solubilised by a surface layer of phospholipid and 

unesterified cholesterol. It is stabilised by protein. 
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  Lipids circulate in plasma as lipoprotein particles. Based on their density, they are 

classified into very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL), 

intermediate-density lipoprotein (IDL) and high-density lipoprotein (HDL). Apo B-100 is the 

protein of the VLDL, IDL and LDL molecule. 

A great achievement was the discovery of a defective gene associated with familial 

hypercholesterolaemia (FH) by Goldstein and Brown. In fact, they shared the Nobel Prize in 

Physiology and Medicine in 1985. Normally, the 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase that controls cholesterol synthesis is regulated by LDL concentration. 

Goldstein and Brown found that HMG-CoA reductase was not sensitive to normal feedback 

regulation by LDL in cultured skin fibroblasts from homozygous FH patients (Goldstein & 

Brown, 1973; Brown, Dana & Goldstein, 1974). They showed that for cellular uptake of LDL 

the LDL receptor is essential. Without it, the LDL cholesterol increases in blood. In these 

patients, there was overproduction of cholesterol because they lacked the appropriate LDL 

receptor, which meant deficient binding of LDL to the cells. 

 Japanese migration studies (Robertson et al, 1977a; Robertson et al, 1977b) and the 

Framingham Heart Study (Kannel et al, 1961) showed that there is a significant association 

between cholesterol and coronary artery disease (CAD). The Coronary Primary Prevention 

Trial (The Lipid Research Clinics Coronary Primary Prevention Trial results, 1984a; The Lipid 

Research Clinics Coronary Primary Prevention Trial results, 1984b) demonstrated that bile 

acid–binding resin cholestyramine lowers cholesterol and subsequently the incidence of 

cardiovascular events. Several years later, other studies showed a similar effect with the use 

of statins. Also, diets rich in unsaturated fats have been shown to reduce cholesterol and 

cardiovascular events (Dayton Et al, 1968).  
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1.1.3.2 Response-to-injury hypothesis  

The basis of this hypothesis lies in endothelium’s crucial role in atherogenesis, as reported 

by Duguid (1949), Poole and Florey (1958) and French (1966). It was formally advanced by 

Ross and Glomset (1973) who suggested that injury of endothelium stimulates a cascade of 

reactions that leads to formation of atherosclerotic lesions. Mechanical disruption, 

endogenous inflammatory signals and exposure to toxic or infectious agents can cause 

endothelial injury. 

 As a result of endothelial injury, adhesion of platelets and an influx of LDL and other 

serum factors into the subendothelial space is noticed. Release of alpha granules by platelets 

stimulates SMCs’ migration into the intima, where they proliferate and form neointima and 

a narrowing (stenosis) of the arterial lumen. Ross and colleagues conducted studies leading 

to the discovery of platelet-derived growth factor (PDGF) (Ross et al, 1974; Ross, Raines & 

Bowen-Pope, 1986). 

 Some critics of this hypothesis though believe that it is not the endothelial injury but 

the accumulation of inflammatory lipids in the subendothelial space that triggers 

atherogenesis. They are based on studies which showed that LDL accumulates in the intima 

within 2 hours after a bolus infusion (Nievelstein et al, 1991), before the development of 

early-stage atherosclerotic lesions (fatty streaks) (Schwenke & Carew, 1989). Thus, it is 

supported that LDL accumulation initiates atherogenesis by triggering a macrophage- and T-

cell-dominated inflammatory response in the arterial wall (Tabas, Williams & Boren, 2007; 

Williams & Tabas, 1995). 
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1.1.3.3 Monoclonal hypothesis  

This theory analyses the genetic base of atherosclerosis and underlines the role of molecular 

biology in understanding the process. It suggests that each atherosclerotic lesion is derived 

from a single SMC that acts as a precursor for the clonal expansion of proliferating SMCs. 

There are two isoforms of Glucose-6-phosphate dehydrogenase (G6PD). These can be 

separated by electrophoresis. Its gene lies on the X chromosome and can therefore be used 

to identify the progeny of a parent cell. 

The Benditts (1973) studied atherosclerotic plaques from four black females. They 

found only one G6PD isoform in the SMCs of the plaques whereas there was a mixture of 

G6PD isoforms in the adjacent healthy areas of the arterial wall. Their conclusion was that, 

during atherogenesis, there is a clonal growth and that each atherosclerotic lesion originates 

from a single precursor SMC of the intima. 

 Others disagree with Benditts’ hypothesis, suggesting that identification of a single 

enzyme phenotype does not necessarily mean clonal origin (Fialkow, 1972; Fialkow 1974). 

 

1.1.4 Localisation of atherosclerosis 

Anitschkow was the first to observe that atherosclerotic lesions develop at specific sites in 

the arterial tree (Steinberg, 2004). Insull (1966) noticed that, in humans, atherosclerosis was 

mainly localised at intercostal branch origins of the thoracic aorta. Today, it is known that 

atherosclerotic lesions develop close to arterial bifurcations, branch points or arterial 

curvatures where there is turbulent blood flow or low shear stress. Areas of laminar shear 

stress seem to be resistant to atherogenesis. 
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 There is a theory which supports that atheroprotective genes play an important role 

in atherogenesis at arterial sites with increased shear stress. eNOS is one such gene. Laminar 

shear stress increases eNOS activity and NO production, subsequently. NO renders 

endothelial cells more thromboresistant. As a result, adhesion molecule expression and 

SMCs migration are decreased. NO decreases VCAM-1 gene expression as well. It has been 

found that high shear stress increases superoxide dismutase expression. This leads to 

reduced oxidative stress. Thus, high laminar shear stress areas exhibit anti-inflammatory and 

antioxidant properties and reduced adhesion to leukocytes. 

 It has been observed that areas of low shear stress demonstrate elevated NF-κB 

activity (Collins & Cybulsky, 2001). VCAM-1, an NF-κB-dependent protein, is expressed by 

endothelium at arterial branch points even when cholesterol levels are normal. Turbulent 

flow may trigger a phenotypic transition in arterial cells leading to a proliferative state. NF-

κB binds to the cyclin D1 promotor and G1-to-S transition is stimulated (Guttridge et al, 

1999). Instead, laminar shear stress promotes induction of the cyclin-dependent kinase 

inhibitor p21 and as a result the G0/G1-to-S phase transition is suppressed (Akimoto et al, 

2000). 

 The above findings may explain how shear stress changes affect regulation of 

endothelial genes and render certain arterial sites resistant to atherosclerosis risk factors, 

such as hyperlipidaemia and diabetes.  

 

1.1.5 Progression/regression of plaques 

DePalma and colleagues studied atherosclerotic lesions in canines and subhuman primates 

by laparotomy and autopsy examinations (DePalma et al, 1970; DePalma et al, 1972). They 

observed progression or regression of the plaques. Additionally, they noted that plaque 
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regression was associated with a reduction in serum cholesterol. Several trials followed, 

examining the effect of cholesterol reduction on the plaque burden (DePalma et al, 1979; 

DePalma et al 1980). It is well known today that atherosclerotic plaques are characterised by 

a dynamic evolution. 

 One theory suggests that disruption of plaques with in situ thrombus formation does 

not always lead to total arterial occlusion but it can remain clinically silent. The in situ 

platelet thrombus formation stimulates production of local inflammatory cytokines and 

growth factor. As a result, SMC collagen production and migration follows. SMC migration 

and proliferation is enhanced by thrombin production while fibrin induces wound 

contraction and progressive luminal narrowing (Asada et al, 1998; Courtman, Schwartz & 

Hart, 1998). In contrast to slow gradual plaque growth, acute plaque rupture with 

nonocclusive thrombus may result into fibrous atheroma and narrowing of the lumen. 

 Autopsy studies of human coronary arteries and studies using cross-sectional IVUS 

images show that atherosclerotic vessels undergo compensatory enlargement (remodelling) 

before constriction of the arterial lumen (stenosis) occurs (Mintz et al, 2001; Clarkson et al, 

1994; Glagov et al, 1987). In contrast, angiographic studies underestimate the plaque 

burden and lumen may appear normal, despite the presence of significant atherosclerotic 

lesions (Arnett et al, 1979).  

  IVUS studies have demonstrated recently that plaque progression or regression in 

human coronary arteries is affected by intensive statin treatment (Nissen et al 2004; Nissen 

et al, 2006). In the Reversal of Atherosclerosis with Aggressive Lipid Lowering (REVERSAL) 

trial patients were treated with either 40 mg of pravastatin or 80 mg of atorvastatin. LDL 

was reduced to 79 mg/dL (2.05 mmol/L) in the atorvastatin group versus 110 mg/dL (2.85 

mmol/L) in the pravastatin group. CRP was reduced by 36.4% versus 5.2%, respectively. The 

change in atheroma volume was −0.4% in the atorvastatin group, indicating plaque 
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regression, versus 2.7% in the pravastatin group, showing progression (Nissen et al, 2004). In 

A Study to Evaluate the Effect of Rosuvastatin on Intravascular Ultrasound–Derived Coronary 

Atheroma Burden (ASTEROID), patients were treated with 40 mg of rosuvastatin. The change 

in atheroma volume, over a 24-month treatment period, was −0.98%. Results of the above 

trials indicate that atherosclerotic plaque is a dynamic lesion that may regress when patients 

are under intensive lipid-lowering therapy. They also highlight the crucial role of statins in 

the treatment of patients with advanced atheromatosis. 
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1.2 Carotid atherosclerosis 

1.2.1 Introduction 

Stroke is the second leading cause of death, worldwide (WHO, 2003). It is the second leading 

cause of cardiovascular death and the most common cause of death as a result of 

neurological disorders. Yearly, more than 15 million people are diagnosed with new or 

recurrent stroke and of these, 5 million die and another 5 million are permanently disabled 

(American Heart Association, 1999). The incidence of new stroke is approximately 160 per 

100,000 population per year (Kannel, 1966; Kuller, 1972). The disability that follows cerebral 

infarction has not only a serious effect on the patient but also a major socioeconomic 

impact. Those who survive an acute stroke have a significantly shortened life expectancy. 

Median survival times after a first stroke are 6.8 years for men and 7.4 years for women at 

age 60 to 69 years, 5.4 years for men and 6.4 years for women at age 70 to 79 years and 1.8 

years for men and 3.1 years for women at 80 years of age (Rosamund et al, 2007). 

 Only 50% to 70% of stroke survivors become functionally independent, 15% to 30% 

are permanently disabled and 20% require hospital care, 3 months after the onset of stroke 

(Rosamund et al, 2007).  

 The etiology of stroke is multifactorial. Approximately 80% of all reported strokes 

are considered to be of ischaemic nature, 10% are due to intracerebral haemorrhage and 5% 

due to subarachnoid haemorrhage. Almost 20-30% of all ischaemic infarcts are associated 

with atherosclerotic lesions of the major extracranial and intracranial vessels. It is well 

established that detached fragments of plaque or fragments of thrombus that has formed in 

the ulcerated plaque embolize and occlude cerebral vessels, distally to the carotid 

bifurcation. 
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1.2.2 Stroke and carotid atherosclerosis-Historical perspective 

One of the earliest attempts to connect stroke and carotid artery disease was by Savory in 

1856. He reported a case of a young woman with left monocular symptoms and right 

hemiplegia. Occlusion of her left internal carotid artery and subclavian arteries were found 

in autopsy. In 1875, Gowers reported a case of a patient with right hemiplegia, left eye 

blindness and left carotid occlusion (Gowers, 1875). Chiari (1905) demonstrated the 

relationship of ulcerated carotid bulb plaque with cerebral embolisation, in postmortem 

studies. Hunt (1914) performed a clinicopathologic study, where the clinical history was 

correlated with postmortem findings, and emphasised the association of stroke with 

extracranial carotid disease. Edgar Moniz, in 1927, developed cerebral angiography and, in 

1937, he described the first case of stroke following internal carotid artery occlusion as 

shown on angiography (Moniz, Lima & deLacerda, 1937). 

 Fisher, in 1951, published an article where he described an occlusion of the 

extracranial carotid artery and its relationship to cerebrovascular disease. He was also the 

first to describe transient hemispheric attack (TIA) and monocular visual loss (today known 

as amaurosis fugax) as a result of carotid disease and as precursors of stroke. He believed 

that carotid bruits were an indicator of carotid atherosclerosis. 

 Development of cerebral angiography forced neurologists and surgeons to consider 

surgical approaches to extracranial carotid disease. The first carotid artery reconstruction 

was performed in 1951 by Carrea, a Brazilian surgeon, on a 51-year-old man with right 

hemiplegia and left eye blindness, who had a severe left carotid artery stenosis on an 

angiogram. He resected the stenotic segment of the internal carotid artery and performed 

an end-to-end anastomosis between the external and the distal internal carotid. 

Reconstruction patency was confirmed with an angiogram and the patient’s symptoms 

improved, postoperatively. The first report of a successful procedure in which in-line 
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physiologic flow was restored, for the treatment of a patient experiencing transient cerebral 

ischaemia, was by Eastcott, Pickering and Rob in 1954 (Eastcott, Pickering & Rob, 1954). 

They resected the diseased carotid bifurcation and reanastomosed the internal carotid to 

the common carotid with relief of symptoms. DeBakey performed a successful carotid 

endarterectomy in 1953 but did not report it until 1975 (Debakey, 1975). Successful carotid 

endarterectomies were also reported by Rowe in 1955 (Rowe, 1993) and by Cooley (1956).  

 

1.2.3 Pathology, pathogenesis and pathophysiology 

The pathophysiology of atherosclerosis in the carotid artery is similar to that of 

atherosclerosis that affects other arterial beds. Benign fatty streaks progress to fibrous 

plaque. Lipoprotein accumulation into the arterial wall stimulates macrophage infiltration, 

release of growth factors and chronic inflammation with an increase in plaque burden. 

Continuous release of proteolytic enzymes by macrophages and lipid infiltration may lead to 

the formation of complex plaques with lipid accumulation, chronic inflammation and 

calcification (Ross, 1986). As a result, neovascularity develops within the arterial wall and the 

plaque. Quite often, intraplaque haemorrhage occurs which may stimulate sudden plaque 

progression, arterial lumen stenosis, even occlusion or rupture of the fibrous cap. Rupture of 

the fibrous cap may be followed by accumulation of platelets and thrombotic material in the 

resulting plaque ulcer, increasing the risk for distal embolisation and cerebrovascular events, 

subsequently. Alternatively, areas of intraplaque haemorrhage may “heal” and then the 

cycle of macrophage infiltration, calcification and fibrosis restarts, leading to plaque 

progression. It is suggested that low-density plaques (higher lipid concentration or 

intraplaque haemorrhage), progressing plaques or plaques causing significant stenosis would 

place patients into a greater risk for cerebrovascular events.  
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1.2.4 Effect of Wall Shear Stress on carotid bifurcation  

Haemodynamic forces at the carotid bifurcation play a central role in the pathogenesis of 

atherosclerotic plaque formation. Laminar flow results in a gradient of fluid velocities from 

the wall towards the centre of the lumen. “Wall shear stress” (WSS) is a tangential force 

created by friction between fluid along the wall and the wall itself. WSS increases when fluid 

velocity elevates. Pulsatile blood flow in an artery though is more complex than laminar flow 

in a rigid linear tube and causes what is referred to as “oscillatory shear stress”. 

 Several studies have revealed that atherosclerotic lesions are most commonly 

encountered in areas of low WSS, where laminar flow is altered. Such conditions of 

turbulent flow and low shear stress have been identified at branching and curving points in 

the arterial system (LoGerfo et al, 1981). Fry (1968) assumed that acute endothelial damage 

occurs in areas of increased velocity gradients and WSS. However, Caro, in 1971, reported 

that atherosclerotic lesions usually develop in the outer wall of arterial bifurcations where 

the WSS is low (Caro, Fitz-Gerald & Schroter, 1971). Additionally, the flow at an arterial 

bifurcation is more complex, as highest velocities at the centre of the lumen come in contact 

with the flow divider and flow separates into the branches. 

 There is evidence that a key factor for atherogenesis is the interaction between low 

or/and oscillatory shear stress and the subjacent endothelium. There are studies showing 

that WSS causes changes in endothelial cell morphology and spatial orientation. While 

increased WSS causes endothelial cells to elongate and align in the direction of flow, 

endothelial cells exposed to low WSS remain rounded without any preferred orientation 

(Levesque & Nerem, 1985; Levesque et al, 1986). It has also been reported that low WSS 

enhances the intercellular permeability and thus renders these areas prone to atherogenesis 

(Okano & Yoshida, 1994). 
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 Shear stress also affects the cell’s production and release of vasoactive substances. 

There is evidence that high WSS provokes cytoskeletal remodelling and acute release of 

endothelial-derived relaxing factor (EDRF), i.e. nitric oxide and prostacyclin which act as 

atheroprotective substances (Ballerman et al, 1998; Traub & Berk, 1998). High WSS results 

into decreased levels of endothelin-1 peptide, which exerts a mitogenic effect on smooth 

muscle cells. Prolonged oscillatory shear stress promotes expression of endothelial 

leukocyte adhesion molecules. These molecules regulate leukocyte migration to the arterial 

wall (Sharefkin et al, 1991; Chappell et al, 1998). Low WSS, instead, affects endothelium’s 

secreted factors and expressed surface molecules in a way that atherogenesis is promoted 

(Okano & Yoshida, 1994). 

 Shear stress greater than 15 dyne/cm2 induces endothelial quiescence and an 

atheroprotective gene expression profile. Shear stress less than 4 dyne/cm2 is commonly 

encountered in atherosclerosis-prone sites and stimulates an atherogenic phenotype 

(Malek, Alper & Izumo, 1999). 

 

1.2.5 Mechanism of stroke and transient ischaemic attacks  

Carotid plaque can cause TIA or stroke through one of two mechanisms, the most common 

being embolisation. It is well known that intraplaque haemorrhage may result into rupture 

of the fibrous cap and discharge of plaque contents into the arterial circulation.  

 The role of emboli in the pathogenesis of transient ischaemia and stroke has been 

shown in multiple studies. Hollenhorst (1961), with the use of ophthalmoscopy, studied the 

retinal vessels of patients with transient monocular blindness. He noticed “bright plaques” in 

the retinal arterioles and assumed that they represented embolic debris. Fisher (1959) also 



48 
 

studied the retinal arterioles of patients with transient visual symptoms and found what he 

called the “boxcar effect”. He suggested that this was due to embolic debris.   

 There are several studies in the literature showing that treatment with antiplatelets 

and anticoagulants reduces significantly the incidence of cerebrovascular events and that 

removal of the carotid plaque (probable source of the emboli) during carotid 

endarterectomy alleviates the symptoms (Canadian Cooperative Study Group, 1978; Fields 

et al, 1977; Bousser et al, 1983). 

The second but less common potential pathogenetic mechanism for TIA and stroke 

is hypoperfusion. Cerebrovascular autoregulation maintains cerebral blood flow at constant 

levels whenever there is a significant change in blood pressure. Thus, in patients with severe 

multivessel disease, such as occlusion of one or more of the extracranial vessels and stenosis 

of the remaining vessels, the autoregulatory mechanism may fail to maintain sufficient 

cerebral blood flow. Consequently, when hypotension episodes occur, patients can develop 

global ischaemia or focal symptoms if flow is insufficient focally.     

 

1.2.6 Types of cerebrovascular events  

Stenosis of internal carotid artery has two types of clinical manifestations: 

1. Asymptomatic bruits, which can be incidental clinical findings during physical examination. 

2. A variety of cerebrovascular events associated with symptomatic carotid disease, such as 

amaurosis fugax, transient ischaemic attacks (TIAs) or stroke. 

a. Amaurosis fugax or transient monocular blindness. These episodes are described as a 

shade falling smoothly over the visual field until the eye is completely blind. The symptoms 

usually subside slowly and uniformly. They last from seconds to minutes. Occasionally, 
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amaurosis fugax can take the form of a wedge of visual loss, generalised blurring or a bright 

light. Amaurosis fugax can appear as part of a hemispheric syndrome. In these cases, 

patients present with TIAs consisting of a homonymous hemianopia and paraesthesias of the 

hand and arm. These symptoms usually suggest a stenosis of the posterior cerebral artery. 

Ophthalmoscopy studies of retinal vessels during amaurosis fugax episodes have 

shown that the causative mechanism is embolisation of retinal arteries, most commonly 

from ipsilateral internal carotid (Hayreh, 2011). Long-term prognosis is usually good in the 

absence of vascular risk factors, according to the North American Symptomatic Carotid 

Endarterectomy Trial (NASCET) (Benavente et al, 2001). 

b. TIAs are defined as neurologic events that are sudden in onset without a preceding aura, 

lasting less than 24 hours. They resolve to leave the patient at neurologic baseline and are 

referable to a definable vascular distribution of the central nervous system. Most TIAs 

resolve within a few minutes. Occasionally, there are cases where symptoms last longer than 

a few hours and then resolve. Hemispheric TIAs indicate the involvement of the ipsilateral 

hemisphere and may present with weakness or numbness of the opposite upper or lower 

limb or with less common neurological symptoms such as confusion, speech disturbance 

(dysphasia, aphasia or dysarthria), difficulty in calculation (when the dominant hemisphere is 

involved), apractagnosis (nondominant hemisphere) and other.  

TIAs may be related to hypoperfusion, associated with vascular stenosis or 

occlusion, or to embolisation. 

c. Stroke is defined as a sudden, nonconvolusive, focal neurological deficit which lasts more 

than 24 hours. Strokes are the result of infarctions of the central nervous system which can 

be caused by embolisation, hypoperfusion or haemorrhage. Those related to carotid disease 

are of ischaemic origin and are usually due to embolisation from the carotid plaque. Rarely, 
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when complete thrombosis occurs, thrombus propagation and direct haemodynamic-

hypoperfusion effects (watershed infarction) may follow. The neurological deficit, with the 

exception of lethal cases, improves slowly. The symptoms are related to both the location 

and size of the infarct or haemorrhage, with hemiplegia being the most frequent. 

There is a great variety of other symptoms, such as mental confusion, numbness and 

sensory deficits, aphasia, dysphasia, dysarthria, visual field defects, diplopia, dizziness or any 

combination of the above. 

When an infarct lies in the territory of a carotid artery, unilateral signs predominate. 

Clinical symptoms of infarction in the territory of the middle cerebral artery include paralysis 

or sensory impairment of the contralateral face, arm and leg, motor speech disturbance, 

central aphasia, word deafness, alexia, agraphia, anomia, jargon speech, acalculia, 

apractagnosia, anosognosis, finger agnosia, right-left confusion, homonymous hemianopia 

and other symptoms. 

The severity of stroke is assessed with the use of a number of stroke severity scales. 

A commonly used stroke scale is one by the National Institute of Neurologic Diseases and 

Stroke (NINDS) of the National Institutes of Health (NIH) (Brott et al, 1989). The NIH stroke 

severity scale can be assessed at initial evaluation and at specific intervals throughout the 

clinical progress. Other stroke scales, used in routine clinical practice, are the Barthel Index, 

the modified Rankin scale and the Glasgow outcome scale (Mahoney & Barthel, 1965; van 

Swieten et al, 1988; Jennett & Bond, 1975). The use of scales, such as the above, provides us 

with a standard measure of stroke severity which allows comparison of treatment effects in 

clinical trials or in routine clinical practice. 
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1.3 Investigations for carotid atherosclerosis 

1.3.1 Introduction  

Nowadays, the indication for carotid revascularisation is mainly based on patient’s 

symptomatic status and degree of ipsilateral carotid artery stenosis. The management of 

asymptomatic carotid patients remains controversial. However, several studies have shown 

that specific subgroups of patients with asymptomatic carotid stenosis are at increased risk 

for stroke. Identifying specific clinical parameters and characteristics of the carotid plaque 

may ultimately lead to selection of patients that would benefit from intervention over 

medical treatment alone (Howard et al, 2013; Van Lammeren et al, 2011). Morphological 

plaque characteristics, such as the presence of progression, ulceration, intraplaque 

haemorrhage, thinning/rupture of the fibrous cap, lipid rich necrotic core and absence of 

calcification, have been described to increase the stroke risk in asymptomatic carotid 

patients (El Barghouty et al, 1996; Hellings et al, 2012).  

 Imaging of carotid plaque is crucial for decision making regarding treatment of 

carotid patients. For the above reasons, several different imaging modalities are currently 

used for carotid investigations. 

 

1.3.2 Arteriography 

Conventional catheter arteriography still remains, for many surgeons, the “gold standard” 

for diagnosis or estimation of carotid artery stenosis. All other carotid imaging modalities are 

compared against it. It was used in four out of five large randomised trials comparing carotid 

endarterectomy (CEA) versus best medical therapy (BMT). It can provide us with easily 

interpreted images of the aortic arch, carotid arteries, siphons and intracranial circulation. 

However, routine use of arteriography for diagnosis of carotid disease, which is an invasive 
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procedure, comes at a price. 1% to 2% of patients undergoing angiography may suffer a 

cerebrovascular event (Kaufman, Huston & Mandrekar, 2007). Approximately 50% of the 

procedural risk after CEA in the Asymptomatic Carotid Atherosclerosis Study (ACAS) was due 

to angiographic stroke (Executive Committee for the Asymptomatic Carotid Atherosclerosis 

Study, 1995).   

 Although technology can offer 2-D and 3-D rotational angiography, the era of 

routine angiography in carotid patients has passed. Strandness’ work at University of 

Washington, using velocity measurements on Duplex ultrasound, showed that less invasive 

imaging modalities can been used for carotid plaque investigation with high accuracy and 

less complications (Strandness, 1993). Additionally, studies have shown that the degree of 

carotid stenosis alone is not a sufficient predictive marker for the identification of the 

vulnerable carotid plaque. Plaque morphology has emerged as an additional prediction tool 

for stroke risk related to carotid disease. Plaque morphological features cannot be assessed 

thoroughly with conventional carotid angiography. 

 

1.3.3 Duplex Ultrasound 

Duplex ultrasound (DUS) is the imaging modality of choice for diagnosis and screening of 

carotid disease. It is a noninvasive modality with low cost and good availability, well 

tolerated by patients. Studies in the 1980s and 1990s by Strandness and Zwiebel on velocity 

criteria for determination of the degree of stenosis have established this modality 

(Strandness, 1993; Zwiebel, 1987; Zwiebel, 1992) (Table 3.1). A meta-analysis showed that 

ultrasound was best for critical lesions (with a degree of stenosis >70%). Sensitivity was 89% 

and specificity 84%. For stenoses between 50% and 69%, DUS sensitivity was only 36% and 

specificity was 91% (Wardlaw et al, 2006). Strandness velocity criteria, when compared with 
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arteriography, are less reliable in cases with contralateral occlusion or very tight 

contralateral stenosis or ipsilateral mild or moderate stenosis (AbuRahma et al, 1995). In the 

latter cases, the combination of B-mode with colour flow in cross-sectional views can 

overcome this obstacle and provide us with accurate estimation of the degree of stenosis. A 

study, conducted at Chicago University, compared DUS velocity measurements, using 

Strandness criteria, with measurements from CT angiograms. For identifying a plaque 

causing more than 50% stenosis, the best criteria were a PSV of >125 cm/s and an internal 

carotid artery /common carotid artery (ICA/CCA) ratio of at least two. For stenoses of at 

least 80%, best criteria were a PSV of >370 cm/s, an end diastolic velocity (EDV) >140 cm/s 

and ICA/CCA ratio of at least six (Wahlgren et al, 2009). 

 However, the diagnostic accuracy of DUS depends on the experience and skill of the 

operator. There is a long learning curve too. It is crucial that these criteria are validated in 

the individual vascular laboratory. Some variations can been seen in results, attributed to 

different ultrasound systems and different ultrasonographers (Fillinger et al, 1996; 

Alexandrov et al, 1997; Neale et al, 1994; Criswell et al, 1998; Curley et al, 1998; Hwang, 

Shau & Tegeler, 2002).  
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Table 1.1: Criteria for Duplex diagnosis of ICA stenosis. 

STRANDNESS CRITERIA (1993) ZWIEBEL CRITERIA (1992)  

Stenosis % Characteristics Stenosis % Characteristics 

Normal PSV < 125 cm/sec 0 PSV < 110 cm/sec 

No SB  EDV < 40 cm/sec 

Flow reversal in bulb  PSV ICA/CCA < 1.8 

  EDV ICA/CCA < 2.4 

  SB < 30 cm/sec 

1–15 PSV < 125 cm/sec 1–39 PSV < 110 cm/sec 

No or minimal SB  EDV < 40 cm/sec 

Flow reversal in bulb absent  PSV ICA/CCA < 1.8 

  EDV ICA/CCA < 2.4 

  SB < 40 cm/sec 

16–49 PSV > 125 cm/sec 40–59 PSV < 130 cm/sec 

Marked SB  EDV < 40 cm/sec 

  PSV ICA/CCA < 1.8 

  EDV ICA/CCA < 2.4 

  SB < 40 cm/sec 

50–79 PSV > 125 cm/sec 60–79 PSV > 130 cm/sec 

EDV < 140 cm/sec  EDV > 40 cm/sec 

 
 

PSV ICA/CCA > 1.8 

Table continued in the next page 
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STRANDNESS CRITERIA (1993) ZWIEBEL CRITERIA (1992)  

Stenosis % Characteristics Stenosis % Characteristics 

  EDV ICA/CCA > 2.4 

  SB > 40 cm/sec 

80–99 PSV > 125 cm/sec 80–99 PSV > 250 cm/sec 

EDV > 140 cm/sec  EDV > 100 cm/sec 

  PSV ICA/CCA > 3.7 

  EDV ICA/CCA > 5.5 

  SB > 80 cm/sec 

Occlusion No flow Occlusion No flow 

 

EDV, end-diastolic velocity; ICA, internal carotid artery; CCA, common carotid artery; PSV, peak 

systolic velocity; SB, spectral broadening. 
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1.3.4 Computed Tomography (CT) 

CT-angiography (CTA) has been a validated tool for the noninvasive assessment of carotid 

artery stenosis. This modality can provide us with imaging of both the extracranial and 

intracranial circulation. CTA is able to image from the aortic arch to the circle of Willis, in 

contrast to DUS which lacks the ability to image high bifurcation or intracranial lesions. In 

the past, single slice scanners were used for carotid plaque imaging. Nowadays though, high-

resolution multidetector CT (MDCT) scanners can not only assess the presence of a plaque 

and the degree of stenosis but also provide us with information about the morphology and 

composition of the plaque. 

 Cinat et al (1998) studied eight patients with carotid CT scans and there was a 72.6% 

agreement between CT findings, regarding plaque texture, and histological findings. There 

was a high sensitivity (almost 100%) when the plaque was very calcified. Studies with the use 

of MDCT showed a 60-94% sensitivity and a 70-99% specificity in the detection of carotid 

plaque ulcers (Saba et al, 2007; Walker et al, 2002). Two similar studies showed good 

sensitivity (100%) and moderate to good specificity (64 and 70%) of MDCT scanner to 

identify intraplaque haemorrhage (IPH) (Adjuk et al, 2009; Adjuk et al, 2013). Saba et al 

(2009), in a MDCTA study with 147 carotid patients, observed that a fissured fibrous cap was 

associated with increased risk for cerebrovascular symptoms. In another study, Wintermark 

et al (2008) showed that the ability of CT to assess fibrous cap’s thickness had a good 

correlation with histology findings. However, they only assessed thick fibrous caps. In the 

same study, CT did not perform well in classifying small lipid cores. Sensitivity was 

acceptable only with larger lipid cores, in accordance with histology. 

  Due to the use of intravenous contrast in CTA, its use in patients with renal failure is 

limited. Additionally, extensive calcification in carotid vessels can cause artefacts, obscuring 

the vessel lumen.   
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1.3.5 Magnetic Resonance Imaging (MRI) 

Due to its high soft-tissue contrast and in-plane resolution, MRI has shown promising results 

in evaluation of plaque size and composition. A prospective study by Takaya et al (2006), in 

154 patients with asymptomatic carotid stenosis, showed that MRI plaque characteristics, 

such as thin or ruptured fibrous cap, lipid-rich necrotic core, intraplaque haemorrhage and 

large maximum wall thickness, were correlated with increased stroke risk. Several human in 

vivo studies have demonstrated the ability of 3 Tesla MRI scanners to detect vulnerable 

plaque characteristics, whereas the diagnostic accuracy of the 7 Tesla MRI is still under 

investigation (Cai et al, 2002; Den Hartog et al, 2011).  

 The MRI has shown moderate sensitivity in detection of plaque ulcers or thin fibrous 

caps (Cai et al, 2002; Bitar et al, 2008). It can detect IPH with a sensitivity of 82-97% and a 

specificity of 74-100% (Cai et al, 2002; Puppini et al, 2006). Imaging of lipid-rich necrotic core 

on MRI has a sensitivity of 82-100% and a specificity of 40-100% (Puppini et al, 2006; Saam 

et al, 2005; den Hartog et al, 2013). Detection of calcification has a sensitivity of 76-84% and 

a specificity of 86-94%. Calcification appears hypointense on all contrast images (Cai et al, 

2002, Puppini et al, 2006).  

 Significant disadvantages of MR imaging are its long procedure time, the discomfort 

that causes in claustrophobic patients and the high rate of artefacts in patients with 

magnetic elements. In 3% of patients with renal insufficiency, gadolinium use may result in 

nephrogenic systemic fibrosis. Furthermore, the ability of 1.5 Tesla scanners, with low 

spatial resolution, to distinguish different plaque features is limited.  
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1.4 Current management of carotid disease 

1.4.1 Natural history of asymptomatic carotid disease 

Carotid artery atherosclerosis is associated with increased risk for cerebrovascular events 

and the risk for these events is proportional to the severity of the carotid stenosis. Chambers 

and Norris (1986) followed-up 500 patients with cervical bruits and varying degrees of 

carotid stenosis, graded by Doppler ultrasound. At 1 year, TIA or stroke rates were 2.1% in 

patients with 0% to 29% stenosis, 5.7% in patients with 30% to 74% stenosis and 19.5% in 

those with 75% to 100% stenosis. O’Holleran and colleagues (1987) monitored patients with 

carotid disease using B-mode ultrasound. Approximately 60% of patients with a stenosis 

greater than 75% developed a stroke or TIA during a 5 year follow-up. The percentage of 

patients with less than 75% stenosis that developed a cerebrovascular event was only 12.6%, 

for the same period of time. They concluded that stroke risk was related to the degree of 

stenosis and echogenicity of the plaque, as noncalcified plaques were more likely to produce 

symptoms. In another large prospective international study with 1115 asymptomatic 

patients, Nicolaides et al (2005a) showed that there is a linear relationship between the 

degree of carotid stenosis (calculated by the ECST method) and the neurological event rate. 

 The same study group, using grey scale median (GSM) as an index of plaque 

echogenicity, showed that echolucent plaques are more likely to be related to brain infarcts 

on CT scan (El Barghouty et al 1995). These conclusions were confirmed by the results from 

Tromso study where plaque echolucency was linearly related to stroke risk (4.6 adjustive 

relative risk) (Mathiesen, Bonaa & Joakimsen, 2001).  

A number of natural history studies investigated the relation of carotid plaque 

progression to neurological event rates in patients with asymptomatic carotid disease. 

Roederer and co-workers (1984) demonstrated that, in asymptomatic patients, progression 
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of plaque stenosis to greater than 80% was associated with a high incidence of stroke, TIA, 

or progression to carotid occlusion. 35% of these patients, with plaque progression to >80%, 

developed a cerebrovascular event within 6 months and 46% of them within 12 months of 

disease progression. Only 1.5% of patients whose plaques remained stable developed 

symptoms over a 12-month follow-up period.  

 

1.4.2 Natural history of symptomatic carotid disease 

In modern clinical practice, it has generally been accepted that a TIA or a stroke, as a result 

of carotid stenosis greater than 60-70%, are strong indications for surgical treatment. This 

evidence has its origin in old randomised studies comparing medical therapy alone with 

surgery plus medical therapy. Nowadays, a randomised study of the management of 

patients with TIA or stroke that includes an untreated control group would not be 

considered ethical. 

  The Canadian Cooperative Study (1978) showed that, in 139 symptomatic patients, 

there was a 22% risk for stroke or death in the control group over a mean follow-up period 

of 26 months. Fields et al (1977), in an American trial of aspirin therapy for symptomatic 

carotid patients, found a 21% risk for stroke or death at 2 years in the placebo group. 

Bousser et al (1983), in another aspirin trial in symptomatic patients, found a 19% stroke or 

death risk at 3 years in the placebo group. These trials clearly demonstrated that, although 

aspirin could reduce stroke risk in these patients, TIA and minor stroke were associated with 

a high risk of stroke or death in the following years after the initial cerebrovascular event.   

  More recent studies compared the natural history of medically and medically plus 

surgically treated carotid patients. North American Symptomatic Carotid Endarterectomy 

Trial (NASCET) (1991), a large randomised control trial, showed that stroke risk in medical 
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therapy group of patients was high and associated with the presence of risk factors 

identified at the time of study entry and with the severity of carotid stenosis. In this study, 

the 5-year ipsilateral stroke risk for patients with 30% to 50% and 50% to 69% stenosis was 

18.7% and 22.2%, respectively (North American Symptomatic Carotid Endarterectomy Trial 

Collaborators, 1998). 

The European Carotid Surgery Trial (ECST) (1991) was another randomised trial, 

which compared patients with symptomatic carotid artery disease treated with medical 

therapy alone versus medical management plus surgery. The methods used to assess the 

degree of carotid stenosis were different in these two trials (ECST and NASCET). In both, the 

lumen diameter was measured at the point of maximum stenosis but the denominator in 

the equation used was different. In the ECST, the estimated normal lumen diameter at the 

site of the lesion, based on a visual impression of where the normal arterial wall was before 

development of the stenosis, was used. In the NASCET, the diameter of a visible portion of 

disease-free ICA distal to the stenosis was used. Despite this difference, the stroke risk in 

medically managed patients was high in both studies and associated with the degree of 

stenosis.  

 Another observation in the above studies was that stroke risk was greater in the 

early months after initial TIA or minor cerebrovascular events. In NASCET, in the medically 

managed group of patients, there was an 18% stroke risk in the first year and 8% in the 

second year. In the aspirin trial (Bauer et al, 1969), the stroke risk in the first year after 

randomisation, in the placebo group, was 17.3% but declined to 5% in the second year. 

 Based on the trials mentioned above, it is evident that stroke risk in patients with 

symptomatic carotid disease is high, especially in the early months following the initial 

event.  
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1.4.3 Current management-CEA in asymptomatic carotid disease 

The evidence base about the management of atherosclerotic occlusive disease of the carotid 

bifurcation is so extensive like no other field in Vascular Surgery. In modern era, the most 

important criterion for decision making in treatment of carotid disease is the symptomatic 

status of the patient.   

 Investigators of The Carotid Artery Stenosis with Asymptomatic Narrowing: 

Operation Versus Aspirin (The CASANOVA Study, 1991) suggested that there was no benefit 

to be derived from carotid endarterectomy in patients with asymptomatic carotid stenosis. 

However, a large number of patients, randomised in the medical treatment group, had to 

undergo surgery and were withdrawn from the study. Thus, results were inconclusive.  

 The Veterans Affairs Cooperative Study (VA) has concluded that CEA plus aspirin, 

when compared with aspirin alone in patients with an ACS >50%, resulted in a reduction of 

the combined incidence of TIAs and stroke. No definitive conclusions could be drawn about 

stroke prevention, due to the small number of patients randomised in the study (n=444) 

(Hobson et al, 1993). 

 Current management of asymptomatic carotid disease is mainly based on the results 

of two large randomised trials, the ACAS and the ACST. In ACAS (Executive Committee for 

the Asymptomatic Carotid Atherosclerosis Study, 1995) patients were considered to be 

asymptomatic (met eligibility criteria of the study) as long as they had no previous symptoms 

in either the ipsilateral cerebral hemisphere or the vertebrobasilar circulation. But patients 

who had a contralateral TIA or stroke were still eligible for ACAS. In ACST (Halliday et al, 

2004), patients were eligible for the study as long as “stenosis had not caused any stroke, 

transient cerebral ischaemia or other relevant neurological symptoms in the past 6 months”.  
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 Both studies (ACAS and ACST) showed a benefit of CEA combined with medical 

therapy (aspirin and atherosclerotic risk factor modification) over medical therapy alone for 

patients with carotid stenosis between 60% and 99%. 5-year stroke rate in ACAS was 11.0% 

in the medical group of patients and 5.1% in the surgical group. In ACST the 5-year stroke 

rate was 11.8% and 6.4%, respectively. In both trials, there was a similar absolute and 

relative reduction in risk for stroke (5% and 50%, respectively) in the surgical group when 

compared with the medical therapy group. However, ACAS reported ipsilateral stroke while 

ACST all strokes. Both studies included any perioperative death or stroke in the surgical 

group event rate. 

 The 30-day combined event rate in ACAS was 1.5% (10 nonfatal strokes and 1 death 

in 724 patients), in the CEA group. In ACST, it was higher (2.8%) but still a benefit of CEA in 

patients with ACS was demonstrated.  

 Some scientists have criticised ACAS for not reflecting accurately common practice, 

as selected surgeons participated in the study. ACST included surgeons from 30 different 

countries.  

 In the group of patients treated with medical therapy alone, in ACAS and ACST, the 

overall stroke risk was approximately 2% per year. The low stroke rates in the medically 

treated group show that the benefit from CEA, in patients with ACS, is relatively small. For 

that reason, meticulous selection of asymptomatic patients for CEA is needed. CEA should 

not be offered to asymptomatic patients with a low life expectancy (<5years) and 

perioperative combined event rates should not exceed the 3% threshold. Otherwise, more 

strokes can be provoked than prevented and patients can be harmed (Moore et al, 1995; 

Biller et al 1998). 
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 In contrast to trials in symptomatic patients, ACAS and ACST showed that there was 

no correlation of stroke rates with higher degrees of stenosis, in medically treated patients 

with ACS. There was no significant difference in stroke risk between patients with 60% to 

79% stenosis and those with 80% to 99% stenosis.  

 Interpretation of these results indicates that the natural history of ACS is relatively 

benign. Although it has been shown that there is a benefit of CEA over medical therapy in 

patients with ACS, this is relatively small. Identification of subgroups of patients with ACS 

who are at high risk for stroke would dramatically improve outcomes of CEA. 

 

1.4.4 Current management-CEA in symptomatic carotid disease 

It has become obvious that symptomatic carotid patients are at a much higher stroke risk 

compared with asymptomatic. Thus, the benefit of CEA over medical therapy in 

symptomatic carotid disease must be greater.  

 The Joint Study of Extracranial Arterial Occlusion, in 1959, was the first randomised 

multicenter study comparing surgery versus medical therapy, for carotid disease including 

symptomatic and asymptomatic patients (Bauer et al, 1969). In the symptomatic group of 

patients, at 43 months of follow-up, mortality and neurological event rates were significantly 

lower in patients who had surgery. Although these rates were high by today’s standards, the 

study showed a benefit of CEA in symptomatic patients and led to a substantial increase in 

the number of carotid endarterectomies performed in symptomatic patients. 

 More recently, two large prospective randomised control trials (NASCET and ECST), 

comparing CEA over medical therapy in patients with symptomatic carotid lesions, have 

confirmed the benefit of CEA in this group of patients. 



64 
 

 NASCET (North American Symptomatic Carotid Endarterectomy Trial Collaborators, 

1991), including 659 patients with a 70 to 99% degree of stenosis, reported a 2-year 

ipsilateral stroke rate of 26% in the medically treated group and 9% in the CEA group. The 

absolute and relative stroke risk reduction was 17% and 65%, respectively. ECST (European 

Carotid Surgery Trialists’ Collaborative Group, 1991) reported 3-year ipsilateral stroke rates 

for patients with 80-99% carotid stenosis. These were 20.6% for the medical group and 6.8% 

for the CEA group. The absolute stroke risk reduction was 13.8% and there was a relative risk 

reduction of 67%. Perioperative event rates were similar in both studies. 30-day mortality 

rates were 1.0% in NASCET and 3.0% in ECST. 30-day combined event rates were 6.5% and 

7.0%, respectively. 

 There were some differences in methodology between these two trials. NASCET 

reported results at 2 years for symptomatic patients with 70% to 99% stenosis and at 5 years 

for 50% to 69% stenosis, while ECST reported results at 3 years for 80% to 99% stenosis. The 

two trials used a different method for calculation of the degree of stenosis. NASCET 

compared the residual lumen of the stenosis with the lumen of internal carotid (ICA) distal 

to the bulb and ECST compared it with the estimated lumen of the carotid bulb. In both 

trials, eligible patients for recruitment were those with recent transient or permanent 

hemispheric or retinal symptoms (within 120 days for NASCET and 180 days for ECST). 

 The degree of stenosis was strongly associated with the stroke risk in the medical 

therapy group of patients. NASCET showed that symptomatic patients with a stenosis of 

<50% did not benefit from CEA. The benefit from surgery was greater in the group with a 

stenosis of 70% to 99% rather than in the group with 50% to 69% stenosis (North American 

Symptomatic Carotid Endarterectomy Trial Collaborators, 1998; European Carotid Surgery 

Trialists’ Collaborative Group, 1998). Because of different methods of stenosis 

measurements used in the two studies, a reanalysis was performed after conversion of 
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stenosis rates reported in ECST, using the NASCET method (Rothwell, Gutnikov & Warlow, 

2003). Similarly to NASCET conclusions, the results from ECST showed that it is the 

symptomatic patient with a carotid stenosis >50% who benefits from CEA.  

 

1.4.5 Carotid stenting (CAS) 

In recent years, carotid stenting (CAS) has emerged as an alternative to CEA with promising 

results. Mathias (1977) reported good results with balloon percutaneous angioplasty in 

carotid patients. Kerber et al (1980) published successful results for carotid angioplasty too.    

 The initial results stimulated rapid growth in technology of CAS. In 1989, balloon 

expandable stents were placed in carotid patients (Diethrich, Ndiaye & Reid, 1996; Marks et 

al, 1994; Roubin et al, 1996). Issues with kinking of these stents, due to external 

compression, led to the use of self expandable stents made of nitinol (Roubin et al, 2001). 

Theron et al (1990) reported the use of a cerebral protection device, by occluding the distal 

internal carotid artery with a balloon. Modern protection filter devices followed. In recent 

years, a number of studies compared carotid stenting with CEA, which was the gold standard 

of surgical treatment. 

 The Carotid Revascularisation using Endarterectomy or Stenting System (CaRESS) 

trial was a prospective, nonrandomised cohort study where CAS was compared with CEA in 

symptomatic and asymptomatic patients. Reported results showed no significant difference 

in the 12-month combined death and stroke rate between CEA and CAS (13.6% versus 10%, 

respectively) (CaRESS Steering Committee, 2005). 

 Several RCTs comparing the two techniques have published results. One of the first 

randomised studies on CAS, Leicester study, was cancelled after randomisation of only 17 

patients due to an unexpectedly high stroke rate (Naylor et al, 1998). The Wallstent study 
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(Alberts, 2001) was another multicenter study that was stopped because of excessively high 

stroke and death rates in the CAS group (12.1% versus 4.5%; p=0.049). The Carotid Artery 

and Vertebral Artery Transluminal Angioplasty Study (CAVATAS) compared CAS with CEA, 

mainly in symptomatic patients (90% of recruited patients), using balloon angioplasty in 

most of the patients. There was no significant difference in stroke rates between the two 

groups (CAVATAS investigators, 2001). The SAPPHIRE study (Gurm et al, 2008) recruited 

patients with symptomatic carotid stenosis of at least 50% or asymptomatic stenosis of at 

least 80%, at high surgical risk.  The trial was stopped earlier due to slow enrollment but 

published results. The 1-year cumulative primary endpoint (death, stroke or MI incidence) 

was lower in the CAS than in the CEA group (12.2% versus 20.1%; p=0.05 for superiority, 

p=0.004 for noninferiority), while at 3 years the difference was not significant (26.2% versus 

30.3%; p=0.71). The EVA-3S (Mas et al, 2006), another RCT comparing CAS with CEA in 

symptomatic patients, was stopped earlier due to significantly higher 30-day stroke and 

death rates in the CAS group (9.6% vs 3.9%). The SPACE study (Ringleb et al, 2006) 

randomised 1196 symptomatic patients to CAS or CEA. The published combined 

stroke/death event rates were similar in the two groups, 6.9% in CAS patients and 6.5% in 

the CEA group. 

 The International Carotid Stenting Study (ICSS) was an international RCT comparing 

CAS with CEA. The study recruited 1713 symptomatic carotid patients and published early 

results at 120 days after randomisation. The combined event rate of stroke, death, or 

procedural myocardial infarction was 8.5% in the stenting group compared with 5.2% in the 

endarterectomy group (72 vs 44 events; HR 1.69, 1.16-2.45, p=0.006). Any-stroke rates were 

higher in the CAS group than in CEA patients. (7.7% vs 4.1%) (International Carotid Stenting 

Study investigators, 2010). 
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 The Carotid Revascularisation Endarterectomy vs. Stenting Trial (CREST) was a 

similar RCT where symptomatic and asymptomatic patients were randomised to either CEA 

or CAS (Brott et al, 2010). The 4-year rate of stroke or death was 6.4% in the CAS and 4.7% in 

the CEA group (HR, 1.50; p=0.03). The investigators also published the estimated 4-year 

rates of the composite endpoint of any stroke/death or MI and there was no significant 

difference between the two groups (7.2% for CAS and 6.8% for CEA; HR with stenting, 1.11; 

95% CI, 0.81-1.51; p=0.51). 

 From the above studies, it is obvious that CAS has shown promising results and can 

be an alternative to CEA in carefully selected cases. The 2017 ESVS guidelines recommend 

CEA or CAS in patients with symptomatic (>50%) or asymptomatic (>60%) carotid stenosis 

but the levels of evidence are lower for CAS than for CEA (Naylor et al, 2018). This is because 

a number of meta-analyses have shown that periprocedural stroke and death rates were 

significantly higher after CAS than after CEA (Rantner et al, 2013; Vincent et al, 2015; 

Hawkins et al, 2015; Zhang et al, 2015; Paraskevas, Kalmykov & Naylor 2016; Howard et al, 

2016).  

 

1.4.6 Medical management of carotid disease 

There are many advocates of medical management of carotid disease, in asymptomatic 

patients but also in patients with a history of cerebrovascular events. Guidelines usually 

recommend risk factor modification for the prevention of stroke (Sacco et al, 2006).  

Lifestyle changes, such as exercise, smoking cessation, weight loss, healthy diet and 

limitation of alcohol, are necessary. In addition, treatment of risk factors with medications is 

needed in most of the cases. 
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 Several studies have shown that high blood pressure (BP) is a significant risk factor 

for stroke (Sacco et al, 2006). Most antihypertensive drugs have been studied and their 

effectiveness in reducing stroke risk has been demonstrated. Target blood pressures are not 

clear. There is evidence that we must aim for a BP <140/90 mm Hg in nondiabetic patients 

and <130 mm Hg for patients with diabetes, but the evidence is not robust (Sillesen, 2008). 

In the HOPE (Heart Outcomes Prevention Evaluation) study, ramipril was shown to reduce 

the stroke risk in diabetic patients or in patients with vascular disease (Yusuf et al, 2000). 

The Veterans Administration Cooperation Study Group Trial (1982) results suggest that 

stroke risk is lower in patients that are on beta-blockers. In a meta-analysis, including 

105,951 patients, where beta-blockers were compared with other antihypertensives or 

placebo, the stroke risk was higher in the beta-blocker group (Lindholm, Carlberg & 

Samuelsson, 2005). Also, antihypertensive medications such as angiotensin-converting 

enzyme inhibitors and angiotensin receptor blockers have been shown to inhibit the 

progression of atherosclerotic plaque (Enseleit, Hurlimann & Luscher, 2001; Iadecola & 

Gorelick, 2004). 

 Smoking is a significant risk factor for stroke. In the Framingham study, men who 

stopped smoking had a 50% lower risk to suffer disease (Gordon et al, 1974). Nicotine 

replacement therapy and counselling seem to increase the chances of smoking cessation. 

Smoking cessation chances were increased by 50% to 75% with nicotine replacement 

therapy, in a Cochrane review (Stead et al, 2008). 

 Diabetic patients show a higher risk for developing atherosclerosis in large or small 

arteries. Glycaemic control is advised in patients with a history of cerebrovascular events 

(Sacco et al, 2006). However, in large studies, such as the Action to Control Cardiovascular 

risk in Diabetes Study group (ACCORD) trial and the ADVANCE trial, intense treatment for 

reducing glucose levels did not show a significant reduction in stroke risk (The Action to 
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Control Cardiovascular Risk in Diabetes Study Group, 2008; The ADVANCE Collaborative 

Group, 2008). 

 Statins play an important role in the management of hyperlipidaemia, which is a risk 

factor for stroke. Statins also seem to slow progression of the carotid plaque (Crouse et al, 

2007). In the majority of studies investigating the effect of statins on stroke risk, atorvastatin 

was the drug used (Nicholls et al, 2011; Amarenco et al, 2006; Sillesen et al, 2008; LaRosa et 

al, 2005; Pedersen et al, 2005). In most of these studies, there was a significant reduction in 

stroke risk. In a systematic review, studying the effect of statins in cardiac or carotid 

patients, it was demonstrated that there is a 15% reduction in stroke risk for every 10% 

reduction of LDL levels caused by statins (95% CI, 6.7-23.6) (Paraskevas, Hamilton & 

Mikhailidis, 2007). In another 3 studies, where simvastatin was used, significant stroke risk 

reduction and regression of plaques were found (Hegland, Dickstein & Larsen, 2001; 

Pedersen et al, 2005; Heart Protection Study Collaborative Group, 2002). However, statins 

may cause side effects such as muscle pain or liver dysfunction. In these cases, where 

patients cannot tolerate statins, alternative medications for hyperlipidaemia are needed and 

ezetimibe, niacin or gemfibrozil may be prescribed. 

 Antiplatelet medications are usually prescribed in patients with carotid disease. They 

have been shown to reduce the risk of stroke and myocardial infarction in patients of all age 

groups. The incidence of stroke can be reduced by 25% (p<0.0001) (Antithrombotic Trialists 

Collaboration, 2002). The most frequently prescribed antiplatelet agents are aspirin, 

clopidogrel and ticlopidine. In a meta-analysis, involving 21 trials and 18,270 patients, the 

results supported the use of aspirin (75 mg to 150 mg). The use of dual antiplatelet therapy 

was not recommended due to lack of evidence. The CHARISMA trial did not show any 

benefit from dual antiplatelet therapy (aspirin and clopidogrel) when compared with aspirin 

alone. Stroke rates were similar in both groups (Bhatt et al, 2006). A review analysis, 
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including 26 RCTs and 19,842 patients, investigated the effect of dipyridamole on vascular 

death and vascular events. The results showed that administration of dipyridamole alone 

had no significant impact on vascular deaths but did reduce vascular event rates. In this 

review, there was no evidence to support administration of dipyridamole as first line 

treatment (De Schryver, Algra & Van Gijn, 2003). 

 Anticoagulants appear as an alternative to antiplatelets in patients with a history of 

an ischaemic cerebrovascular event. There were conflicting conclusions from several studies 

regarding their use in patients with carotid stenosis. A Cochrane review (Sandercock, 

Counsell & Kamal, 2000), involving 24 RCTs and a total of 23,748 patients with a history of 

recent stroke, analysed the effect of low-molecular-weight heparin (LMWH), unfractionated 

heparin and oral vitamin-K antagonists (two trials) on stroke rates. It was shown that, 

although patients had reduced rates of ischaemic stroke, there was a significant increase in 

the number of haemorrhagic complications. In another review (Berge & Sandercock, 2002), 

involving 16,558 patients, there was no significant benefit from anticoagulants over aspirin. 

Instead, their use was associated with increased intracranial haemorrhage rates (odds ratio 

[OR], 2.35, 95% CI, 1.49-3.46). The Birmingham Atrial Fibrillation Treatment of the Aged 

(BAFTA), an RCT that compared warfarin with aspirin, showed that the incidence of major 

stroke or intracranial haemorrhage was lower in patients taking warfarin, (4.9% [24/288]) vs 

(9.9% [48/485]) (Hobbs & Fletcher, 2007). The Stroke Prevention in Reversible Ischaemia 

Trial (SPIRIT) Study Group (1997) similarly tested warfarin against aspirin in TIA or stroke 

patients. Stroke, MI and major bleeding rates were higher in warfarin group compared with 

aspirin group (81/651 vs 36/665; HR 2.3; 95% CI, 1.6-3.5). Finally, a meta-analysis comparing 

anticoagulants with control (placebo, antiplatelet therapy) showed no superiority of 

anticoagulants to antiplatelet therapy or placebo (Jonas, 1998). 
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 In conclusion, there have been great advances in medical management of carotid 

disease over the last few years. Aspirin alone used to be the mainstay of medical therapy. In 

the modern era, that risk factor modification is more essential than ever, a combination of 

antiplatelets, antihypertensives, lipid-lowering medication and glycaemic control followed 

by lifestyle changes seem to be the best medical treatment in patients with carotid stenosis. 
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1.5 Asymptomatic carotid stenosis. The problem 

1.5.1 Introduction-Historical review 

Definition of asymptomatic carotid plaque can refer to absence of symptoms in the 

hemisphere ipsilateral to the carotid plaque, the anterior circulation or any brain/brainstem 

origin. In ACAS, patients were considered to be eligible for randomisation as long as they had 

no history of neurological symptoms in the ipsilateral cerebral hemisphere or the 

vertebrobasilar circulation (Executive Committee for the Asymptomatic Carotid 

Atherosclerosis Study, 1995). Patients with a history of TIA or stroke in the cerebral 

hemisphere, contralateral to the carotid plaque of interest, were considered to be eligible 

for recruitment. In ACST, patients met eligibility criteria as long as they had no history of 

ipsilateral stroke or TIA in the past 6 months (Halliday et al, 2004). 

 Thompson et al (1978) reviewed 270 patients with ACS. 132 of them underwent a 

prophylactic CEA while 138 did not. 91% of patients in the first group remained 

asymptomatic over a 50-month mean follow-up. In the second group of patients who did not 

have surgery, only 56% of them remained asymptomatic. The results contributed to the 

popularity of prophylactic CEA in patients with ACS. 

 However, in the 1980s, growing concerns by neurologists about the results of CEA in 

asymptomatic patients emerged. A retrospective analysis by the Rand Corporation showed 

that in 64% of CEA procedures the indications were “inappropriate”. Barnet et al (1996) 

concluded that literature evidence could not justify the huge number of CEAs performed at 

that time. A few years later, Canadian neurologists expressed their concerns for the role of 

CEA in asymptomatic patients (Chaturvedi, 2003). 
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1.5.2 The problem  

Carotid endarterectomy (CEA) is an established technique of surgical treatment of carotid 

bifurcation atherosclerosis, which targets the prevention of recurrence of ipsilateral TIA or 

stroke. The degree of stenosis is currently the major criterion for the assessment of risk of 

ipsilateral stroke and eligibility for CEA in both symptomatic and asymptomatic patients. 

 In patients with symptomatic carotid stenosis greater than 50–70%, carotid 

endarterectomy reduces ipsilateral stroke risk by about 75% (Rothwell et al, 2004) and is 

generally accepted as a cost-effective way of treatment. However, the efficacy of CEA in 

patients with asymptomatic carotid stenosis is controversial. 

 As indicated above, current management of asymptomatic carotid disease is mainly 

based on two randomised controlled trials, the ACAS (Executive Committee for the 

Asymptomatic Carotid Atherosclerosis Study, 1995) and the ACST (Halliday et al, 2004). Both 

the ACAS and the ACST demonstrated a benefit of CEA with medical therapy (aspirin and 

atherosclerotic risk factor reduction) over medical therapy alone for patients with carotid 

stenosis in the 60% to 99% range (NASCET criteria). Both studies showed a similar absolute 

and relative reduction in risk for stroke of approximately 5% and 50%, respectively, at 5 

years for CEA over medical therapy, i.e. reduction of the annual risk of ipsilateral stroke from 

2% to 1%. 

 Based on these results, the American Heart Association (AHA) concluded that 

“prophylactic CEA was recommended in highly selected patients with high grade 

asymptomatic stenoses provided it was performed by surgeons with less than 3% morbidity 

and mortality” (Goldstein et al, 2011) and this recommendation has been literally adopted 

by all countries where carotid surgery is performed. 
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 However, in these trials CEA was associated with a 2-3% 30-day perioperative risk of 

stroke or death. Additionally, in these studies medical treatment and modification of arterial 

disease risk factors were left to the discretion of the local teams and were suboptimal 

compared with current practice. The proportion of patients on statins in ACAS was not 

reported. In ACST, 20% of patients were on statins and this percentage rose to 80% by the 

end of follow-up, 16 years later. There were no pre-specified targets for statin dose or lipid 

levels. 

 Recent reviews of cohort studies on the outcome of patients with ACS treated 

medically (including the medical arms of randomised carotid endarterectomy trials) indicate 

that the average annual risk of ipsilateral stroke has fallen to approximately 1% or less 

(Abbott, 2009; Marquardt et al, 2010; Naylor, 2011; Raman et al, 2013). This is attributed to 

better medical management, including statin therapy. 

 Best medical therapy has improved significantly over the last 10 years. 3-Hydroxy-3-

methylglutaryl coenzyme A reductase inhibitors (statins) may slow the progression of carotid 

plaque and decrease the incidence of TIA and stroke in patients with carotid disease (Collins, 

2004). Large scale trials have demonstrated the benefit of antiplatelet agents in the 

prevention of major cardiovascular events (CAPRIE Steering Committee, 1996). Medical 

treatment and life style changes (low lipid diet, exercise) have reduced the risk of stroke in 

asymptomatic patients, to only 1% per year. 

 Consequently, the effectiveness of surgery in asymptomatic patients has been 

questioned, mainly due to the progress of best medical management of carotid disease. On 

the other hand, a significant percentage of strokes occur in asymptomatic individuals. Only 

15% of strokes are preceded by a transient ischaemic attack (TIA). So, waiting for an 

asymptomatic carotid plaque to produce symptoms doubts the prophylactic role of CEA. 

Effectiveness of carotid endarterectomy would improve dramatically if a group of 
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asymptomatic patients on best medical therapy that is at high risk to develop a stroke could 

be identified. 

In view of the above, stroke risk stratification in patients with asymptomatic carotid 

disease has been a field of active research in order to identify the vulnerable carotid plaque. 

Several parameters have been proposed as prognostic factors for stroke in asymptomatic 

individuals, in addition to severity of stenosis (Nicolaides et al, 2005a): echolucency of the 

plaque (Gray-Weale et al, 1988; Langsfeld, Gray-Weale & Lusby, 1989; Polak et al, 1998; 

Mathiesen, Bonaa & Joakimsen, 2001), low grey scale median (GSM) measured after image 

normalisation, clinical risk factors, increased percentage of echolucent plaque components 

(Hashimoto et al, 2009; Nicolaides et al, 2010), silent brain infarction on tomography (Kakkos 

et al, 2009) and the presence of discrete white areas (DWAs) without acoustic shadow 

(Nicolaides et al, 2010). Plaque classification systems, such as that of Geroulakos et al 

(1993), have been developed as a result of intensified research. Unfortunately, there has 

been no universal agreement on a specific algorithm that can predict the risk of stroke in 

patients with ACS.  
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1.6 Stroke risk stratification based on clinical parameters and 

ultrasound 

1.6.1 Introduction 

As indicated in the previous chapter, there is considerable controversy regarding the role of 

CEA in patients with ACS. The severity of stenosis remains the major criterion for eligibility 

for CEA in these patients. 

In an effort, over the last years, to identify the “high-risk” carotid plaque, the use of 

clinical risk factors or other parameters, such as detection of embolic signals on Transcranial 

Doppler (TCD), silent infarcts on Computed Tomography (CT), plaque progression and plaque 

texture features on ultrasound scan, have shown promising results. 

  

1.6.2 Transcranial Doppler (TCD) and risk stratification in carotid disease 

It was in the early 1990s that TCD was first introduced in medical practice, to monitor flow 

velocities in the basal arteries (Aaslid, Markwalder & Nomes, 1982). In TCD 2-MHz probes 

are used, so that ultrasound beam can be transmitted through the skull. There are areas in 

the skull such as the orbit, the submandibular region, the frontal sinus and the foramen 

magnum which, due to their structure, can act as acoustic windows for TCD. Thus, 

recordings of the intracranial circulation are feasible. Middle cerebral artery (MCA) 

recordings are important for diagnosis of carotid bifurcation disease. Embolic debris reflects 

ultrasound more than the blood cells and as a result high intensity signals with a short 

duration appear. These are known as embolic signals (ES) and have been used for 

investigations in carotid lesions. TCD is a portable, noninvasive and inexpensive modality. 

Although its role in diagnosis and management of cerebral ischaemia and autoregulation is 
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established, its use in stroke risk stratification in the carotid disease, especially in 

asymptomatic patients, is still under investigation. 

There have been several studies on emboli detection in carotid patients. These have 

shown that ES are more frequent in symptomatic carotid patients than in asymptomatic 

(Siebler et al, 1994; Babikian et al, 1994; Ries et al, 1995; Sitzer, Siebler & Steinmetz, 1995; 

Markus, Thompson & Brown, 1995; Droste et al, 1999; Telman et al, 2009). ES usually appear 

ipsilateral to the symptomatic side (Koennecke et al, 1998). In addition, the chances of 

detecting ES increase with the degree of carotid stenosis, in both symptomatic and 

asymptomatic patients (Orlandi et al, 1997a; Goertler et al, 2005). It has been observed that 

recordings of ES are decreased in patients post CEA (Orlandi et al, 1997b; Siebler et al, 1993; 

van Zuilen et al, 1995). Tegos et al (2001c) found that ES detection increases in patients with 

echolucent plaques compared with echogenic plaques, as shown by B-mode ultrasound. 

 There were also six cohort studies investigating the use of TCD in stroke risk 

stratification in the asymptomatic carotid disease (Molloy & Markus, 1999; Abbott et al, 

2005; Siebler et al, 1995; Orlandi et al, 2002; Spence et al, 2005; Markus et al, 2010). The 

aim was to identify the high-risk asymptomatic patients that would benefit from surgery. 

Siebler et al (1995), in a small sample study of patients with ACS, showed that ES positive 

patients had a significantly increased risk of ipsilateral stroke or TIA in a 16-month mean 

follow-up. Molloy et al (1999) confirmed Siebler’s findings, after studying 42 asymptomatic 

patients. A larger study with 202 patients and a follow-up of 2.8 years, by Abbot et al (2005), 

demonstrated that ES positive patients are at a higher risk for ipsilateral cerebrovascular 

events when compared with ES-negative patients but the difference was not statistically 

significant. Spence et al (2005) showed that asymptomatic patients with microemboli had a 

significant increase in stroke risk in the first year of follow-up. However, after adjustment for 

risk factors, there was no statistically significant difference. The International Asymptomatic 
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Carotid Emboli Study (ACES), by Markus, was the largest study of TCD in patients with ACS 

and provided the strongest data available. In this analysis of 477 patients, ES detection at 

baseline was predictive of any future ipsilateral stroke or TIA and of any future ipsilateral 

stroke alone. Recruited patients had a 1 h ES detection at 6 months where the results were 

similar to baseline measurements. ES detection was an independent predictor of future 

ipsilateral stroke/TIA or stroke alone, even after adjustment for vascular risk factors (Markus 

et al, 2010). In 2011, the same group of investigators showed that the combination of plaque 

echolucency on Duplex ultrasound with detection of ES on TCD demonstrated a higher 

prediction of future ipsilateral stroke than any of the two methods alone (Topakian et al, 

2011). Most of the above studies demonstrate the potential of TCD in identifying the 

asymptomatic patients that would benefit from CEA.  

 However, the available evidence is not robust yet. The method of assessing the 

event rate in relation to ES detection was not the same in the above studies. In some studies 

the first ipsilateral event was reported while in other studies recurrent events were 

included. In addition, vascular risk factors and medical therapy of the patients, in most of 

these studies, were not documented. Another difficulty for introduction of TCD in routine 

practice is the fact that TCD is done manually and it is time consuming. This problem could 

be overcome with automation of the process. Finally, the larger studies showed that the 

detection of ES in asymptomatic patients had a low predictive value. Large randomised 

studies with patients on BMT might be needed to assess the value of TCD in the 

identification of high-risk asymptomatic patients. 
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1.6.3 Computed Tomography-Silent infarcts and stroke risk 

It has been found that the prevalence of silent brain infarctions (SBIs) in the general 

population is around 20% (Davis et al, 1996). This percentage increases up to 50% in patients 

with a history of carotid disease or atrial fibrillation. Norris and Zhu reported a 19% 

incidence of SBIs in patients with ACS (Norris & Zhu, 1992), while Cao found a 24% incidence 

of SBIs in patients with >60% ACS undergoing CEA (Cao et al, 1999). In fact, the presence of 

silent brain infarctions (SBIs) on CT scanning increases the risk of stroke in the general 

population (Kobayashi et al, 1997; Bernick et al, 2001; Vermeer et al, 2003). The majority of 

SBIs seem to be of embolic origin. Pattern A SBIs seem to be caused mainly by carotid plaque 

embolisation (Stevens et al, 1991). They are usually cortical or subcortical infarcts, localised 

in the anterior or middle cerebral artery territory or in basal ganglia (Kakkos et al, 2009). 

 Zukowski et al (1984) demonstrated that there is a higher incidence of cerebral 

infarctions on CT scans of patients with a history of TIA and ulcerated carotid plaques, 

examined after CEA. Another study with 181 patients by Ricotta et al (1985) did not show 

any significant association between SBIs on CT and elective CEA outcome. In a study with 

301 asymptomatic carotid patients, Cao et al (1999) concluded that the presence of SBIs on 

CT scans in such patients was strongly related to a poor outcome of CEA, thus a more 

conservative approach could be justified in these patients. Norris et al (1992) studied 115 

asymptomatic and symptomatic (TIA) patients and there was an association between the 

incidence of SBIs on CT and the degree of stenosis. The presence of nonlacunar SBIs on CT 

scans of patients with ACS has been associated with echolucency of plaques (low GSM) on 

Duplex ultrasound (Sabetai et al, 2001a). In a prospective study with 138 patients, who were 

asymptomatic or had a history of TIA/amaurosis fugax and >50% carotid stenosis on Duplex, 

Tegos et al (2001a) showed that the presence of pattern A SBIs on CT scanning was related 

to increased ipsilateral stroke risk. More recently, in ACSRS study, Kakkos et al (2009) 
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showed that the presence of SBIs in patients with ACS >60% was predictive of future 

ipsilateral stroke risk. A group of patients who had double ipsilateral stroke risk could be 

identified. However, in patients with <60% ACS, the presence of SBIs was not related to an 

increased number of ipsilateral cerebrovascular events. 

 Results from the above studies indicate that the role of brain CT scan may be 

important in stroke risk stratification in asymptomatic carotid disease. Despite its drawbacks 

(ionizing radiation, use of nephrotoxic contrast agents), its availability, reliability and speed 

of imaging make it a potential tool for identification of high-risk patients with ACS that 

would benefit from intervention. 

 

1.6.4 Ultrasound plaque characteristics and stroke risk 

There are multiple studies in the literature studying the mechanism of carotid plaque 

rupture which is one of the main causes of cerebrovascular events. In the 1980s, it was 

shown that “complicated plaques” are usually echolucent and heterogenous (consisting of 

echolucent and echogenic areas) on ultrasound (Geroulakos et al, 1993; Reilly et al, 1983; 

O’Donnel & Erdoes, 1985). 

 Reilly et al (1983) classified carotid plaques as homogenous and heterogenous and 

correlated her observations with histological findings. Homogenous white plaques had 

mainly fibrous tissue. In heterogenous plaques, hyperechoic (white) areas corresponded to 

fibrous tissue and hypoechoic (black) areas represented intraplaque haemorrhage or lipid.  

At that time, colour flow was not available and she could not detect homogenous 

hypoechoic (black) plaques. Johnson et al (1985) classified them as soft and dense, while 

Widder and Paulat (1990) as echolucent and echogenic. Gray-Weale et al (1988) classified 

the plaques into 4 different types: type 1 predominately echolucent plaques, type 2 
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echogenic plaques (with >75% echolucent components), type 3 predominately echogenic 

plaques (with small echolucent areas) and type 4 uniformly echogenic lesions. He also 

correlated his observations with histology. A modification of Gray-Weale classification 

followed by Geroulakos et al (1993). A consensus conference in 1997 suggested that the 

term hyperechoic refers to echogenic (white) and hypoechoic to echolucent (black) and that 

reference points for echodensity should be blood for hypoechoic, sternomastoid muscle for 

isoechoic and bone for hyperechoic (deBray, Baud & Dauzat, 1997). It must be mentioned 

that echogenicity is often confused with heterogeneity and as such plaques are not 

described properly. 

 After the introduction of new ultrasound scanners with higher resolution, Van 

Damme et al (1993) found that fibrous plaques were visualised on ultrasound as 

homogenous and hyperechoic while intraplaque haemorrhage appeared as hypoechoic 

areas in the plaque. This could be achieved with a good sensitivity and specificity. The 

European Carotid Plaque Study Group (1995) showed that echogenicity was inversely 

associated with haemorrhage and lipid contents of the plaque. Our knowledge today of the 

“stable” plaque is that it has a small lipid core, a thick fibrous cap, increased amount of 

smooth muscle cells and a low number of macrophages.  

 Johnson et al were among the first to show that the presence of hypoechoic plaques 

in asymptomatic patients increased the stroke risk at 3 years, especially in >75% stenoses 

(Johnson et al, 1985; O’Holleran et al, 1987). Sterpetti et al (1988) demonstrated that the 

presence of a heterogenous plaque and the degree of stenosis were independent stroke risk 

factors. Their study included symptomatic and asymptomatic carotid patients. AbuRahma et 

al (1998), in a study with asymptomatic patients, found that patients with heterogenous 

plaques had a significantly higher ipsilateral stroke risk (13.6% versus 3.1%) in the follow-up. 

Langsfeld et al (1989) demonstrated that patients with hypoechoic plaques (type 1 and  
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type 2) had an increased stroke risk when compared with patients having hyperechoic 

plaques (type 3 and type 4). In fact the risk was almost double (15% versus 7%). In a study by 

Polak et al (1998), involving 4886 asymptomatic patients and a follow-up of 48 months, the 

plaques were subjectively classified as hyperechoic, isoechoic and hypoechoic. The risk of 

ipsilateral stroke was higher in patients with hypoechoic plaques. Polak suggested that 

echomorphology of the plaque might be better quantified and categorised by computer-

assisted measurements. 

 The results from the above studies led to the introduction of image normalisation 

and grey scale median (GSM), measured with computer-assisted methods in the studies that 

followed. In a study of symptomatic and asymptomatic patients with 50-99% stenosis, 

Nicolaides and associates demonstrated that hypoechoic plaques with higher degree of 

stenosis were correlated with symptoms. They also found that plaques with low GSM (mean 

GSM value of 14) were associated with the presence of SBIs on CT scans (El-Atrozy et al, 

1998). In addition, the same group showed that increased frequency of ES on TCD was 

related to low GSM plaques (Tegos et al, 2001c). Sabetai et al (2001b) showed that 

hypoechoic (low GSM) plaques have usually a large necrotic core. The Tromso study, a 

prospective study in Norway involving 223 subjects with carotid stenosis, found that 

echolucent plaques exhibit increased risk for cerebrovascular events. The relative risk was 

4.6. They concluded that plaque echolucency was a risk factor for cerebrovascular events, 

independent of the degree of stenosis (Mathiesen, Bonaa & Joakimsen, 2001). Gronholdt et 

al (2001), by using the GSM method, demonstrated that echolucent plaques with >50%  

stenosis were correlated with increased stroke risk in symptomatic but not in asymptomatic 

carotid patients. The conclusion of this study was that plaque echolucency along with the 

degree of stenosis would be a better selection tool for carotid patients that would benefit 

from CEA. However, there was a small sample of patients in this study and image 

normalisation was not used. Another study, using GSM for quantification of plaque 
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echogenicity by Hashimoto et al (2009), showed that plaques with lipid-like echogenicity and 

low calcification were associated with increased stroke risk. Kanber et al (2013) tested a 

semi-automated method of assessing the GSM over image sequences, 10 seconds in length, 

and concluded that inter-frame variations might affect the reproducibility of GSM evaluation 

in still images. 

 It is known that plaque ulceration increases the risk for embolic events (amaurosis 

fugax, TIA, stroke) and is also related to increased frequency of SBIs on CT scans (Zukowski et 

al, 1984; Persson, Robichaux & Silverman, 1983; Seager & Klingman, 1987; Sterpetti, Hunter 

& Schulz, 1991; Eliasziw, Streifler & Fox, 1994). Though, several studies have found that 

conventional ultrasound has a poor sensitivity in identifying ulceration in plaques causing 

moderate to high stenosis (>50%) (Fisher et al, 1985; O’Leary et al, 1987; Comerota et al, 

1990; Farber et al, 1984; Ricotta, 1990; Goodson et al, 1987; Rubin, Bondi & Rhodes, 1987). 

A retrospective analysis of symptomatic patients, where plaques were classified to smooth, 

irregular and pocketed, showed that irregular plaque surface and low echogenicity of the 

plaque were more common in patients with TIA or stroke (Iannuzzi et al, 1995). In another 

study involving symptomatic and asymptomatic patients, Golledge et al (1997) found that 

plaques type 1 and type 2 (based on Gray-Weale classification) were associated with 

symptoms. 

 Carotid plaque area is another plaque characteristic which seems to be a strong 

predictor of cerebrovascular events. Spence et al (2002) measured the carotid plaque area, 

on ultrasound, in 1686 healthy subjects. The results were classified into 4 quartiles: 0.00 to 

0.11 cm2, 0.12 to 0.45 cm2, 0.46 to 1.18 cm2 and 1.19 to 6.73 cm2. The 5-year combined rates 

of stroke/MI/vascular death were 5.6%, 10.7%, 13.9% and 19.5%, respectively. The authors 

concluded that plaque area is an excellent tool for identification of high-risk carotid patients. 

The Tromso study investigators compared plaque area with intima-media thickness (IMT) 
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measurements in a healthy population. They found that plaque area was a stronger 

predictor of stroke risk than IMT (Mathiesen et al, 2011). 

 Other, less known plaque features seem to predict plaque instability. As already 

mentioned, studies have shown that symptomatic plaques are usually heterogenous (Carra 

et al, 2003). This heterogeneity is the result of the presence of discrete white areas (DWAs). 

A study using contrast enhanced agents showed that DWAs are neovascularised areas with a 

significant amount of macrophages on histological analysis (Shah et al, 2007). Pedro et al 

(2002) found that the presence of a juxtaluminal black area (JBA) is more frequent in 

symptomatic plaques. Griffin et al (2010) performed a cross-sectional pilot study and 

observed that the presence of JBAs was associated with symptomatic plaques. There was a 

cut-off point of 8 mm2.  Above this value, the association with symptomatic plaques was 

stronger. Other plaque texture features evaluating the spatial distribution of pixels with 

different shades might provide important information for plaque stability (Christodoulou et 

al, 2003; Kyriacou et al, 2009). 

 Several natural history studies have identified the severity of stenosis as an 

independent risk factor for ipsilateral cerebrovascular events. However, as mentioned 

before, there are two different methods used to assess the degree of stenosis caused by the 

carotid plaque. The NASCET method compares the residual lumen at the site of maximum 

stenosis with the normal distal ICA. In the second method the residual carotid lumen is 

compared with the estimated diameter of the carotid bulb. This method was used in the 

ECST study (known as “E” method). A 70% stenosis measured, using the NASCET method, is 

equivalent to an 83% stenosis assessed by “E” method. The discrepancy in the value of 

stenosis between the two methods decreases with increasing degrees of stenosis. Thus, the 

relationship between the stroke/TIA risk and the degree of stenosis depends on the method 

that is used. 
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  It should also be mentioned that a significant number of strokes occur in 

asymptomatic patients with low grade stenoses. Such patients would be missed if the 

degree of stenosis was the sole criterion for CEA. However, plaque morphology and degree 

of stenosis are independent risk factors for ipsilateral cerebrovascular events. Thus, it is 

likely that ultrasonic texture features of the plaque in combination with the degree of 

stenosis might improve patients’ selection for surgery. 

 

1.6.5 Carotid plaque progression 

It becomes obvious that the identification of the asymptomatic carotid patients that would 

benefit from surgery would prevent future strokes. Plaque progression has emerged as 

another significant predictor of cerebrovascular events in carotid patients. Several natural 

history studies have looked at the association of plaque progression with ipsilateral stroke 

risk. Roederer et al (1984) found that in patients with ACS <80% on baseline Duplex 

ultrasound, progression of the plaque to >80% stenosis was associated with a high incidence 

of symptoms (stroke, TIA) or progression to carotid occlusion. They observed that within 6 

months of plaque progression, there was a 35% risk of ischaemic symptoms or carotid 

occlusion. Within 12 months of plaque progression, the risk was 46%. In plaques that did not 

progress, the risk was only 1.5% at 12 months. Lewis et al (1997) studied 715 asymptomatic 

patients over a 3.2 years follow-up. They showed that plaque progression to >80% stenosis 

was associated with increased risk for stroke, TIA or death. However, the predictive value of 

progression was low. They concluded that serial ultrasound imaging in asymptomatic 

patients was not supported by evidence. Mansour et al (1999), after monitoring 344 male 

veterans over a 4-year period, came to the same conclusion. Mackey et al (1997) followed-

up 715 asymptomatic patients with carotid bruits over a 3.6 years follow-up. They showed 

that plaque progression to >80% stenosis was associated with a higher rate of ipsilateral 
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cerebrovascular events. Olin et al (1998) reported that plaque progression was a strong 

predictor of ipsilateral neurological events. The estimated risk ratio was 19.3 (95%CI, 7.2-

51.2; p=0.0001). A large study with 1701 asymptomatic patients showed that progression 

was related to increased stroke risk. The same did not apply to baseline degree of stenosis. 

However, patients with <50% stenosis were also included in the study (Muluk et al, 1999). In 

another study by Liapis et al (2000), looking at the risk factors for plaque progression, it was 

confirmed that plaque progression was associated with increased risk for stroke or TIA but 

the predictive ability was low. Thus, a surveillance program with ultrasound was not 

recommended in all asymptomatic patients but only in those that are at high risk for 

progression. Factors that correlated with plaque progression were coronary disease and 

echolucency of the plaque. However, this study included asymptomatic patients with >50% 

stenosis and symptomatic with <50% stenosis. Bertges and associates (2003), after studying 

1004 patients with ACS, reported that serial Duplex scan monitoring should be 

recommended in asymptomatic patients. He found that plaque progression was a stronger 

predictor of stroke risk compared with baseline stenosis. Again, in this study asymptomatic 

patients with <50% stenosis were included. In a large study by Sabeti et al (2007), 1065 

asymptomatic patients were studied with Duplex ultrasound at baseline and at 6-9 months. 

They were followed-up clinically for 3.2 years. Plaque progression was strongly correlated 

with increased stroke risk. It was also associated with coronary or peripheral vascular events 

and vascular death.  

 Identification of progressing carotid plaques might answer the question whether 

serial monitoring of the asymptomatic carotid patients is essential. Although in some studies 

the incidence of progression was low, if we know the risk factors that are associated with 

progression, we should be able to select the patients that will need serial Duplex scanning to 

monitor plaque progression. The ideal interval between serial scans needs to be defined. 



87 
 

 In addition to the above, the association of plaque progression with risk of stroke 

needs to be established. Natural history studies so far had significant limitations. Most of 

them were retrospective with small sample size and short follow-up. As these are old 

studies, medical therapy was suboptimal or not clear. Further studies would address the 

above limitations and compare the predictive ability of plaque progression to other risk 

factors. 

 

1.6.6 Clinical parameters in stroke risk stratification 

Stroke is a leading cause of death and disability, worldwide (American Heart Association, 

1999). In an effort to reduce stroke burden, research to identify stroke risk factors has been 

intense. Over the years, several clinical parameters have been found to be associated with 

increased stroke risk. 

 Nonmodifiable factors, such as increasing age and gender, are related to increased 

risk for ischaemic stroke. It has been shown that stroke risk doubles for each successive 

decade after age 55 (Brown et al, 1996; Carandang et al, 2006; Manolio et al, 1996; Wolf et 

al, 1992). Also, stroke prevalence is higher in men (Brown et al, 1996; Pleis & Lethbridge-

Cejku, 2007).  

It has been found that, among modifiable parameters, hypertension is a major risk 

factor and among the strongest predictors of stroke. It was in the 1960s that the association 

of hypertension with increased stroke risk was demonstrated. In fact, stroke risk increases 

progressively with increasing blood pressure (BP) (Chobanian et al, 2003). 

Several large studies have shown that there is a strong relationship between stroke 

and smoking (Manolio et al, 1996; Wolf et al, 1991; Rodriquez et al, 2002). Smoking almost 

doubles the risk for ischaemic stroke. Even passive smoking (exposure to environmental 
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tobacco smoke) is associated with increased stroke risk (Bonita et al, 1999; Iribarren et al, 

2004). 

Epidemiological and case-control studies have concluded that diabetes is an 

independent stroke risk factor. It has been reported that diabetes and impaired glucose 

tolerance increase the hazard ratio (HR) for stroke to 2.05 (Zhang et al, 2008). 

Dyslipidaemia, especially elevated total cholesterol, is another well known stroke 

risk factor (Iso et al, 1989; Leppala et al, 1999; Zhang et al, 2003). Statins have a crucial role 

in the treatment of hypercholesterolaemia and in reducing stroke risk in these patients. As 

indicated earlier, a systematic review of the literature showed that there is a 15% reduction 

in stroke risk for every 10% reduction of LDL levels caused by statins (95% CI, 6.7-23.6) 

(Paraskevas, Hamilton & Mikhailidis, 2007). 

Other modifiable clinical parameters, such as coronary artery disease (CAD), atrial 

fibrillation, diet, physical inactivity, obesity and excessive alcohol consumption, have been 

found to be significantly related to increased stroke risk (Kannel & Benjamin, 2008; He, 

Nowson & MacGregor, 2006; He et al, 1999; Nagata et al, 2004; Suk et al, 2003; Gill et al, 

1986; Mazzaglia et al, 2001).The international, multicentre INTERSTROKE study, including 

3000 cases (hospital patients with first ischaemic or haemorrhagic stroke) and 3000 controls, 

showed that ten clinical risk factors were associated with 90% of the stroke risk (O’Donnell 

et al, 2010). 

 Large studies, such as the Rotterdam and the Framingham study, have identified 

several clinical parameters as stroke risk factors (Bos et al, 2014; Wolf et al, 1991). The 

Framingham Study group developed a stroke risk prediction model, consisting of eight 

different clinical factors. However, these studies were mainly population-based cohorts, 
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including healthy individuals. So far, natural history studies on patients with ACS have been 

too small for risk stratification by clinical factors (Abbott & Donnan, 2008). 

Greco et al (2013) studied the demographics and risk factors from 2,885,257 

individuals who had a carotid Duplex scan. They produced a scoring system which can 

identify individuals who are at risk to have a carotid stenosis >50%. However, this model did 

not predict stroke risk. 

 Rothwell developed a simple prediction model for stroke risk in symptomatic carotid 

patients, based on the severity of stenosis and clinical parameters (Rothwell & Warlow, 

1999). A similar model for asymptomatic patients, derived from a large natural history study 

on patients with ACS, has not yet been developed.  
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1.7 Mortality in patients with asymptomatic carotid stenosis 

1.7.1 Introduction 

Treatment of patients with ACS is focused on improving stroke-free survival rates. As 

indicated above, two large RCTs, ACAS and ACST, showed that CEA reduces ipsilateral annual 

stroke risk by almost 1% in patients with >60% ACS (Executive Committee for the 

Asymptomatic Carotid Atherosclerosis Study, 1995; Halliday et al, 2004; Halliday et al, 2010). 

However, in these trials CEA patients had a 2-3% 30-day perioperative stroke or death risk. 

According to the Society for Vascular Surgery (SVS) guidelines, patients with ACS ≥60% 

should be considered for CEA only when life expectancy is >3 years and perioperative 

stroke/death risk is <3% (Ricotta et al, 2011). The AHA (American Heart Association), ASA 

(American Stroke Association) and the American Academy of Neurology stress the 

importance of assessing life expectancy before pursuing CEA in patients with ACS: 

candidates should have a life expectancy >5 years (Goldstein et al, 2011; Biller et al, 1998; 

Chaturvedi et al, 2005). In the absence of reliable morphological data for stroke risk 

stratification, life expectancy should be a crucial parameter for treatment decision making in 

patients with ACS. Unfortunately, in everyday practice this is often overlooked. 

Moreover, not all of the patients, in these two trials, were on antiplatelets and 

statins. Best medical therapy has improved significantly over the last years. Large scale trials 

have demonstrated the benefit of antiplatelet agents and statins in the prevention of major 

cardiovascular events and stroke in asymptomatic patients. (Collins, 2004; CAPRIE Steering 

Committee, 1996).  

The latest American College of Cardiology/American Heart Association (ACC/AHA) 

guidelines on the treatment of serum cholesterol recommend that for nondiabetic 

individuals aged 40-75 years without  clinical evidence of atherosclerotic cardiovascular 
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disease (ASCVD) and an LDL-C of 70-189 mg/dL (1.8-4.9 mmol/L) it is advisable to prescribe 

moderate intensity statins when the 10-year risk of developing ‘hard’ ASCVD outcomes (first 

fatal or nonfatal myocardial infarction (MI), coronary artery disease (CAD), death, fatal or 

nonfatal stroke) is 5-7.5% (Stone et al, 2013). In addition, moderate to high intensity statin 

therapy is recommended when the 10-year risk of developing a first ‘hard’ ASCVD outcome 

is >7.5%. Definition of clinical ASCVD was: acute coronary syndrome, MI, angina, coronary or 

other revascularisation, stroke or TIA or peripheral arterial disease (PAD) attributed to 

atherosclerosis.  

Based on mortality risk, ACC/AHA guidelines may apply to patients with ACS. 

However, there is limited evidence in the literature for the available methods of mortality 

risk stratification in patients with ACS. 

 

1.7.2 Long-term all-cause mortality in patients with ACS and risk factors 

There are few studies reporting long-term (>5 years) mortality rates in patients with 

ACS>50%. In 1985, Moore et al (1985) reported a 35% 5-year mortality rate in patients with 

ACS >50%, after CEA. Severity of stenosis was associated with increased mortality. Shortly 

after, another study (Hertzer & Arison, 1985) showed that in a similar group of patients, 

after CEA, 10-year mortality rate was 56%. The majority of deaths were due to cardiac 

disease. Similar mortality rates after CEA in patients with ACS were published 2 years later, 

by Rosenthal et al (1987). In this study 10-year mortality rate was 54%.  

In another series of 120 asymptomatic patients who were managed conservatively, 

5-year mortality rate was low (18%) (Bernstein et al, 1992). In a prospective trial by Cohen et 

al (1993), looking at the efficacy of CEA in asymptomatic patients with >50% ACS, death 

rates were reported. The 5-year mortality rate was 37%. After multivariate analysis, it was 
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found that diabetes, abnormal ECG and claudication were independent risk factors for all-

cause mortality. Patients with two or three risk factors had higher annual mortality rates 

(11.3% and 13%, respectively). In another study, 211 asymptomatic patients with moderate 

carotid stenosis (50-79%) were followed-up. The annual mortality rate reported was 9.4% 

(Mansour et al, 1995). Rockman and associates (1997) reported a 4.6% annual mortality rate 

in patients with moderate ACS. Cao et al (1999) found that the presence of silent brain 

infarcts (SBI) on preoperative CT scan was an independent risk factor for all-cause mortality 

in patients with ACS. In the SBI (+) group, actuarial survival rates were significantly lower 

(p<0.02). Male gender was shown to be associated with increased mortality rates in 

asymptomatic patients who had CEA, in a study by Mattos et al (2001). Annual all-cause 

death rates in men and women were 3.0% and 2.0%, respectively. In a large retrospective 

study of patients with a >70% ACS, age >80 years, contralateral occlusion, coronary bypass, 

CHF and COPD were found to be independent risk factors for mortality (Reed et al, 2003). 

Data from the Swedish Vascular Registry on asymptomatic patients (with >70% ACS) showed 

that age, diabetes, history of previous vascular surgery and cardiac disease were significant 

risk factors for all-cause mortality. The 10-year cumulative mortality rate was 55% 

(Kragsterman et al, 2006). Conrad et al (2014), after multivariate analysis, showed that age 

(per year; HR 1.06; 95% CI, 1.03-1.1), COPD (HR 1.92; 95% CI, 1.08-3.41), diabetes (HR 5.08; 

95% CI, 2.86-9.01) and high risk for surgery (HR 2.51; 95%CI, 1.44-4.41) were associated with 

increased death rates. They also reported a 5.4% annual mortality rate. Kang et al (2014), 

using a Cox proportional hazards model, found that diabetes (HR 1.60; 95% CI, 1.44-1.77), 

COPD (HR 1.60, 95% CI, 1.42-1.82) and CAD (HR 1.42; 95% CI, 1.29-1.56) were predictors of 

mortality. Female gender (HR 0.89; 95% CI, 0.81-0.98) and lipid-lowering therapy (HR 0.69; 

95% CI, 0.63-0.76) were protective. Wallaert et al (2013) proposed for a risk prediction 

model, where each covariate was classified as either a major or minor risk factor for 

mortality. There were four major risk factors: age >80 years, dialysis dependence, insulin-
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dependent diabetes and contralateral ICA stenosis 80-99%. Minor risk factors were: age 70-

80 years, CHF,  noninsulin-dependent diabetes, COPD, smoking, estimated glomerular 

filtration rate <60 ml/min, no statin therapy, contralateral carotid stenosis 50-80% and 

contralateral ICA occlusion. Three risk groups were established. Patients with one major plus 

less than three minor risk factors were classified as medium-risk. The low-risk group 

included patients with less than two minor risk factors. Finally, patients with three major or 

two major plus two or more minor risk factors were classified as high-risk. The annual 

mortality rates were 1.2% in the low-risk group, 4.0% in the moderate-risk group and 9.8% in 

the high-risk group. 

All-cause long-term mortality in asymptomatic patients, who either had CEA or are 

on medical therapy, is higher when compared with mortality in the general population. It 

seems to be a crucial parameter in decision making for treatment of ACS. Several studies 

looked at the risk factors for increased mortality in these patients and some of them 

proposed for risk prediction models. However, these were relatively small studies and 

medical treatment was not defined. Prediction models for mortality need to be validated in 

larger studies with patients on best medical treatment, for safer conclusions. 

 

1.7.3 Long-term cardiac mortality in patients with ACS 

Cardiac disease is the leading cause of death in the Western world, in both men and women. 

Coronary artery disease (CAD) is the most common among cardiac diseases, although during 

the first decade of 21st century cardiac mortality has significantly decreased in the general 

population. However, it still remains high. In the year 2000, in UK for age groups 60-69 and 

70-79, CAD accounted for 25% of all deaths. In 2010, for age groups 60-69 and 70-79, CAD 

accounted for 18% and 21% of all deaths, respectively (Great Britain, Office for National 
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Statistics, 2005). Strong emphasis on cardiovascular disease prevention has led to a concept 

of cardiovascular health (Labarthe, 2012). The American Heart Association has a strategic 

goal of improving the cardiovascular health of all Americans by 20% (Frieden & Berwick, 

2011). There are limited data in the literature regarding cardiac mortality in patients with 

ACS.  

Norris et al (1991), in a study including 113 patients with ACS >50% and a follow-up 

of 23 months, reported 21 deaths. 57% of deaths were cardiac-related. Hertzer et al (1985) 

showed that in asymptomatic patients, that underwent CEA, myocardial infarction caused 

more deaths (37%) than stroke did (15%). In Rosenthal’s study on asymptomatic patients, 10 

out of 16 deaths (62%) were due to heart disease (Rosenthal et al, 1987). In a natural history 

study by Meissner et al (1987), cardiac mortality accounted for 64% of all deaths. Similar 

results in asymptomatic patients were reported by Cohen et al (1987) (64%) and Mansour et 

al (1995) (70%). In a series of male asymptomatic patients who had CEA, Mattos et al (2001) 

found that cardiac mortality accounted for 82% of all deaths, a percentage which is higher 

than cardiac mortality rates reported by other studies. Kakkos et al (2005), in a large 

prospective study (ACSRS study) with 1121 asymptomatic patients, found that cardiac 

deaths constituted 64% of all deaths. More recently, Goliasch et al (2012) studied 1065 

asymptomatic patients over a follow-up of 6.2 years. It was shown that haemoglobin levels 

were associated with increased all-cause and cardiovascular mortality rates. Cardiac disease 

accounted for 66% of all deaths. 

It seems that cardiac-related mortality in patients with ACS is high. In fact, it is 

higher than cardiac mortality in the general population. The Framingham and the 

Prospective Cardiovascular Munster Study (PROCAM) were large epidemiological studies 

that classified asymptomatic individuals into three groups of risk (low, intermediate and 

high) for cardiovascular events (stroke, MI and fatal stroke or MI) (Assman, Cullen & Schulte, 
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2002). Individuals were classified according to whether the 10-year risk was <10%, 10-20% 

or >20%, respectively. It has been suggested that a meta-analysis of prospective long-term  

(>5 years) studies may show if cardiac mortality in patients with ACS has declined over the 

years and if a stricter policy of monitoring and intensive medical treatment are needed in 

these patients (see next section).  

 

1.7.4 Results from a systematic review of the literature 

A systematic review of the literature and meta-analysis, performed by the author of this 

thesis, demonstrated that the long-term all-cause mortality has not decreased over the last 

30 years, in patients with ACS (Giannopoulos et al, 2015).  

 After systematic search of PubMed, EuroPubMed and Cochrane Library, seventeen 

studies, reporting 5-year all-cause mortality in 11,391 patients with ACS >50%, were 

retrieved. The 5-year cumulative all-cause mortality across all 17 studies was 23.6% (95% CI, 

20.50-26.80). The average annual mortality was 4.6%. In the seven studies reporting both 5- 

and 10-year cumulative mortality (in 3,297 patients), the weighted average cumulative all-

cause mortality rates were 25.8% (95%CI, 24.35-27.36) and 52.4% (95% CI, 50.65-54.08), 

respectively. The fact that the 10-year all-cause mortality is double the 5-year all-cause 

mortality shows that the death rate remains the same throughout the 10-year period. When 

the all-cause 5-year mortality rates from the retrieved studies were plotted against the year 

of publication it was evident that there was no significant mortality rate reduction over the 

last 30 years, in patients with >50% ACS. There were 3 studies that used independent 

predictive factors for all-cause mortality risk stratification (Cohen et al, 1993; Reed et al, 

2003; Wallaert et al, 2013). 
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Twelve studies reporting both all-cause and cardiac-related mortality, in patients 

with >50% ACS, were identified. They involved 4072 patients and had a follow-up >2 years. 

The 62.9% (589 out of 930 deaths) of all deaths were cardiac-related (95% CI, 58.81-66.89). 

This translates into an average cardiac-related mortality of 2.9% per year.  

A limitation of this systematic review was that patients who had CEA before the 

follow-up were included in the meta-analysis. In addition, there was no information about 

statin therapy or other confounding factors in most of the studies.  

In conclusion, all-cause and cardiac mortality in patients with ACS are very high. 

They remain high despite the significant reduction in mortality rates in the general 

population, over the last 30 years. Based on the 2013 ACC/AHA guidelines on serum lipids, 

patients with ACS are classified as high-risk. As a result, they may benefit from high intensity 

statin therapy. 
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1.8 Motion analysis of the carotid plaque 

1.8.1 Introduction-The role of plaque rupture 

There has been a significant effort in producing algorithms or models that can identify the 

vulnerable carotid plaque, using not only the degree of stenosis but also plaque texture 

features. B-mode ultrasound is a modality that can provide us with useful information on the 

degree of stenosis and the characteristics and morphology of the carotid plaque. Data from 

ACSRS study showed that the presence of hypoechoic low grey scale median (GSM) plaques 

or the presence of a plaque with a large juxtaluminal black area (JBA) without a visible 

echogenic cap can identify a high-risk group (Nicolaides et al, 2010; Griffin et al, 2010; 

Kakkos et al, 2012). However, only 70% of the strokes occurred in this high-risk group, during 

the follow-up period, while the remaining strokes occurred in the low-risk group. 

The mechanism of plaque rupture is not fully understood. It has been suggested that 

plaques may rupture as a result of inherent instability but they may also rupture due to 

excessive mechanical forces during the cardiac cycle.  

Recent advances in medical imaging and biomechanics may contribute to the 

identification of the vulnerable carotid plaque with reliable and reproducible methods. 
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1.8.2 Biomechanical parameters of carotid arteries-Basic principles 

A number of haemodynamic parameters for description of the biomechanical behaviour of 

the carotid artery can be found in the literature. These include: 

a. The circumferential wall tension (CWT) which can be assessed from the systolic blood 

pressure (SBP) and the internal diameter of the common carotid artery (ID).  

CWT (dynes/cm2) = SBP x (ID/2) 

 

b. The tensile stress (TS) which is proportionately related to the CWT and inversely related to 

intima-media thickness (IMT). 

TS (dynes/cm2) = CWT/IMT 

 

c. The wall shear stress (WSS) which is proportional to the blood viscosity (μ) and mean  

velocity (MV) and inversely related to the internal diameter of the CCA(ID). 

 WSS = 8 x μ x (MV/ID) 

 

d. The Young’s elastic modulus (YEM) which reflects the artery’s stiffness (Carallo et al, 

1999).  

YEM (dynes/cm3) = (SBP-DBP) x (IDM / [(IDT-IDR) x IMT] 

(IDM= IDR + (IDT − IDR)/3; IDR, internal diameter during R wave of cardiac cycle; IDT, internal 

diameter during T wave of cardiac cycle). 

 

  Based on the above, it is obvious that within a cardiac cycle, at different times, the 

carotid plaque and the arterial wall is subjected to a number of stresses of different 

magnitude and directions. The Von Mises criterion is a formula which is used to assess 

whether the stress combination at a given point will cause yielding. In carotid lesions, this 

formula could be applied to the plaque to predict rupture. However, the complex 
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interactions between rheological and structural factors -like blood, arterial wall and plaque-

and biomechanical factors -such as CWT, TS and WSS- make calculations impossible without 

using over-simplifying assumptions. A detailed understanding of the local haemodynamic 

environment is lacking, mainly due to the wide inter-individual variations in vascular 

morphology and due to the difficulty in evaluating haemodynamic variables in vivo. Powerful 

computer software and knowledge of biomechanics are essential. Recently, fluid-structure 

interaction (FSI) analysis has emerged. It combines blood-flow simulation using 

computational fluid dynamics (CFD) modelling with finite element analysis of the 

corresponding stress levels in the surrounding tissues (Huang et al, 2014; Kock et al, 2008; 

Tang et al, 2013; Tang et al, 2004; Zheng et al, 2009).  

 

1.8.3 Plaque characteristics and different types of stress-The effect on plaque stability 

It is known that stresses acting on the arterial wall are associated with the atherosclerotic 

plaque rupture. Increased wall tensile stress may stimulate the rupture of the plaque. Plaque 

characteristics such as fibrous cap thickness seem to be strongly related to the stress levels 

applied on the plaque, affecting the risk for plaque rupture and embolic events (Gao & Long, 

2008; Li et al, 2008; Kock et al, 2008). In a study, using one-way fluid-structure interaction 

simulation to assess the impact of fibrous cap thickness and lipid core volume on the wall 

tensile stress, Gao et al (2008) showed that a mild decrease in cap thickness can cause a 

significant increase of stress. In another study, using a finite element method, structural 

analysis was performed using models derived from in vivo high-resolution MRI images of 

carotid plaques. Large lumen curvature and thin fibrous cap were strongly associated with 

plaque vulnerability (Li et al, 2008). Groen et al (2007) studied an ulcerated carotid plaque 

using MRI sections and found that the ulcer location was at a high WSS area. Trivedi et al 

(2007), using MRI plaque images and finite element computational analysis, showed that 

symptomatic plaques had higher shear stress when compared with asymptomatic. Two 
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other studies found that, although high shear stress is usually detected on unstable plaques, 

it is the high TS that might provoke plaque rupture (Slager et al, 2005; Tang et al, 2003). 

Also, ultrasound elastography studies have shown that asymptomatic plaques tend 

to be histologically stable and relatively incompressible. This is due to collagen or 

calcification. In contrast, symptomatic plaques have less collagen and a large lipid core which 

makes them more compressible (Garrard et al, 2015; Liu et al, 2015; Wang et al, 2014). 

Most of the above studies have used MRI imaging along with FSI simulations 

resulting into increased cost and complexity. As such, they are not likely to become part of 

the routine investigation of patients with ACS. This problem may be overcome by plaque 

motion analysis using ultrasound. 

 

1.8.4 Plaque motion analysis 

Plaque development and its rupture is a dynamic process where blood flows within a 

pulsating elastic tube and encounters a surface irregularity (plaque) along its course. At the 

same time, a variety of physical stresses of different magnitude and directions interact and 

provoke structural changes in both the arterial wall and plaque’s surface. Efforts so far have 

been focused on static image analysis. However, some have suggested that plaque rupture is 

not only a result of inherent instability but also a result of mechanical forces during the 

cardiac cycle. Plaque motion is a feature that has received relatively little attention by 

researchers.  

 Meairs and Hennerici (1999) studied 31 carotid patients (symptomatic and 

asymptomatic) with a stenosis of 50-90%, using plaque surface motion analysis to distinguish 

between high- and low-risk plaques. Their methodology was based on reconstructions of 

plaque motions, using temporal 3-D ultrasound (4-D) and calculating the maximal discrepant 
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surface velocity (MDSV) motion. They found that there were significant differences in MDSV 

values between symptomatic and asymptomatic plaques. However, in this study, extracted 

data were inadequate for precise motion estimation in plaques with extensive calcification, 

in uniformly anechoic plaques and plaques causing severe (>90%) stenosis. There were also 

difficulties in motion analysis in high carotid bifurcations due to the parallel motor system 

used for guidance of the ultrasound transducer. At that time, there was a need for extensive 

computational time (several days) which made their technique unsuitable for routine clinical 

practice. 

 Murillo et al (2012) used a multiscale approach to assess 2-D plaque motion ability 

in differentiating between symptomatic and asymptomatic plaques. They used amplitude-

modulation frequency-modulation (AM-FM) methods for plaque pixel velocity estimations, 

during at least one cardiac cycle. The use of morphological features did not produce a good 

separation of the two groups. Analysis of relative velocities on the surface of the plaque, 

though, showed significant differences between the two groups. However, in this study, 29 

asymptomatic and only 5 symptomatic plaques were included. 

 Golemati et al (2012) studied the performance of four different techniques for 

motion analysis in carotids, such as optical flow (OFHS), weighted least-squares optical flow 

(OFLK (WLS)), block matching (BM) and affine block motion model (ABMM). The results 

demonstrated that OFLK (WLS) had a superior performance in motion quantification of 

selected regions of the arterial wall in real ultrasound images of the carotid artery. They also 

looked at the differences between average motion measurements in plaques of: (a) young 

versus elderly and (b) symptomatic versus asymptomatic cases.  

As mentioned above, not all of the strokes occur in high-risk plaques. It has been 

suggested that the remaining strokes which occur in plaques with a visible echogenic cap 

may be the result of plaque rupture from mechanical forces produced by blood pressure 

oscillations, blood flow and blood vessel movement throughout the cardiac cycle. It has 
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been suggested also that plaques which do not rupture have all of their components moving 

in the same direction (concordant movement) as they are influenced by mechanical forces. 

Conversely, plaques that tend to rupture display discordant movement throughout the 

cardiac cycle, i.e. different areas of the plaque move in different directions, resulting in high 

stress and strain. 

Nasrabadi et al (2012), using optical flow methods (Farneback’s method), analysed 

B-mode ultrasound images of 35 carotid plaques. Plaques were visually classified as 

concordant or discordant. Analysis of the plaques in the above patients showed that 

concordant plaques were characterised by uniform orientation of motion throughout the 

cardiac cycle while in discordant plaques there was a significant spread in motion orientation 

at certain parts of the cardiac cycle. However, only 4 symptomatic patients were included in 

this study. 

Plaque motion differences on B-mode ultrasound video clips between symptomatic 

and asymptomatic plaques and the incidence of discordant movement in symptomatic 

patients have not yet been analysed in large cross-sectional or prospective studies. 

Additionally, the association between risk factors such as plaque location, plaque shape or 

heterogeneity, blood pressure and discordant movement has not yet been investigated. 

New studies with the current availability of fast computers and user friendly software for 

plaque motion analysis may help establish this technique in clinical practice. 
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2.1 Aims, hypotheses and objectives 

2.1.1 Aims  

a. Improve selection of patients for CEA by developing methods of stroke risk stratification 

and mortality risk stratification. 

b. Assess new features of plaque instability (plaque motion). 

 

2.1.2 Hypotheses 

Our main hypotheses are: 

a. We can produce stroke risk stratification by using clinical parameters, including the degree 

of stenosis and its progression. An algorithm using these parameters is currently not 

available. 

b. We can identify plaque texture features that can predict early (<5 years) or late (>5 years) 

cerebral events. 

c. We can produce mortality risk stratification. 

d. Discordant plaque motion can be quantified and correlated with symptoms, using B-mode 

ultrasound.  

 

2.1.3 Questions posed in ACS patients 

A. Information from ACSRS 

1. Are there any clinical parameters that can be used to stratify stroke risk? 
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2. Is plaque progression associated with increased stroke risk? 

3. Are there any texture features that can predict the time of stroke or TIAs? (early <5 years 

or late >5 years) 

4. What is the long-term mortality and what features can be used to stratify mortality risk? 

B. New texture features 

1. Can motion analysis identify “unstable plaques”? 

2. Is discordant plaque motion associated with symptoms? 
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3.1 The Asymptomatic Carotid Stenosis and Risk of Stroke (ACSRS) Study 

3.1.1 Methodology 

The ACSRS study was an international multicenter study. The aim of the study was to assess 

the natural history of patients with 50-99% asymptomatic stenosis of ICA in relation to the 

diameter of the bulb (ECST method), undergoing vascular disease medical intervention 

alone, with noninvasive tests. Also, to assess the relative value of conventional factors, 

ultrasound scan-determined degree of stenosis and plaque morphology in the identification 

of high-risk patients for stroke. 

The study’s aims, rationale and methodology, including inclusion and exclusion 

criteria, patients’ admission to the study, plaque image capture, Duplex velocity criteria for 

grading of ICA stenosis, follow up, outcome measures and exit points, have been previously 

reported (Nicolaides et al, 1996; Nicolaides et al, 2003; Nicolaides et al, 2005a). Results of 

the ASCRS quality control were published, indicating that the goal of controlling quality 

prospectively had been achieved (Nicolaides et al, 2003) (Appendix).  

The author of the thesis was not involved in the recruitment or the initial analysis of 

the data. However, he performed the analyses presented in this thesis for the purpose of 

answering some of the questions posed (see chapter 2). The database was made available to 

him by his supervisors. 

 

3.1.2 Image normalisation and texture features analysis in ACSRS study 

On admission to the ACSRS study, each patient had a bilateral carotid ultrasound scanning. 

The “Plaque Texture Analysis software”, version 3.2 (Iconsoft International Ltd, PO Box 172, 

Greenford London UB6 9ZN, UK), was used for image normalisation, standardisation and 

plaque analysis (Griffin, Nicolaides & Kyriacou, 2007) (Fig. 3.1). 
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The texture features that were used in ACSRS were: 

a. Grey scale median (GSM). This was the median of grey values of all pixels of the plaque in 

the image.  

b. Plaque classification. The software automatically classified the plaques according to a 

modified Geroulakos classification (Geroulakos et al, 1993) as below:  

Type 1. Uniformly echolucent (black): <15% of the plaque area was occupied by pixels with 

GSM >25. 

Type 2. Mainly echolucent: 15-50% of the plaque area was occupied by pixels with GSM >25. 

Type 3. Mainly echogenic: 50-85% of the plaque area was occupied by pixels with GSM >25. 

Type 4 or 5. Uniformly echogenic: pixels with GSM values >25 occupied >85% of the plaque 

area. Plaques type 4 and type 5 were grouped together, as previous analysis showed that 

there was a low event rate in these plaques and the software cannot distinguish between 

them (Nicolaides et al, 2005b). 

c. Plaque area. The plaque area was outlined by the operator. It was calculated by the 

software in mm2, using the distance scale on the side of the image for calibration (Griffin, 

Nicolaides & Kyriacou, 2007). 

d. Discrete white areas (DWAs). These were defined as plaque areas with pixels showing 

grey scale values >124, not producing acoustic shadows, appearing mainly in type 1-3 

plaques. 

e. Plaque ulceration. A plaque ulcer was defined as a defect on the surface of the plaque 

>2×2 mm, in communication with the lumen of the vessel. For ulcer detection, 

ultrasonographers used colour flow or power Doppler (Ricotta, 1990). 

f. Juxtaluminal black area without a visible echogenic cap (JBA). This was defined as a 

juxtaluminal hypoechoic plaque area (with pixels of grey scale values <25) without a visible 

echogenic cap (pixels with grey scale values ≥25) (Griffin et al, 2010). The largest JBA of the 

contoured image was outlined by the operator with the mouse and was expressed in mm2. 
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The software calculated the area automatically after use of the distance scale on the side of 

the screen (Fig. 3.2). In patients with two plaque components with black areas, the largest 

value was recorded.  

g. Eighty-four additional texture features were extracted and calculated automatically by the 

software. These were mainly First Order Statistics (FOS), Grey Level Difference Statistics 

(GLDS), Spatial Grey Level Dependence Matrix (SGLDM), Grey Level Run Length Statistics 

(RUNL) or other texture features.  
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Figure 3.1: Texture features extraction from a specific carotid plaque slice using the “Plaque 

Texture Analysis software”. 
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Figure 3.2: Normalised grey scale image of a hyperechoic carotid plaque (A); Colour flow 

image shows the blood flow through the stenosis and a hypoechoic filling defect on the far-

wall part of the plaque (JBA) (B); Grey scale image of the plaque after segmentation and 

colour contouring of the plaque based on grey scale values of the pixels (C). JBA was 

measured at 13.6 mm2 by the software. 
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3.2 Discordant plaque motion 

3.2.1 Introduction 

Atherosclerotic carotid plaque rupture is a major cause of ischaemic stroke and TIAs. It is 

recognized that ischaemic stroke is due to the occlusion of blood vessels by detached 

fragments of plaque or fragments of thrombus that has formed on the ulcerated plaque. 

However, while much is known about the pathology of atherosclerotic plaques, the cause of 

plaque rupture is not entirely understood. 

  Evidence shows that plaque extrication occurs subsequent to lymphocytic erosion of 

plaque’s fibrous cap. Modern ultrasound equipment has a resolution of 0.2 mm. Thus, 

fibrous caps less than 200 microns thick cannot be visualised. Cross-sectional studies using 

ultrasound have demonstrated that the majority of symptomatic plaques are frequently 

echolucent (hypoechoic) without a visible echogenic cap or if heterogeneous they have a 

juxtaluminal black area (JBA) also without a visible cap. In contrast, the majority of 

asymptomatic plaques are echogenic (hyperechoic) without a JBA, which may be the result 

of a plaque with a thick cap and without a juxtaluminal thrombus (Sztajzel et al, 2005; 

Sztajzel et al, 2006; Griffin et al, 2010). As indicated in the ACSRS study, which was a 

prospective study of 1121 patients with asymptomatic carotid stenosis and a follow-up of 6-

96 months (mean, 4 years), the above features are strong predictors of stroke (Nicolaides et 

al, 2010; Kakkos et al, 2012). They identify a high-risk group that contains 70% of the strokes.  

It has been suggested that the remaining strokes which occur in plaques with a 

visible echogenic cap may be the result of plaque rupture from mechanical forces produced 

by blood pressure oscillations, blood flow and blood vessel movement throughout the 

cardiac cycle. It has been suggested also that plaques which do not rupture have all of their 

components moving in the same direction (concordant movement), as they are influenced 
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by mechanical forces. Conversely, plaques that tend to rupture display discordant 

movement throughout the cardiac cycle, i.e. different areas of the plaque move in different 

directions, resulting in high stress and strain (Meiars & Hennerici, 1999). Plaque motion is a 

feature that has received little attention by researchers. 

Plaque motion analysis was initially proposed by Hennerici (Meiars & Hennerici, 

1999). At that time it required powerful computers and several days of computing to process 

one plaque. Murillo et al (2012) used a multiscale approach to assess 2-D plaque motion. 

Analysis of relative velocities on the surface of the carotid plaque showed significant 

differences between symptomatic and asymptomatic plaques. Golemati et al (2012) studied 

the performance of four different techniques for motion analysis in carotids. Weighted least-

squares optical flow methods (OFLK (WLS)) had a superior performance in motion 

quantification of selected regions of the arterial wall in real ultrasound images of the carotid 

artery.   

As indicated in the review of the literature, quantification of plaque motion, using 

routine ultrasound B-mode imaging, is feasible and can be made quickly on conventional 

laptops (Nasrabadi et al, 2012).  

 

3.2.2 Study design 

A cross-sectional, case-control study assessing the diagnostic ability of carotid plaque motion 

analysis in symptomatic and asymptomatic patients was designed. Eligible patients referred 

to the Vascular Laboratory for a routine carotid Duplex scan to grade the degree of stenosis 

were also investigated by recording two short videos (10 cardiac cycles), one using grey scale 

and the other colour flow as described below (Fig. 3.3). Previously published studies 

consisted of very small series (less than 35 patients) without adequate information for 
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performing power calculations. Thus, the present study was considered to be an exploratory 

pilot study. 
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Figure 3.3: Flow chart of the study’s recruitment process. 
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3.2.3 Aims 

The aim of this study was to determine a) the prevalence of discordant movement in both 

symptomatic and asymptomatic plaques, b) the association of discordant movement with 

symptoms. 

 

3.2.4 Inclusion criteria 

i. Asymptomatic patients with no history of ipsilateral cerebrovascular ischaemic events and 

internal carotid stenosis (ICA) >50% (NASCET method). 

ii. Patients with a history of ipsilateral stroke, TIA or amaurosis fugax within the previous 6 

months and ICA stenosis >50% (NASCET method). 

iii. Patients able to understand and sign the provided consent form. 

 

3.2.5 Exclusion criteria 

i. Symptomatic or asymptomatic patients with ICA stenosis <50% (NASCET method). 

ii. Patients with high carotid bifurcation causing scanning difficulties. 

iii. Patients with extensive carotid plaque calcification and acoustic shadowing. 

iv. Patients unable to understand and sign consent form. 
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3.2.6 Study sites 

Symptomatic and asymptomatic patients were identified and recruited through vascular 

outpatient clinic departments or stroke units of 3 hospitals (Ealing Hospital-London North 

West Healthcare NHS Trust, Northwick Park Hospital-London North West Healthcare NHS 

Trust and University College London Hospital NHS Foundation Trust) and Vascular Lab in 

University College London Hospital. 

 

3.2.7 Ethical considerations and sponsorship  

The study of plaque motion analysis was approved by London-Harrow NRES Committee 

(11/LO/0299) and the R&D department of Ealing Hospital which acted as the lead sponsor. 

The study has also been approved by the Cardiovascular Disease Education and Research 

(CDER) Trust which acted as co-sponsor. The protocol of this study was granted approval by 

the R&D departments of Northwick Park Hospital and University College London Hospital.  

Ultrasound scanning of carotid arteries is a low cost, noninvasive procedure with no 

radiation or side effects for the patients. Written information sheets were provided and 

consent was obtained prior to patient’s recruitment to the study. Only patients who were 

able to understand and sign the inform consent form were included in the study. 

 

3.2.8 Admission to the study 

At baseline, all patients had a history taken. The presence or absence and the severity of the 

following factors were recorded for each patient: age, gender, hypertension, smoking, 

diabetes, coronary disease, chronic obstructive pulmonary disease (COPD), chronic kidney 
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disease (CKD) and hyperlipidaemia. Medications were recorded as well. Blood pressure 

(systolic and diastolic) was measured and recorded before the ultrasound scan. 

 

3.2.9 Ultrasound video acquisition 

Two video clips of B-mode ultrasound images of carotid bifurcation plaques were obtained: 

one in grey scale and one with colour or power Doppler. Each clip included at least 10 

cardiac cycles with the patient holding his breath to avoid breathing or swallowing artefacts 

and with the probe absolutely still. The calibration scale (cm or mm) was shown in each 

video clip. The gain was reduced so that noise in the lumen was minimal and depth was 

reduced so that the plaque occupied a large area on the screen. The video loops were 

anonymised and studied blindly. The ultrasound videos were of size 568x448 pixels at a 

frame rate between 30 and 100 frames per second (fps), depending on the equipment used.  

 

3.2.10 Video motion estimation 

Motion estimation was based on Farneback’s method (Farneback, 2002). It has been shown 

that this method performs better than the method developed by Horn and Schunck (1981). 

Motion was computed by comparing two video frames at 0.1 sec intervals when motion was 

maximum during systole or early diastole.  

 

3.2.11 Plaque motion analysis 

A newly developed software by collaboration of the teams of Professor Andrew Nicolaides 

(Imperial College, London, UK) and Professor Efthyvoulos Kyriacou (Frederick University, 

Limassol, Cyprus), that can perform the analysis on a PC in less than 10 minutes, was used. 
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Figure 3.4 shows the graphical user interface of the software used for plaque motion 

analysis. Plaque motion analysis was performed for each patient, using the following 

sequence: 

a. After opening the software, both grey scale and colour videos were played in order to 

assess the plaque contour, the lumen, the arterial wall and the area of maximum wall 

motion (to use in M-mode) (Fig. 3.5). 

b. Grey scale video was loaded and frame rate was checked. 

c. M-mode was created using the area of maximum wall motion (Fig. 3.6). 

d. Scale was defined (preferably 20 mm to improve accuracy) and image was “logged” for 

clearer outline of plaque. 

e. Plaque contour was outlined (ROI-region of interest) by avoiding vessel intima (Fig. 3.7). 

f. For each video clip, the number of frames per 0.1 sec were entered in Farneback’s 

parameters (e.g. if frame rate was 40 frames/sec, 4 was entered) (Fig. 3.8). 

g. For the software to perform analysis of the estimated motion vectors, “Motion 

estimation” was selected. Spacing between the estimated motion vectors was selected by 

the user. For large plaques spacing was set at 10 pixels while for smaller plaques it was set at 

5 pixels. Additionally, there was an option to magnify the motion vectors by a factor of 5. 

h. Plaque motion was observed for each frame comparison over the entire video (by clicking 

to change frame comparison in the lower middle window of the software interface) (Fig. 

3.9).  

i. Results (motion analysis graphs-orientation histograms and motion spread scatterplots) of 

frames during each systole (ideally 8-12 systolic frames) were saved (Fig. 3.10). Frames with 
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maximum median motion <0.2 mm were ignored. This is because movements of less than 

0.2 mm are below the axial resolution of ultrasound. 
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Figure 3.4: Graphical user interface of the software for plaque motion analysis as shown on 

the laptop screen. 
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Figure 3.5: Upper left window represents the B-mode window. Grey scale and colour videos 

were played in order to assess the plaque contour, the lumen, the arterial wall and the area 

of maximum wall motion.  
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Figure 3.6: Creation of M-mode (upper middle window) after selection of the area with the 

maximum wall motion: red dotted line in the B-mode window (upper left). 
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Figure 3.7: Plaque contour was outlined -ROI- region of interest (upper left window). 
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Figure 3.8: Frames per 0.1 sec were entered in Farneback’s parameters.  
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Figure 3.9: Plaque motion was observed in each frame over the entire video (lower middle 

window). Motion of pixels (green vectors in lower middle window) was produced. A 

histogram, showing the length and direction of the vectors of all pixels, was plotted in 360 

degrees (lower right window).   
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Figure 3.10: Results of frames during each systole (8-12 systolic frames) and early diastole 

were saved. Frames with max. median motion <0.2 mm were ignored. In this particular 

frame the maximum median motion was 0.4 mm. The angles of the “fan” width of the 

vectors at 20%, 30%, 40%, 50%, 60% and 70% of the maximum motion, i.e. 102, 96, 36, 30, 

24 and 18 degrees, were printed below the histogram. 
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During plaque motion analysis and for each image comparison obtained, the 

software calculated the median movement of all the pixels (maximum median movement-

MMM) and the width of the “fan” (fan-width), i.e. the maximum angle between different 

vectors. This was done by taking the angle between all vectors at 20%, 30%, 40%, 50%, 60% 

and 70% (P20, P30, P40, P50, P60 and P70) of the MMM, having excluded pixels moving a 

distance less than 0.2 mm, i.e. less than the maximum resolution of ultrasound used on the 

carotid (7-4 MHz probe). 
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3.3 Statistical analysis 

3.3.1 Statistical methods 

Statistical analysis was performed with IBM SPSS Statistics version 20 (SPSS Inc, Chicago, III). 

The Kolmogorov-Smirnov test and Q-Q plots were used to assess deviations from normality. 

Non-parametric data were linearly transformed before further analysis, using appropriate 

transformations (i.e. doubling, logarithmic, square or cube root).  

 Hazard ratios for clinical factors or ultrasonic features for CORI events, stenosis 

progression, mortality, time of event or discordant motion were determined using 

unadjusted Cox models. A p-value of less than 0.05 was considered significant. Those 

variables that were significant (p<0.05) in the above models were considered in the 

multivariate Cox proportional hazards models.  

The predictive power of each model was assessed by construction of Receiver 

Operating Characteristic (ROC) curves. The area under ROC curve (AUC) was calculated. Also, 

for each model, the linear predictor scores xβ were calculated for each patient. Kaplan-

Meier curves were constructed to show the effect of changes in models’ covariates on the 

dependent variable. When necessary, canonical discriminant analysis was used in order to 

assess the discriminating ability of the produced models. 
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CHAPTER 4 

 Stroke risk stratification in patients with ACS 

 in relation to clinical risk factors and plaque progression  

(ACSRS analysis) 
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4.1 Introduction 

Stroke risk stratification, in patients with ACS, has been a field of active research in order to 

identify the vulnerable carotid plaque. Previous studies have used a combination of clinical, 

biochemical and ultrasonic factors to predict stroke risk in asymptomatic patients. The 

ACSRS study showed that the use of clinical factors (history of contralateral TIAs or stroke) 

and ultrasonic plaque characteristics (degree of stenosis, grey scale median-GSM, size of 

plaque area and presence of discrete white areas-DWAs) can stratify patients into different 

groups of stroke risk, from 1% to 10% per year (Nicolaides et al, 2010). This analysis was 

based on baseline characteristics. 

As indicated in the review of the literature, several studies have investigated the 

association between carotid plaque progression and stroke risk, in patients with ACS 

(Roederer et al, 1984; Lewis et al, 1997; Mackey et al, 1997; Olin et al, 1998; Mansour et al, 

1999; Muluk et al, 1999; Liapis et al, 2000; Bertges et al, 2003; Raman et al, 2004; Ballotta et 

al, 2007; Sabeti et al, 2007; Fluri et al, 2008). The majority of them have found that carotid 

plaque progression to >80% (NASCET method), in these patients, is an independent risk 

factor for future ipsilateral cerebrovascular events.  

However, the above studies had some limitations. Most of them were retrospective 

with small sample size, short follow-up and patients were on suboptimal medical therapy. In 

addition, there was no agreement on whether serial Duplex scanning to detect plaque 

progression, in patients with ACS, should be recommended. This was mainly due to low 

incidence of progression in these cohorts. Larger prospective studies are needed for 

evaluation of the predictive ability of progression for stroke risk. 

Also, Rothwell developed a simple prediction model for stroke risk in symptomatic 

patients, based on the severity of stenosis and clinical factors (Rothwell & Warlow, 1999). A 



132 
 

similar model for patients with ACS, derived from a large natural history study, has not yet 

been developed. 

 

4.2 Aims 

The aim of the analysis presented in this chapter was to determine a) the available clinical 

risk factors that could be used in stroke risk stratification in patients with ACS >50%, b) 

whether a model, based on clinical risk factors, for predicting a patient’s risk of stroke can be 

developed, c) the incidence of carotid stenosis progression or regression in asymptomatic 

patients, d) the association of clinical or biochemical factors and texture features of the 

plaque with plaque progression or regression and e) the predictive value of changes of the 

degree of stenosis in ipsilateral cerebral or retinal ischaemic (CORI) event rates, including 

stroke. 

 

4.3 Methods 

The ACSRS study methodology, including inclusion and exclusion criteria, clinical and 

biochemical characteristics, Duplex examination, image acquisition of plaques and analysis, 

has already been discussed in the previous chapter. According to the severity, stenoses were 

classified into the following groups: 50% to 59%, 60% to 69%, 70% to 79%, 80% to 89%, 90% 

to 95% and 96% to 99% (ECST methodology). Progression or regression was defined as a 

change in at least one class up or down, respectively, as long as it was detected on at least 

two consecutive Duplex scans to ensure reproducibility of measurements. Occlusion was 

classified into the progression group, unless otherwise stated. Progression or regression only 

prior to CORI events was recorded. Ipsilateral cerebral ischaemic stroke (fatal or nonfatal) 

was among the primary outcome measures of the study. Stroke was defined as cerebral 
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deficit of vascular origin, lasting more than 24 hours. Two centre members, including one 

neurologist, were responsible for the classification of ipsilateral strokes. 

Univariate analysis with the use of unadjusted Cox models provided hazard ratios for 

clinical, biochemical or ultrasonic risk factors for stroke. Significant risk factors for stroke 

from the univariate analysis (p<0.05) were entered in a multivariable Cox proportional 

hazards model. The predictive power of the model was assessed by construction of receiver 

operating characteristic (ROC) curves. Finally, for evaluation of the ipsilateral stroke rates in 

relation to changes in the covariates of the best model, Kaplan-Meier curves were 

constructed.  

The incidence of regression, progression and occlusion in relation to the baseline 

degree of stenosis was determined. Kaplan-Meier analysis was used to assess overall 

ipsilateral stenosis progression-, occlusion- and regression-free survival. Univariate analysis, 

with the use of unadjusted Cox models, provided hazard ratios for clinical or biochemical 

factors and texture features for progression, occlusion and regression. Significant risk factors 

for progression, occlusion and regression from the univariate analysis (p<0.05) were entered 

in multivariable Cox proportional hazards models. The predictive power of each model was 

assessed by construction of receiver operating characteristic (ROC) curves. Finally, for 

evaluation of the ipsilateral CORI event and stroke rates in relation to changes in the degree 

of stenosis, Kaplan-Meier curves were constructed. Statistical analysis was performed with 

IBM SPSS Statistics version 20 (SPSS Inc, Chicago, III). 
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4.4 Results 

1121 patients, 39 to 89 years old (mean age, 70.0 years; standard deviation, 7.7; 61% men), 

were included in the ACSRS study. Baseline demographics and characteristics are shown in 

table 4.1. 130 ipsilateral CORI events (59 strokes, 49 TIAs and 22 episodes of amaurosis 

fugax) were recorded during the follow-up (mean, 48 months; range, 6-96 months). 

 

4.4.1 Clinical factors associated with stroke risk 

Hazard ratios of patient characteristics, associated with a significant increase in stroke risk 

on univariate analysis, are shown in table 4.2. Age, serum creatinine levels, severity of 

ipsilateral stenosis and history of contralateral TIAs or stroke were associated with increased 

risk for stroke.  

Multivariate analysis was subsequently performed, using the significant factors in a 

Cox proportional hazards regression with stroke as the dependent variable. Patients were 

reclassified based on whether the degree of stenosis was >90% or <90% and whether serum 

creatinine levels were higher or lower than 97μmol/L (mean value of creatinine in the ACSRS 

cohort). A multivariable logistic regression model was developed (Table 4.3). Ipsilateral 

stenosis >90%, creatinine >97μmol/L and history of contralateral TIAs or stroke were 

independent predictors of stroke. The area under the ROC curve for the above model was 

0.701 (95% CI, 0.632-0.772) (Fig. 4.1). Use of 0.051 as the cut-off point, associated with 

highest specificity and highest sensitivity, identifies a high-risk group of 446 patients that 

contains 40 of the 59 strokes (Table 4.4). Based on the above model, 5-year cumulative 

stroke-free survival rates for low- and high-risk group were 0.96 (annual stroke rate 0.8%) 

and 0.86 (annual stroke rate 2.8%), respectively (Fig. 4.2).  
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Patients were reclassified into three groups according to the degree of stenosis (50-

69%, 70-89% and 90-99% stenosis) and stenosis progression was added as a covariate to the 

previous Cox model (Table 4.5). The area under the ROC curve for the produced Cox model 

was 0.699 (95% CI, 0.628-0.771) (Fig. 4.3). The use of 0.051 as a cut-off point identifies a 

high-risk group of 391 patients that contains 39 of the 59 strokes (Table 4.6). Based on this 

model, 5-year cumulative stroke-free survival rates for low- and high-risk group were 0.96 

(annual stroke rate 0.8%) and 0.85 (annual stroke rate 3.0%), respectively (Fig. 4.4).  

By the use of mean covariates in the Cox proportional hazards model (Table 4.7), it 

was found that stroke-free survival at 5 years for the whole group was 95% (Fig. 4.5). On the 

basis of the model shown in table 4.7, the linear predictor scores xβ of the model were 

calculated for each patient. The effect of each significant factor from this model on 

cumulative stroke-free survival is shown in Kaplan-Meier curves (Fig. 4.6, A-D). 

Tables for calculating the annual risk of stroke for any patient were produced (Tables 

4.8-4.10). Patients were classified into 3 groups according to the severity of ipsilateral 

stenosis (<70%, 70-89% and 90-99%) and annual stroke risk (based on 5-year stroke risk) for 

each subgroup was predicted with the use of the best Cox model parameters. The subgroup 

of patients with the lowest predicted annual stroke risk (0.4%) were patients with creatinine 

levels <97 μmol/L, no history of contralateral TIAs or stroke and an ACS <70% (ECST method) 

not showing any progression. The subgroup of patients with the highest predicted annual 

stroke risk (7.2%) were patients with 90-99% ACS (ECST method) showing progression, 

serum creatinine levels >97 μmol/L and a history of contralateral TIAs or stroke. 
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Table 4.1: Baseline clinical, biochemical and ultrasonic characteristics in 1121 patients. 

 

Continuous Variables (normal distribution; mean ± SD) 
Age, year 
BMI (kg/m2)a 

SBP (mm Hg)a 
DBP (mm Hg)a 
Creatinine (μmol/L)a 
Fibrinogen (g/L)a 
Haematocrit (%)a 
Total cholesterol (mmol/dL)a 
LDL cholesterol (mmol/dL)a 
HDL cholesterol (mmol/dL)a 
Ipsilateral stenosis (%) 
Contralateral stenosis (%) 
Continuous variables (skewed distribution; median,           
interquartile range) 
Pack-years                                                                                 
Triglycerides (mmol/dL)a 
Grey scale median (GSM) 
Plaque area (mm2) 
Categorical values                                                                                           
Gender: female 
Smoking at entry 
Coronary artery disease 
Atrial fibrillation 
Hypertension 
Diabetes 
History of contralateral TIAs or stroke 
History of vertebrobasilar symptoms 
Old MI on ECG 
Ischaemia on ECG 
LVH on ECG 
Antihypertensive therapy 
Antiplatelet therapy 
Lipid-lowering therapy 
Ipsilateral vertebral flow not detected or reversed 
Contralateral internal carotid occlusion 
Ipsilateral ultrasonic ulcer 
Plaques types 4 and 5 
Plaque type 3 
Plaque type 2 
Plaque type 1 
Presence of discrete white areas 

 
   70.0 ± 7.7 
   25.4 ± 3.7 
152.3 ± 22.2 
   82.2 ± 10.0 
      97 ± 34.1 
   3.56 ± 1.00 
   41.1 ± 4.9 
   6.01 ± 1.19 
   3.90 ± 1.20 
   1.30 ± 0.49 
   78.0 ± 12.8 
   45.5 ± 30.0 
 
 
    10 (0, 36) 
1.58 (1.17, 2.19) 
32.2 (17.1, 50.6) 
41.9 (27.1, 60.2) 
 
438  (39%) 
212  (19%) 
379  (34%) 
   29  (2.6%) 
709  (63%) 
231  (21%) 
173  (15%) 
136  (12%) 
201  (18%) 
238  (21%) 
116  (10%) 
674  (60%) 
940  (84%) 
278  (25%) 
   90  (8%) 
   93  (8%) 
101  (10%) 
186  (17%) 
509  (45%) 
341  (30%) 
   85  (8%) 
718  (64%) 

BMI, body mass index; DBP, diastolic blood pressure; ECG; electrocardiogram; LVH, left ventricular 

hypertrophy; MI, myocardial infarction; SBP, systolic blood pressure; TIAs, transient ischaemic attacks. 

a 
Percentages of missing values were: BMI 4%, SBP 10%, DBP 10%, creatinine 11%, fibrinogen 23%, 

hematocrit 12%, total cholesterol 11%, LDL 22%, HDL 22%, triglycerides 12%. 
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Table 4.2: Unadjusted hazard ratios (HRs) of risk factors for ipsilateral cerebral stroke. 

(Skewed continuous predictors were transformed to be approximately symmetrically 

distributed). 

 

Risk factor Stroke HR 95% CI 
 

   

Age (10-year increase) 1.42 1.00-2.02 
BMI (5-unit increase) 0.85 0.57-1.28 
Systolic blood pressure (10-unit increase) 1.07 0.94-1.22 
Diastolic blood pressure (10-unit increase) 1.14 0.86-1.50 
Creatinine (20% increase) 1.28 1.09-1.50 
Fibrinogen 1.17 0.84-1.48 
Haematocrit (10-unit increase) 1.13 0.07-1.85 
Total cholesterol 1.02 0.80-1.28 
LDL cholesterol 0.97 0.74-1.27 
HDL cholesterol 1.34 0.80-2.24 
Triglyceride (doubling) 1.73 0.99-3.05 
Ipsilateral stenosis (10% increase) 1.04 1.01-1.06 
Contralateral stenosis (10% increase) 1.05 0.96-1.14 
Male 1.10 0.65-1.86 
Smoking 1.51 0.84-2.71 
Coronary artery disease 1.32 0.78-2.21 
Atrial fibrillation 1.55 0.38-6.36 
Hypertension 1.00 0.59-1.70 
Diabetes 0.88 0.45-1.74 
History of contralateral TIAs or stroke 3.03 1.77-5.20 
History of vertebrobasilar symptoms 1.48 0.73-3.00 
Old MI on ECG 1.62 0.91-2.87 
Ischaemia on ECG 1.36 0.76-2.45 
LVH on ECG 1.15 0.52-2.53 
Antihypertensive therapy 0.94 0.56-1.59 
Antiplatelet therapy 1.05 0.50-2.20 
Lipid-lowering therapy 0.81 0.45-1.48 
Contralateral internal carotid occlusion 1.05 0.42-2.62 
Ipsilateral vertebral flow 3.72   0.91-15.24 
 

BMI, body mass index; CI, confidence interval; ECG, electrocardiogram; HR, hazard ratio; LVH, left 

ventricular hypertrophy; MI, myocardial infarction; TIA, transient ischaemic attack.  
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Table 4.3: Multivariate Cox model with baseline ipsilateral stenosis (>90%), history of 

contralateral TIAs or stroke and serum creatinine levels (>97μmol/L) as covariates. Stroke is 

the dependent variable. 

 

 

   Variable B P Exp(B) 

95% C.I. for EXP(B) 

Lower Upper 

      

 Stenosis >90% .030 .011 1.030 1.007 1.054 

Con.TIA/stroke 1.089 .000 2.972 1.677 5.266 

Creatinine >97 .634 .033 1.885 1.052 3.375 

Constant -5.944 .000 .003   

CI, confidence interval; Con. TIA/stroke, history of contralateral TIA or stroke; Creatinine >97, 

creatinine >97 μmol/L; Exp(B), odds ratio; Stenosis >90%, stenosis 90-99%. 
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Figure 4.1: ROC curve and area under the curve for the above model (AUC: 0.701, SE: 0.036, 

p<0.001), using the predicted probability for stroke for each patient. 
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Table 4.4: Use of 0.051 as cut-off point in the above model (Table 4.3) identifies a high-risk 

group of patients that contains 40 out of 59 strokes. 

 

 
          Cut-off point 0.051 

        Total          < 0.051          > 0.051 

 

STROKE 

 

No stroke 

  

656 (61.8%) 

 

406 (38.2%) 

 

1062 (100.0%) 

    

Stroke  19 (32.2%) 40 (67.8%) 59 (100.0%) 

    

                            Total                   675 (60.2%) 446 (39.8%) 1121 (100.0%) 
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5-year stroke risk (a) 4% for low-risk group (or 0.8% per year), (b) 14% for high-risk group 

(or 2.8% per year). 

Figure 4.2: Diagram showing 5-year cumulative stroke-free survival for low (blue line) and 

high (green line) risk group with the use of 0.051 as a cut-off point in the Cox model (Table 

4.3).  

 

 

  

CUT0.051 

YEARS 
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Table 4.5: Multivariate Cox model with baseline ipsilateral stenosis, history of contralateral 

TIAs or stroke, serum creatinine levels (>97μmol/L) and progression as covariates. Stroke is 

the dependent variable. 

 

 

 

Variables B P Exp(B) 

95% C.I. for EXP(B) 

Lower Upper 

      

 Stenosis .420 .043 1.522 1.014 2.286 

Con.TIA/stroke 1.061 .000 2.890 1.629 5.129 

Creatinine >97 .597 .045 1.817 1.013 3.261 

Progression .745 .012 2.107 1.177 3.773 

Constant -4.192 .000 .015   

 

CI, confidence interval; Con.TIA/stroke, history of contralateral TIA or stroke; Creatinine 97, creatinine 

>97 μmol/L; Exp(B), odds ratio; Progression, progression of stenosis by one class or more; Stenosis, 

severity of stenosis (0 = 50-69%; 1= 70-89%; 2 = 90-99%). 
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Figure 4.3: ROC curve and area under the curve (AUC: 0.699, SE: 0.037, p<0.001) for the Cox 

model (after addition of progression as a covariate), using the predicted probability for 

stroke for each patient. 
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Table 4.6: Use of 0.051 as cut-off point in the Cox model (Table 4.5) identifies a high-risk 

group of patients that contains 39 out of 59 strokes. 

 

 
         Cut-off point 0.051 

     Total       < 0.051      > 0.051 

    

STROKE  No stroke 710 (66.9%) 352 (33.1%) 1062 (100.0%) 

    

                        Stroke 20 (33.9%) 39 (66.1%) 59 (100.0%) 

 

                     

 

Total 

 

730 (65.1%) 

 

391 (34.9%) 

 

1121 (100.0%) 
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5-year stroke risk (a) 4% for low-risk group (or 0.8% per year), (b) 15% for high-risk group 

(or 3.0% per year). 

 Figure 4.4: Diagram showing 5-year cumulative stroke-free survival for low (blue line) and 

high (green line) risk group with the use of 0.051 as a cut-off point in the Cox model (Table 

4.5).  
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Table 4.7: Best multivariate Cox model for stroke risk prediction, in patients with >50% ACS. 

 

 

 

Variables B P Exp(B) 

95.0% CI for Exp(B) 

Lower Upper 

      

Stenosis  .056    

Stenosis 70-89% .800 .079 2.225 .912 5.427 

Stenosis >90% 1.115 .017 3.049 1.218 7.631 

Con.TIA/stroke  1.085 .000 2.958 1.709 5.121 

Creatinine >97 .535 .066 1.707 .965 3.020 

Progression .585 .040 1.795 1.028 3.134 

 

CI, confidence interval; Con.TIA/stroke, history of contralateral TIA or stroke; Creatinine >97, 

creatinine >97 μmol/L; Exp(B), odds ratio; Progression, progression of stenosis by one class or more; 

Stenosis, severity of stenosis (0 = 50-69%; 1= 70-89%; 2 = 90-99%). 
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Figure 4.5: Life table analysis, using mean covariates in the best Cox model. 5-year stroke-

free survival for the whole group was 0.95 (95%). Annual stroke rate was 1.0%. 

 

 

 

  

YEARS 
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Fig. 4.6 A: Cum Survival, cumulative stroke-free survival; Thgps, three groups of stenosis                      

(0: 50-69%, 1:70-89%, 2: 90-99%). 

 

Fig. 4.6 B: Cum Survival, cumulative stroke-free survival; CTIAsStroke, history of contralateral TIAs or 

stroke. 

 

 

  

YEARS 

YEARS 
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Fig. 4.6 C: Cum Survival, cumulative stroke-free survival; CR97, plasma creatinine levels                       

(0: <97 μmol/L, 1: >97 μmol/L). 

 

Fig. 4.6 D: Cum Survival, cumulative stroke-free survival; Progr01, Ipsilateral stenosis progression      

(0: absent, 1: present). 

Figure 4.6: Cumulative ipsilateral stroke-free survival Kaplan-Meier curves for each of the 

independent predictors in the Cox model: (A) Severity of stenosis; (B) History of contralateral 

TIAs or stroke; (C) Serum creatinine levels; (D) Stenosis progression. 

YEARS 

YEARS 
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Table 4.8: Risk table showing number of patients and average annual stroke risk based on 

the 5-year cumulative stroke rates from the Cox proportional hazards model, for patients 

with 90-99% ACS (ECST method). 

 

Stenosis ECST 90-99% (NASCET 83-99%) 
 
 Creatinine <97 μmol/L Creatinine >97 μmol/L 

 
No Progression Progression No Progression Progression 

 

 
Con.TIA/stroke 

 
 

 
2 (2.8%) 

 
 

 
12 (4.8%) 

 
37 (4.4%) 

 
7 (7.2%) 

    
No 

Con.TIA/stroke 
 

      
     87 (1.0%) 

 

 
16 (1.6%) 

     
    101 (1.6%) 

      
     27 (2.6%) 

    

Con.TIA/stroke, history of contralateral TIA or stroke. 
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Table 4.9: Risk table showing number of patients and average annual stroke risk based on 

the 5-year cumulative stroke rates from the Cox proportional hazards model, for patients 

with 70-89% ACS (ECST method). 

 

Stenosis ECST 70-89% (NASCET 50-83%) 
 
 Creatinine <97 μmol/L Creatinine >97 μmol/L 

 
No Progression Progression No Progression Progression 

 

     

Con.TIA/stroke 
 
 

33 (1.8%) 
 
 

3 (3.6%) 34 (3.2%) 8 (5.6%) 

    
No 

Con.TIA/stroke 
 

    
    218 (0.7%) 

 

      
     36 (1.2%) 

     
    254 (1.2%) 

       
     57 (2.0%) 

    

Con.TIA/stroke, history of contralateral TIA or stroke.  
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Table 4.10: Risk table showing number of patients and average annual stroke risk based on 

the 5-year cumulative stroke rates from the Cox proportional hazards model, for patients 

with <70% ACS (ECST method). 

 

                                               Stenosis ECST <70% (NASCET <50%) 
 
 Creatinine <97 μmol/L Creatinine >97 μmol/L 

 
No Progression Progression No Progression Progression 

 

     

Con.TIA/stroke 
 
 

10 (1.0%) 
 

8 (1.6%) 10 (1.6%)  9 (2.8%) 

    
No 

Con.TIA/stroke 
 

 
49 (0.4%) 

 

     
     22 (0.6%) 

 
54 (0.6%) 

      
      27 (1.0%) 

    

Con.TIA/stroke, history of contralateral TIA or stroke.   
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4.4.2 Association of stenosis progression with stroke risk 

4.4.2.1 Incidence of stenosis progression, regression and occlusion 

Ipsilateral regression of stenosis by one class or more was detected in 43 (3.8%) out of 1121 

patients. In 856 (76.4%) patients, no change in the degree of stenosis occurred. Progression 

of stenosis, by one class or more, was detected in 222 (19.8%) patients. In this group, 

progression to occlusion and progression without occlusion occurred in 32 (2.9%) and 190 

(16.9%) patients, respectively. Progression by more than one class appeared in a small group 

of 26 (2.3%) individuals (Table 4.11). During the follow-up, the incidence of progression in 

the first year was 4%, in the 2nd year 10%, in the 3-4 years 6%, in the 5th year 4%, in the 6th 

year 3% and in the 7th year 2%. The 5-year progression- and regression-free survival rates 

were 72% and 96%, respectively. 
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Table 4.11: Incidence of progression, regression, no change or occlusion in different groups 

of stenosis. 

 

Stenosis Regression No change Progression Occlusion Total 

      

50-59% 0 61 (66%) 30 (33%) 1 (1.1%) 92 (100%) 

60-69% 3 (3.1%) 59 (61%) 34 (35%) 1 (1.0%) 97 (100%) 

70-79% 9 (2.8%) 262 (81%) 50 (15%) 1 (0.3%) 322 (100%) 

80-89% 16 (4.7%) 252 (78%) 45 (14%) 8 (2.5%) 321 (100%) 

90-95% 15 (5.4%) 214 (76%) 31 (11%) 20 (7.1%) 280 (100%) 

96-99% 0 8 (89%) 0 1 (11%) 9 (100%) 

Total 43 (3.8%)   856 (76.4%) 190 (16.9%) 32 (2.9%) 1121 (100%) 

p 0.031 ----- <0.001 <0.001  
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4.4.2.2 Factors associated with progression 

After univariate analysis, using unadjusted Cox models, hazard ratios for clinical, biochemical 

and ultrasonic risk factors associated with progression, occlusion and regression were 

calculated (Table 4.12). Age, male gender, elevated plasma creatinine, CAD and increased 

plaque area were significant risk factors for progression. Increased severity of ipsilateral 

stenosis and lipid-lowering therapy were associated with decreased incidence of stenosis 

progression.  

Significant risk factors from table 4.12 were used as covariates in a multivariable Cox 

proportional hazards model (model 1), shown in table 4.13. Male gender, elevated plasma 

creatinine, increased plaque area, decreased severity of stenosis and not taking lipid-

lowering therapy were the only independent risk factors for progression. The area under the 

ROC curve for the above model was 0.637 (95% CI, 0.596-0.677). The effect of each 

significant factor from model 1 on progression-free survival is shown in Kaplan-Meier curves 

(Fig. 4.7). 

 

4.4.2.3 Factors associated with occlusion 

Table 4.12 shows that elevated plasma creatinine, male gender, increased ipsilateral or 

contralateral baseline degree of stenosis and low GSM were all significant risk factors 

associated with increased incidence of occlusion.  

Significant risk factors from table 4.12 were used as covariates in a multivariable Cox 

proportional hazards model (model 2), shown in table 4.13. Male gender, increased 

ipsilateral or contralateral baseline degree of stenosis and low GSM were the only 

independent risk factors for progression to occlusion. The area under the ROC curve for the 
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above model was 0.793 (95% CI, 0.719-0.867). Using Kaplan-Meier analysis, the effect of 

each significant factor from model 2 on occlusion-free survival is shown in figure 4.8. 

 

4.4.2.4 Factors associated with regression 

Increased baseline ipsilateral stenosis and lipid-lowering therapy (statins) were associated 

with increased incidence of regression. However, age and presence of DWAs were related to 

decreased incidence of regression as shown in table 4.12. 

Statistically significant factors for regression were entered as covariates in a 

multivariable Cox proportional hazards model (model 3), shown in table 4.13. The absence 

of DWAs, lipid-lowering therapy, young age and increased ipsilateral baseline degree of 

stenosis were found to be independent predictors of regression (Table 4.13). The area under 

the ROC curve for model 3 was 0.704 (95% CI, 0.620-0.788). Figure 4.9 shows the effect of 

each significant factor from model 3 on ipsilateral regression-free survival. 
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Table 4.12: Hazard ratios of risk factors, in ACSRS, associated with progression, occlusion or 
regression, on univariate analysis. Statistically significant factors are in bold. 

 

Risk factor Progr. 
HR 

95% CI P Occl. 
HR 

95% CI P Regr. 
HR 

95% CI P 

Age (10-year 
increase) 

 
1.19 

 
1.01-1.41      

 
0.044 

 
1.18 

 
0.76-1.84      

 
0.452 

 
0.62 

 
0.44-0.87 

 
0.006 

BMI (5-unit 
increase) 

 
1.03 

 
0.82-1.15      

 
0.712 

 
0.85 

 
0.53-1.35      

 
0.486 

 
1.15 

 
0.81-1.63 

 
0.424 

SBP (10-unit 
increase) 

 
1.08 

 
0.99-1.16      

 
0.051 

 
1.01 

 
0.90-1.33      

 
0.351 

 
1.00 

 
0.85-1.19 

 
0.968 

DBP (10-unit 
increase) 

 
1.07 

 
0.93-1.22      

 
0.353 

 
1.26 

 
0.88-1.80      

 
0.214 

 
1.37 

 
0.99-1.88 

 
0.055 

Creatinine 
(20% increase) 

 
1.22 

 
1.13-1.32    

 
<0.001 

 
1.27 

 
1.05-1.53      

 
0.013 

 
0.89 

 
0.69-1.15 

 
0.386 

Ln(GSM+40) 0.78 0.51-1.20      0.258 0.24 0.07-0.76      0.015 0.74 0.28-1.96 0.543 
GSM < 23 1.21 0.93-1.59      0.157 2.62 1.29-5.30      0.008 1.01 0.52-1.95 0.972 
Plaque area 

1/3
 

(mm
2
) 

 
1.37 

 
1.14-1.65      

 
0.001 

 
1.46 

 
0.90-2.38      

 
0.125 

 
0.82 

 
0.53-1.26      

 
0.366 

Fibrinogen 1.01 0.87-1.18      0.890 1.19 0.82-1.72      0.362 1.08 0.75-1.55 0.669 
Total 
cholesterol 

 
1.05 

 
0.93-1.18      

 
0.419 

 
1.12 

 
0.83-1.50      

 
0.463 

 
1.21 

 
0.95-1.56 

 
0.124 

LDL cholesterol 1.05 0.92-1.20      0.436 1.06 0.76-1.50      0.721 1.29 0.82-1.45 0.572 
HDL cholesterol 0.74 0.52-1.05      0.095 0.88 0.37-2.89      0.770 1.49 0.85-2.64 0.164 
Triglycerides 1.03 0.90-1.17      0.683 0.93 0.62-1.39      0.711 1.11 0.84-1.47 0.470 
Ips. Stenosis 
(10% increase) 

 
0.84 

 
0.76-0.93      

 
0.001 

 
2.58 

 
1.69-3.93    

 
<0.001 

 
1.47 

 
1.11-1.96 

 
0.009 

Contr. Stenosis 
(10% increase) 

 
1.05 

 
0.95-1.16      

 
0.341 

 
1.39 

 
1.11-1.74      

 
0.004 

 
1.06 

 
0.91-1.23 

 
0.440 

Plaque type 
4+5  

 
1 

   
1 

   
1 

  

3 1.16 0.77-1.75      0.470 1.12 0.32-4.30      0.798 0.95 0.40-2.26 0.922 
2 1.32 0.87-2.03      0.195 2.58 0.74-8.97      0.137 0.60 0.22-1.65 0.322 

1 1.57 0.89-2.76      0.120 3.93 0.94-16.4      0.061 2.36 0.82-6.73 0.109 
Male  1.71 1.28-2.28      0.001 3.18 1.31-7.74      0.011 1.56 0.81-3.01 0.179 
Smoking 0.91 0.64-1.28      0.598 0.79 0.30-2.05      0.631 1.34 0.66-2.73 0.416 
CAD 1.36 1.04-1.78      0.023 1.73 0.87-3.48      0.120 1.14 0.60-2.14 0.699 
A. fibrillation 1.20 0.53-2.71      0.656 1.36 0.18-10.0      0.760 2.44 0.68-10.1 0.219 
Hypertension 0.86 0.66-1.13 0.292 1.21 0.57-2.55      0.622 0.61 0.33-1.13 0.119 
Diabetes 1.23 0.89-1.69      0.201 0.61 0.22-1.76      0.364 0.68 0.26-1.72 0.412 
History of  
contr. TIAs or 
stroke 

 
 
1.26 

 
 
0.92-1.72      

 
 

0.146 

 
 
1.63 

 
 
0.76-3.53      

 
 

0.211 

 
 
0.31 

 
 
0.07-1.29 

 
 
0.109 

Antihyper. 
therapy  

 
0.87 

 
0.67-1.14      

 
0.324 

 
1.02 

 
0.50-2.08      

 
0.959 

 
0.74 

 
0.40-1.36 

 
0.329 

Antiplatelet 
therapy 

 
0.87 

 
0.60-1.27      

 
0.481 

 
1.72 

 
0.52-5.64      

 
0.373 

 
0.99 

 
0.39-2.54 

 
0.992 

Lipid-lowering 
therapy 

 
0.66 

 
0.48-0.91      

 
0.011 

 
0.74 

 
0.32-1.73      

 
0.494 

 
2.52 

 
1.38-4.02 

 
0.003 

Contr. carotid 
occlusion 

 
0.93 

 
0.57-1.52      

 
0.774 

 
2.07 

 
0.80-5.36      

 
0.136 

 
1.89 

 
0.66-4.32 

 
0.269 

Presence of 
DWA (>1) 

 
1.22 

 
0.92-1.63      

 
0.165 

 
1.19 

 
0.56-2.52      

 
0.642 

 
0.52 

 
0.29-0.96 

 
0.037 

 

BMI, body mass index; CI, confidence interval; DBP, diastolic blood pressure; DWA, discrete white 

area; GSM, grey scale median; HDL, high density lipoprotein; HR, hazard ratio; LDL, low density 

lipoprotein; SBP, systolic blood pressure; TIA, transient ischaemic attack. 
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Table 4.13: Multivariable Cox proportional hazards models, using statistically significant 

factors from table 4.12, with progression, occlusion or regression as the dependent variable. 

 

Variable        β HR 95% CI P 
 

 
Model 1: Progression as the dependent variable 
 

 

Creatinine (20% increase) 0.191 1.210 1.114-1.315 <0.001 
Ips. stenosis (10% increase) -0.193 0.824 0.742-0.916 <0.001 
Plaque area 1/3 (mm2) 0.280 1.323 1.095-1.599 0.004 
Male gender 0.357 1.429 1.067-1.914 0.017 
Lipid-lowering therapy -0.375 0.687 0.498-0.948 0.022 

 
Model 2: Occlusion as the dependent variable 
 
Log (GSM+40) -1.296 0.274 0.084-0.894 0.032 
Ips. Stenosis (10% increase) 0.865 2.376 1.565-3.607 <0.001 
Contr. Stenosis (10% increase) 0.192 1.212 1.039-1.414 0.014 
Male gender 1.130 3.094 1.271-7.534 0.013 
     

Model 3: Regression as the dependent variable 
 
Age (10-year increase) -0.450 0.638 0.450-0.904 0.011 
Ips. stenosis (10% increase) 0.466 1.594 1.179-2.155 0.002 
Lipid-lowering therapy 0.820 2.272 1.232-4.189 0.009 
DWA -0.693 0.500 0.272-0.920 0.026 
 

CI, confidence interval; DWA, discrete white area; GSM, grey scale median; HR, hazard ratio.  
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Fig. 4.7 A 
Numbers at risk 
Creatinine < 100                         569                340                 159                98 
Creatinine > 100                         334       183                89                35 
 
 

 

Fig. 4.7 B 

Numbers at risk 
Stenosis 50-69                       151                   88                   52                  28 
Stenosis 70-89                          565                 331           197                  84 
Stenosis 90-99                          223                 118             63                  27 
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Fig. 4.7 C 
Numbers at risk 
Area < 40                                  461                  275                 161                  71 
Area 40-80                               402                  220            127 61 
Area > 80                                    91                    41              23                     7 
 

 

 
 
Fig. 4.7 D 
Numbers at risk 
Female                                      383                  244                  148                   62 
Male                                          573                  293             164   77 
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Fig. 4.7 E 
Numbers at risk 
Lipid-lowering therapy 
No                                     236       167              104  44 
Yes                                     686                370                  208                 67 

 

Figure 4.7: Effect of significant factors from model 1 on progression-free survival:  

(A) Creatinine (Log-Rank p<0.001); (B) Ipsilateral stenosis (Log-Rank p overall <0.001); (C) 

Plaque area (Log-Rank p=0.004); (D) Gender (Log-Rank p<0.001); (E) Lipid-lowering therapy 

(Log-Rank p=0.009). 
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Fig. 4.8 A 
Numbers at risk 
GSM ≥ 23                                      654       376              219 94 
GSM < 23                                      302               161                    93                45 
 

 

Fig. 4.8 B 
Numbers at risk 
Ipsilateral stenosis 
50-69                                    155                   88                   52                  28 
70-89                                          585                 331            197  84 
90-99                                          236                 118              63                   27 
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Fig. 4.8 C 
Numbers at risk 
Contralateral stenosis 
< 70                                              699                 400                234                  107 
70-89                                           147                    82               43    18 
90-99                                           110                    55               35    14 
 
 

 
 
Fig. 4.8 D 
Numbers at risk 
Female                                        383                 244                148                    62 
Male                                            573                 293            164   77 
 

Figure 4.8: Effect of significant factors from model 2 on occlusion-free survival: (A) GSM 

(Log-Rank p=0.001). GSM 23 is the cut-off point between lower and middle tertiles; (B) 

Ipsilateral stenosis (Log-Rank p overall <0.001); (C) Contralateral stenosis (Log-Rank p overall 

=0.008); (D) Gender (Log-Rank p=0.007). 
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Fig. 4.9 A 
Numbers at risk  
Age  < 60                                      96                   55                  31                  15 
Age 60-70                                  329                 212           142                  59 
Age > 70                                     555                 328           201                  99 
 
 
 

 

Fig. 4.9 B 
Numbers at risk 
Stenosis 50-69                            163                107                  75                   43 
Stenosis 70-89                            573                350            222  94 
Stenosis 90-99                            244                138              77                    36 
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Fig. 4.9 C 
Numbers at risk 
Lipid-lowering therapy 
No                                                 704                420                262                 117 
Yes                                                276                175            112   56 
 

 

Fig. 4.9 D 
Numbers at risk 
DWA present                             344                200                   119                  57 
DWA absent                               636                395              255 116 
 

Figure 4.9: Effect of significant factors from model 3 on regression-free survival: (A) Age 

(Log-Rank p=0.016); (B) Ipsilateral stenosis (Log-Rank p=0.081); (C) Lipid-lowering therapy 

(Log-Rank p=0.002); (D) Discrete white areas (DWA) (Log-Rank p=0.032). 
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4.4.2.5 Changes in the severity of stenosis as a predictor for CORI events (including stroke) 

There were 130 CORI events in the entire cohort and 88 (67.7%) of them were in patients 

with no change in the degree of stenosis, 33 (25.4%) in patients with stenosis progression 

without occlusion and 9 (6.9%) in those that developed occlusion. There were no CORI 

events in the group with regression. The incidence of CORI events in the previous groups is 

shown in table 4.14. Kaplan-Meier analysis shows the effect of changes in the degree of 

stenosis on the incidence of CORI events (Fig. 4.10 A). Although there was a higher CORI 

events rate (9/32, 28%) in the progression to occlusion group of patients than in the 

progression without occlusion group (33/190, 17%), there was no statistically significant 

difference (p=0.15).  

Regarding stroke alone, 40 out of 59 (67.8%) of them occurred in the group with no 

change in the degree of ipsilateral stenosis, 15 (25.4%) occurred in the group of progression 

without occlusion and 4 (6.8%) in the group of progression to occlusion. No strokes were 

reported in the group with carotid plaque regression. The effect of changes in the severity of 

stenosis on stroke-free survival is shown in figure 4.10 B. There was a higher stroke rate 

(4/32, 12.5%) in the progression with occlusion group compared to the group of progression 

without occlusion (15/190, 7.9%). However, there was no statistically significant difference 

(p= 0.49). 

The 8-year cumulative ipsilateral  stroke rate was zero in the regression group, 9% if 

there was no change of the stenosis and 16% in the  progression group of patients (average 

annual stroke rate over 8 years of 0%, 1.1% and 2.0%, respectively; log-rank, p=0.05). 
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Table 4.14: The incidence of CORI events in regression, no change and progression groups. 

 

Stenosis 
change 
 

No 
events 

Amaurosis 
Fugax 

TIAs Stroke Total All events 

       

Regression  43 (100%) 0 0 0    43 (100%) 0 
 

No change 768 (90%) 16 (1.9%) 32 (3.7%) 40 (4.7%)  856 (100%) 88 (10%) 
 

Progression 180 (81%)    6 (2.7%) 17 (7.7%) 19 (8.6%)  222 (100%)  42 (19%) 
 

Total 991 (88%) 22 (2.0%) 49 (4.4%) 59 (5.3%) 1121(100%) 130 (12%) 
 

R. Risk - 1.52 2.15 1.92 - 1.93 
 

95% CI - 0.60 to 3.84 1.22 to 3.80 1.14 to 3.25 - 1.38 to 2.71 

 

CI, confidence interval; R. Risk, relative risk.  
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Fig. 4.10 A 
Numbers at risk 
Regression                                 38                    28                    19                    5 
No change                               741                  455            282               134 
Progression                             205                  129              87                  39 
  

 
Fig. 4.10 B 
Numbers at risk 
Regression                                38                   28                       19                     5 
No change                              741                 455             282                134 
Progression                            205                 129               87   39 
 

Figure 4.10: Effect of changes in stenosis on: (A) Ipsilateral CORI events (Log-Rank overall 

p<0.001); (B) Ipsilateral hemispheric stroke (Log-Rank overall p=0.050). Only 19 strokes 

occurred in the group of patients with progression of stenosis. The remaining 40 strokes 

occurred in the group with no change in stenosis. 
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4.4.2.6 Effect of the severity of stenosis and progression on stroke rates 

In the absence of progression, for patients with stenosis 50-69%, 70-89% and 90-99% (ECST 

method), the 8-year cumulative stroke rate was 4%, 8% and 13% (annual stroke rate: 0.5%, 

1.0% and 1.6%), respectively. In patients with progression it was 8%, 15% and 25% (annual 

stroke rate: 1.0%, 1.9% and 3.1%). Only 30% of all strokes occurred in the progression group. 

Using the NASCET method and in the absence of progression, for patients with 

baseline stenosis 70-99%, the 8-year cumulative stroke rate was 12%. In patients with 

progression, it was 21%. Annual stroke rates, in the previous groups, were 1.5% and 2.6%, 

respectively. For the group with 80-99% baseline stenosis (NASCET method) and with no 

progression, the 8-year cumulative ipsilateral stroke rate was 14%. In the progression group, 

it was 25% (annual stroke rate over 8 years of 1.7% and 3.1%, respectively). Only 36% of 

strokes occurred in the progression group. 

In a Cox model, baseline stenosis and progression were significant risk factors for 

ipsilateral stroke (Table 4.15). With stenosis as the only covariate in the above model, the 

area under the ROC curve was 0.580 (95% CI, 0.504-0.657). When progression was added to 

the model, the area under the ROC curve was 0.629 (95% CI, 0.555-0.704; p>0.05). 

  



170 
 

Table 4.15: Cox model with baseline ipsilateral stenosis and progression as covariates. Stroke 

is the dependent variable. 

 

 
Variable β HR 95% CI P value 

 

     

Ips. Stenosis 
(10% increase) 

 

0.295 1.343 1.068-1.687 0.011 

Progression 0.616 1.852 1.072-3.202 0.027 
 

 

CI, confidence interval; HR, hazard ratio. 
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4.4.2.7 Progression as a covariate in an established model for stroke risk stratification 

A multivariate Cox model in ACSRS for stroke risk stratification, in patients with ACS, has 

been previously reported (Nicolaides et al, 2010). It can stratify patients into groups of 0.1% 

and 10%, based on annual risk of stroke. The area under the ROC curve was 0.80 (95% CI, 

0.74-0.87). When progression was added to the above model as a covariate, it was 

marginally significant (Table 4.16). 
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Table 4.16: Progression of stenosis added as covariate to a Cox proportional hazards model, 

previously published, that predicts the risk of future events in patients with ACS. 

 

Variable        B ΗR 95% CI   P value 
 

     
Ipsilateral stenosis (10% increase) 
 

0.017 1.017 1.002-1.032 0.023 

Log (GSM+40)  
 

-2.464 0.085 0.042-0.171 <0.001 

Plaque area 1/3 (mm2) 
 

0.630 1.878 1.463-2.413 <0.001 

DWA  
 

0.725 2.065 1.292-3.302 0.002 

History of contr. TIAs or stroke 
 

0.661 1.938 1.321-2.842 0.001 

Progression 0.353 1.424 0.980-2.067 0.064 
 

CI, confidence interval; HR, hazard ratio; GSM, grey scale median; DWA, discrete white area; TIA, 

transient ischaemic attack.  
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4.5 Discussion 

The effectiveness of CEA in patients with >50% ACS has been questioned. It has become 

obvious that better stroke risk stratification, in asymptomatic patients, is needed. The 

identification of a low-risk group with annual stroke risk <1% means that patients at such a 

low risk would be spared from an unnecessary surgical procedure. 

 Currently, the severity of stenosis is the only established ultrasonic criterion, used in 

the assessment of ipsilateral stroke risk, in asymptomatic patients. Multivariable logistic 

regression analysis from ACSRS has shown that a model based on stenosis severity in 

combination with ultrasonic plaque texture features has a better predictive ability for stroke 

risk (Nicolaides et al, 2010). However, a user friendly, semi-automated software for carotid 

plaque analysis is not widely available yet.  

 ACSRS is the largest prospective study so far with asymptomatic carotid patients on 

medical intervention alone. Our analysis showed that a number of clinical characteristics 

were independent predictors of stroke. When clinical features were added to the severity of 

stenosis, stroke risk prediction was improved. 

 In a Cox regression analysis, history of contralateral TIAs or stroke, elevated serum 

creatinine (>97 μmol/L) and stenosis progression in addition to the baseline degree of 

stenosis were all significant predictors of stroke. A significant number of established clinical 

and biochemical risk factors for atherosclerosis were not found to be associated with 

increased stroke rates because they were present in the majority of patients in the study, 

who were arteriopaths. 

 The results confirmed the findings from previous natural history studies where 

increasing severity of stenosis was associated with elevated stroke risk (Johnson et al, 1985; 

Bock et al, 1993; Chambers & Norris, 1986; Hennerici et al, 1987; Norris et al, 1991; Zhu & 
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Norris, 1991; Mackey et al, 1997; Nadareishvili et al, 2002). ECST stenosis is linearly related 

to ipsilateral stroke risk, while NASCET stenosis is not (Nicolaides et al, 2005a). For that 

reason, ECST method was used in the ACSRS analysis. 

 Epidemiological studies in asymptomatic individuals have shown that mild to 

moderately elevated serum creatinine is a predictor of cardiovascular risk and ischaemic 

stroke (Pocock et al, 2001; Mann et al, 2003). Another study has reported that raised serum 

creatinine, even within normal range, is strongly related to increased stroke rates 

(Wannamethee, Shaper & Perry, 1997). Our findings showed that creatinine levels >97 

μmol/L was an independent stroke predictor. 97 μmol/L was the mean value of creatinine in 

ACSRS cohort. 

 History of contralateral TIAs or stroke was a significant predictor of stroke, in this 

analysis. ACST trial reported similar results. Patients in the medical arm, who had a history of 

contralateral symptoms, had a higher stroke rate than those without (Halliday et al, 2004). In 

ECST and NASCET, stroke rates on the asymptomatic side were increased compared to 

stroke rates reported from other cohorts in patients with bilateral ACS (The European 

Carotid Surgery Trialists Collaborative Group, 1995; Inzitari et al, 2000). 

 Several studies have shown the association of stenosis progression with increased 

ipsilateral stroke risk, in asymptomatic patients (Roederer et al, 1984; Lewis et al, 1997; 

Mackey et al, 1997; Olin et al, 1998; Muluk et al, 1999; Sabeti et al, 2007). Most of them 

concluded that stenosis progression to >80% (NASCET method) is related to increased risk of 

cerebrovascular events. In our analysis, when progression was added as a covariate to a Cox 

model, it was a significant predictor of stroke. 

The best Cox model, in this analysis, identified a high-risk group of patients that 

contains 39 out of the 59 observed strokes. Based on the parameters of the Cox model, 
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tables predicting the annual stroke risk, in patients with ACS >50%, were produced. From 

these tables, it is shown that there is a subgroup of asymptomatic patients with annual 

stroke risk of 7.2% that carries 18 times the risk of a low-risk subgroup where annual 

predicted stroke rate is 0.4%. The subgroup with the highest stroke risk consists of patients 

with 90-99% ACS, history of contralateral TIAs or stroke, creatinine levels >97 μmol/L and 

signs of ipsilateral stenosis progression. Patients with ACS and high predicted stroke risk 

should be considered as CEA candidates. This prediction model is unique not only because it 

was derived from a natural history study including a large number of patients but it is also a 

tool for stroke risk stratification for any patient with ACS. 

ACSRS analysis, in 1121 patients with ACS >50%, showed that the incidence of 

ipsilateral stenosis progression was 19.8%. Similar rates of progression, in asymptomatic 

patients, have been reported by previous studies (Lewis et al, 1997; Mackey et al, 1997; 

Liapis et al, 2000; Ballotta et al, 2007). The annual incidence of progression was high in the 

first 3 years and then gradually declined in the following years of the follow-up. The 

incidence of regression was only 3.8%, similar to results reported previously (Muluk et al, 

1999; Raman et al, 2004; Mineva, Manchev & Hadjiev, 2002; Hennerici et al, 1987; 

Rautenberg & Hennerici, 1989).  

 The association between carotid stenosis progression and other factors has been 

analysed in this study. It has been previously reported that CAD (Liapis et al, 2000), age 

(Sabeti et al, 2007) and hypertension (Bertges et al, 2003; Ballotta et al, 2007) are strongly 

related to increased incidence of progression. However, this is the first time that elevated 

creatinine, plaque area and male gender have been shown to be associated with increased 

incidence of progression in patients with ACS. Decreased incidence of progression was found 

in patients who were on lipid-lowering therapy. It is the first time this has been shown, 
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although Spence et al (2010) came to the same conclusion, using plaque area as an index of 

progression instead of the degree of stenosis.  

 Similar to findings from previous studies, increased ipsilateral or contralateral 

stenosis and hypoechoic plaques (low GSM) were related to progression to occlusion (Muluk 

et al, 1999; Liapis et al, 2000; Sabeti et al, 2007). This is the first time it has been shown that 

elevated creatinine and male gender were associated with increased incidence of 

progression to occlusion. A Cox proportional hazards model (model 2, Table 4.13) with GSM, 

gender, ipsilateral and contralateral stenosis as parameters shows a good ability of 

predicting progression to occlusion (area under the ROC curve was 0.793).   

 Increased age and the presence of DWAs were related to low incidence of 

regression. On the other hand, lipid-lowering therapy was associated with increased 

incidence of regression. This has been previously reported by Hegland et al (2009). The 

association of lipid-lowering therapy with increased incidence of regression and decreased 

incidence of progression, in this analysis, underlines the role of statins in the management of 

patients with asymptomatic carotid disease. 

 Our analysis showed that there were no strokes in the group of patients with 

regression. Another study has already found a 50% reduction in stroke rate at 5 years, in 

patients with plaque regression (Spence et al, 2010). The average annual stroke rate was 0% 

in the regression group, 1.1% in the group of patients with no change of the stenosis and 

2.0% in the progression group. This means that progression can identify a group of patients 

with ACS with almost twice the risk of stroke compared with patients without progression. 

However, only 19 out of 59 strokes occurred in the group of patients with progression. The 

rest of strokes occurred in the group that showed no change in the severity of stenosis. This 

finding implies that progression is a rather poor predictor of stroke risk. Due to the low 

incidence of progression and the small number of predicted strokes, serial Duplex scanning 
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of asymptomatic patients to detect progression only seems to be of limited clinical value. 

Besides, progression was not a significant covariate when added to an ACSRS Cox model, 

which has already shown good results in stratifying patients according to the risk of stroke 

(Nicolaides et al, 2010). 

 The main limitation of this study was that medical therapy was left to the discretion 

of the attending physician, which by today’s standards might have been suboptimal. In 

addition, the Cox model for stroke risk was validated internally, for the same group of 

individuals on whom it was derived. This needs to be validated in new prospective studies 

with asymptomatic patients on best modern medical therapy. Finally the effect of changes 

of the plaque texture features, during the follow-up, on stroke risk is not included in this 

analysis. 

In conclusion, a stroke risk prediction model based on clinical risk factors, in patients 

with ACS, was produced. History of contralateral TIAs or stroke and elevated serum 

creatinine when combined with degree of stenosis and stenosis progression improve stroke 

risk prediction compared to the degree of stenosis alone. Also, the majority (76.4%) of 

carotid plaques in asymptomatic patients showed no change in the degree of stenosis during 

the follow-up. Ipsilateral regression and progression were detected in 3.8% and 19.8% of 

patients, respectively. A number of factors associated with progression or regression could 

be identified. However, progression was a rather poor predictor of stroke risk, due to the 

low incidence of progression and the small number of predicted strokes. 
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CHAPTER 5 

Early or late stroke and mortality in ACSRS 
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5.1 Introduction 

In 2010, results from ACSRS were published (Nicolaides et al, 2010) showing that the severity 

of stenosis, history of contralateral TIAs or stroke, GSM, plaque area and the presence of 

discrete white areas (DWAs) were independent predictors of ipsilateral CORI events. The 

combination of the above factors could stratify patients with ACS into low- and high-risk 

groups for ipsilateral cerebrovascular events, including stroke. In the same year, Griffin et al 

(2010) studied 324 symptomatic and asymptomatic carotid plaques and demonstrated that 

increasing severity of stenosis, low GSM (<15) and the presence of >8mm2 juxtaluminal black 

areas (JBAs) were independent predictors of ipsilateral hemispheric events. 

 The use of other computer-extracted texture features, such as First Order Statistics 

(FOS), Grey Level Difference Statistics (GLDS), Spatial Grey Level Dependence Matrices 

(SGLDM) and Grey Level Run Length Statistics (RUNL), has shown promising results in 

differentiating asymptomatic from symptomatic plaques (Kakkos et al, 2007). It has been 

reported that these novel texture features provide information for plaque echolucency and 

heterogeneity (Kakkos et al, 2009). 

 Previous studies have used a combination of clinical, biochemical and ultrasonic 

factors to predict stroke risk in asymptomatic patients. However, stroke risk stratification in 

terms of time (prediction of early and late cerebrovascular events) in patients with ACS has 

never been reported. 

Also, the Society for Vascular Surgery (SVS) guidelines indicate that patients with ACS 

≥60% should be considered for CEA only when life expectancy is >3 years and perioperative 

stroke/death risk is <3% (Ricotta et al, 2011). According to the American Heart Association 

(AHA), American Stroke Association (ASA) and the American Academy of Neurology 

recommendations on patients with ACS, candidates for CEA should have a life expectancy >5 

years (Goldstein et al, 2011; Biller et al, 1998; Chaturvedi et al, 2005).   
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There is limited evidence in the literature for the available methods of mortality risk 

stratification in patients with ACS. A recent systematic review of the literature by our group 

showed that 5-year all-cause mortality rate was very high, 23.6% (95% CI, 20.50-26.80), in 

patients with asymptomatic carotid disease (Giannopoulos et al, 2015). The majority of 

deaths (62.9%; 95% CI, 58.81-66.89) in asymptomatic patients were due to cardiac-related 

causes. The average annual cardiac-related mortality rate was 2.9%.  

 

5.2 Aims 

The aim of the analysis presented in this chapter was to determine a) whether a risk 

prediction model that can identify groups of patients that are at high risk for stroke in a 

short term period as opposed to groups of patients that are at a high risk for stroke in long 

term can be developed, b) the long-term 5-year all-cause and cardiovascular mortality in 

patients with ACS, c) the available risk factors that could be used in mortality risk 

stratification and d) whether a model for predicting a patient’s risk of cardiovascular death 

within 5 years can be developed. 

  

5.3 Methods 

Briefly, in ACSRS study, patients with 50% to 99% ICA stenosis in relation to the carotid bulb 

diameter (ECST method) were recruited. Patients had no history of ipsilateral cerebral or 

retinal ischaemic (CORI) symptoms. The study methodology, including inclusion and 

exclusion criteria, patients’ assessment on admission to the study, clinical and biochemical 

characteristics, Duplex examination, grading of stenosis, image acquisition of plaques and 

analysis, has been previously described in chapter 3. Primary outcome measures were 

ipsilateral hemispheric ischaemic stroke (including fatal stroke), any stroke, ipsilateral 
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hemispheric TIAs, amaurosis fugax and death from cardiovascular causes other than stroke. 

Cause of death was reported by the local team on death certificates based also on hospital 

and family doctor’s records.  

 Standardisation of the images was achieved by image normalisation with the use of 

a specific protocol. Several plaque texture features were extracted and computed using the 

“Plaque Texture Analysis software”, version 3.2 (Iconsoft International Ltd, PO Box 172, 

Greenford London UB6 9ZN, UK). Texture features used in the ACSRS have been described in 

Chapter 3. These were GSM, plaque classification, JBAs, DWAs, plaque ulceration, plaque 

area and other additional texture features. The latter consisted of First Order Statistics 

(FOS), Grey Level Difference Statistics (GLDS), Spatial Grey Level Dependence Matrix 

(SGLDM), Grey Level Run Length Statistics (RUNL) and other features.  

 Stroke/TIA events were classified into early (<5 years) and late (>5 years). A 

univariate analysis was performed for all texture features, calculated by the software, 

against early or late events. Statistically significant texture features from univariate analysis 

were entered into a multivariate linear logistic regression analysis where the time of event 

(early or late) was the dependent variable. Receiver operating characteristic (ROC) curves for 

the Cox model were constructed. To assess the adequacy of patients’ classification based on 

the Cox model, discriminant canonical analysis, using significant texture features for time of 

event and established texture features, was performed. The predicted groups produced 

from discriminant analysis were cross-tabulated with the actual group. Finally, life table 

analysis for the three predicted groups was performed.  

Kaplan-Meier survival analysis with log-rank test (for categorical variables) and Cox 

proportional hazards regression (for continuous variables) were used to examine univariate 

associations between all-cause and cardiovascular mortality, respectively, and a variety of 

patient characteristics. Second, all variables that were statistically associated with mortality 

were entered into a multivariate Cox proportional hazards regression analysis to generate 
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models for predicting all-cause and cardiovascular (CV) mortality. Receiver operating 

characteristic (ROC) curves for the Cox models were constructed with all-cause and CV 

mortality as the state variables and the area under the curves was estimated. Statistical 

analysis was performed with IBM SPSS Statistics version 20 (SPSS Inc, Chicago, III). 

 

5.4 Results 

5.4.1 Stroke risk stratification in terms of time: early (<5 years) or late (>5 years) stroke 

1090 patients, 39 to 89 years old (mean age, 70.0 years; standard deviation, 7.7; 61% men), 

were included in this ACSRS study analysis. 106 ipsilateral stroke/TIA events were recorded 

during the follow-up (mean, 48 months; range, 6-96 months). 71 of them were classified as 

early events (<5 years) and 35 of them as late (>5 years). 

All texture features calculated by the “Plaque Texture Analysis software” were 

entered in a univariate analysis against early or late events (Table 5.1). All significant factors 

from univariate analysis were subsequently entered in a multivariate linear logistic 

regression analysis. Early or late events were the dependent variables. Stepwise elimination 

of nonsignificant variables resulted in a risk prediction model with 6 independent predictors 

(plaque texture features), as shown in table 5.2. There was a good separation of the two 

groups (early and late events), as shown in figure 5.1. The area under the ROC curve for the 

above model was 0.766 (95% CI, 0.676-0.856) (Fig. 5.2). 

Canonical discriminant analysis was performed, using all patients in the ACSRS 

database (n=1090). Patients were classified as 0 = No event during follow-up, 1 = Early event 

(<5 years) and 2 = Late event (>5 years). Independent variables were the same six variables 

(texture features) used in logistic regression analysis. There was a good separation between 
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early and late event groups. However, they were overlapping with patients who did not 

develop any events (Fig. 5.3). 

 A new canonical discriminant analysis in ACSRS patients was performed. This time, 

independent variables were the same six variables (texture features) used in logistic 

regression analysis plus severity of stenosis (ECST method), LnGSM (after image 

normalisation), DWA, history of contralateral TIA or stroke and JBA. There was a good 

separation between early and late event groups. Patients, mainly in the high-risk group, 

were overlapping (Fig. 5.4). Predicted groups from discriminant analysis were cross-

tabulated with actual groups (early and late events) in table 5.3 (p<0.001). 

Life table analysis for stroke/TIA-free and stroke-free survival of the three predicted 

groups of patients was performed. Figure 5.5 shows that for group 1 (n=50) stroke/TIA-free 

survival rates at 2, 2 and a half and 5 years were 0.66, 0.60 and 0.47, respectively. For group 

2 (n=27), these were 0.92, 0.80 and 0.47, respectively. Figure 5.6 demonstrates that for 

group 1 (n=50) stroke-free survival rates at 2, 2 and a half and 5 years were 0.79, 0.79 and 

0.68, respectively. For group 2 (n=27) they were 1.00, 0.91 and 0.64, respectively. 
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Table 5.1: Univariate analysis for all texture features calculated by the software against early 

or late events. Statistically significant texture features are in bold. 

 

                                      Variables Score df P value 

    

  mean 1.828 1 .176 

Variance 3.470 1 .062 

Median .684 1 .408 

Skewness 3.271 1 .071 

Kurtosis 2.935 1 .087 

Energy 2.804 1 .094 

Entropy 2.341 1 .126 

SGLDM_ASM_mean 2.253 1 .133 

SGLDM_Contrast_mean 2.098 1 .147 

VAR00014 .143 1 .705 

SGLDM_Correl_mean .202 1 .653 

VAR00015 .409 1 .522 

SGLDM_var_mean 4.296 1 .038 

SGLDM_IDM_mean 3.453 1 .063 

SGLDM_SAV_mean 2.545 1 .111 

SGLDM_SVAR_mean 1.823 1 .177 

SGLDM_SENT_mean 3.529 1 .060 

SGLD_ENT_mean 2.411 1 .120 

VAR00017 2.698 1 .100 

SGLDM_diff_var_mean 2.383 1 .123 

SGLDM_diffent_mean .249 1 .618 

SGLDM_inf_meas_corr1_
mean 

1.986 1 .159 

SGLDM_inf_meas_corr2_
mean 

.781 1 .377 

Table continued in the next page 
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SGLDM_ASM_range 2.816 1 .093 

SGLDM_Contrast_range 2.951 1 .086 

VAR00023 .988 1 .320 

SGLDM_Correl_range .344 1 .558 

SGLDM_var_range 4.608 1 .032 

SGLDM_IDM_range .083 1 .774 

SGLDM_SAV_range .285 1 .594 

SGLDM_SVAR_range 1.449 1 .229 

SGLDM_SENT_range .080 1 .777 

SGLD_ENT_range .020 1 .888 

VAR00024 .102 1 .749 

SGLDM_diff_var_range .015 1 .904 

SGLDM_diffent_range .380 1 .537 

SGLDM_inf_meas_corr1_r
ange 

.366 1 .545 

SGLDM_inf_meas_corr2_r
ange 

1.632 1 .201 

GLDS_hom 1.849 1 .174 

GLDS_Contrast .198 1 .657 

LNGLDContrast .413 1 .521 

GLDS_Energy 3.509 1 .061 

VAR00010 1.812 1 .178 

GLDS_entropy 1.882 1 .170 

GLDS_mean .266 1 .606 

NGTDM_coarsness .816 1 .366 

NGTDM_contrast 1.308 1 .253 

NGTDM_busyn .951 1 .329 

VAR00022 2.497 1 .114 

NGTDM_complet .183 1 .668 

NGTDM_stren .009 1 .926 

Table continued in the next page 
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VAR00021 1.420 1 .233 

SFM_coars 4.471 1 .034 

VAR00019 3.114 1 .078 

SFM_cont .001 1 .971 

SFM_period .170 1 .680 

SFM_rough  5.627 1 .018 

LAWS_LL 3.759 1 .053 

LAWS_EE .333 1 .564 

LAWS_SS .416 1 .519 

LAWS_LE 1.302 1 .254 

LAWS_ES .069 1 .793 

LAWS_LS .015 1 .901 

FDTA_h1 6.607 1 .010 

FDTA_h2 7.938 1 .005 

FDTA_h3 3.610 1 .057 

FDTA_h4 .162 1 .687 

FPS_fr 4.375 1 .036 

FPS_fa 5.112 1 .024 

SHAPE_x 4.614 1 .032 

SHAPE_y .684 1 .408 

SHAPE_area 1.213 1 .271 

SHAPE_perim 2.244 1 .134 

SHAPE_perim2_div_area .380 1 .538 

RUNL_0_SRE 4.046 1 .044 

VAR00005 4.128 1 .042 

VAR00026 1.335 1 .248 

RUNL_0_LRE 4.157 1 .041 

VAR00016 3.120 1 .077 

RUNL_0_GLD .493 1 .483 

Table continued in the next page 
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VAR00018 .542 1 .462 

RUNL_0_RLD 4.120 1 .042 

RUNL_0_RP 2.843 1 .092 

RUNL_5_SRE 1.227 1 .268 

RUNL_5_LRE 1.114 1 .291 

RUNL_5_GLD 6.330 1 .012 

RUNL_5_RLD 7.000 1 .008 

RUNL_5_RP 6.490 1 .011 

RUNL_10_SRE .216 1 .642 

RUNL_10_LRE .250 1 .617 

RUNL_10_GLD 4.895 1 .027 

RUNL_10_RLD 5.463 1 .019 

RUNL_10_RP 6.219 1 .013 

RUNL_15_SRE .102 1 .750 

RUNL_15_LRE .037 1 .847 

RUNL_15_GLD 5.075 1 .024 

RUNL_15_RLD 4.640 1 .031 

RUNL_15_RP 5.663 1 .017 

RUNL_20_SRE .835 1 .361 

RUNL_20_LRE .020 1 .888 

RUNL_20_GLD 2.614 1 .106 

RUNL_20_RLD 3.870 1 .049 

RUNL_20_RP 4.899 1 .027 

VAR14diff .143 1 .705 

GLDSENTdiff 1.882 1 .170 

CTIASTRdiff 2.247 1 .134 

CUBRARdiff 4.344 1 .037 
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Table 5.2: Multivariate linear logistic regression analysis, using all significant texture features 

from univariate analysis. Early (<5 years) or late (>5 years) stroke/TIA events were the 

dependent variables. 

 

 

Variables B P Exp(B) 

95% C.I. for EXP(B) 

Lower Upper 

      

 SGLDM_var_mean 117.439 .004 1.007E51 5.564E16 1.823E85 

SFM_coars -.172 .049 .842 .709 .999 

RUNL_0_RLD -.001 .007 .999 .999 1.000 

RUNL_5_GLD  .115 .002 1.121 1.042 1.207 

RUNL_5_RP  .878 .041 2.406 1.036 5.587 

RUNL_10_GLD -.142 .020 .868 .770 .978 

Constant 114.119 .004 .000   

 

CI, confidence interval; Exp(B), odds ratio.  
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Figure 5.1: Box and whiskers plot showing a good separation between the two groups (early 

vs late events), using the prediction model (p<0.005). The circle point indicates an outlier 

(17). 

 

 

  

Time of event 
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Figure 5.2: ROC curve and area under the curve (AUC: 0.766, SE: 0.046, p<0.001) for the 

model predicting early and late events. 
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Figure 5.3: Canonical discriminant analysis in all ACSRS patients (n=1090), using the 6 

independent variables (texture features) from the logistic regression model, shows a good 

separation between the early (green) and late (red) event groups. Patients who did not 

develop symptoms were overlapping. 

0 = No event during follow-up (grey), 1 = Early event (green) and 2 = Late event (red). 

 

  

Time of event 
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Figure 5.4: Canonical discriminant analysis in all ACSRS patients (n=1090), using the 6 

independent variables (texture features) from the logistic regression model plus degree of 

stenosis (ECST method), LnGSM (i.e. normalised), DWA, history of contralateral TIA or stroke 

and JBA, shows a good separation between the two groups (early and late events). Patients 

in the high-risk group were overlapping. 

0 = No event during follow-up (grey), 1 = Early event (green) and 2 = Late event (red). 

  

Time of event 
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Table 5.3: Cross-tabulation of predicted groups from discriminant analysis with actual groups 

(p<0.001). 

 

Predicted Group for Analysis 1 

Time of event                  0 1 2 Total 

      

      

      

0 No event    944 (96.0%)    28 (2.8%)       12 (1.2%)       984 (100.0%) 

     

1 Early event 49 (69.0%)    17 (24.0%) 5 (7.0%) 71 (100.0%) 

     

2 Late event 20 (57.1%)   5 (14.3%) 10 (28.6%) 35 (100.0%) 

 

     

Total  1013 (92.9%)    50 (4.6%)        27 (2.5%)     1090 (100.0%) 
 

0 = No event, 1 = Early event and 2 = Late event during follow-up.  
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Group 1 year 2 years 2.5 years 3 years 4 years 5 years 
0 (1013) 0.98 0.95 0.94 0.93 0.93 0.91 
1 (50) 0.81 0.66 0.60 0.57 0.57 0.47 
2 (27) 0.96 0.92 0.80 0.76 0.66 0.47 
 

Figure 5.5: Life table analysis for stroke/TIA-free survival for the three predicted groups of 

patients. 

0 = No event during follow-up, 1 = Early event and 2 = Late event. 
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Group 1 year 2 years 2.5 years 3 years 4 years 5 years 
0 (1013) 0.99 0.97 0.96 0.96 0.96 0.95 
1 (50) 0.87 0.79 0.79 0.75 0.75 0.68 
2 (27)       1.00 1.00 0.91 0.91 0.79 0.64 
 

Figure 5.6: Life table analysis for stroke-free survival for the three predicted groups of 
patients. 

0 = No event during follow-up, 1 = Early event and 2 = Late event. 
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5.4.2 Mortality in ACSRS 

1121 patients, 39 to 89 years old (mean age, 70.0 years; standard deviation, 7.7; 61% men), 

were included in this ACSRS analysis for mortality. Mean follow-up was 48 months (range, 6-

96 months). Baseline demographics and characteristics have been previously reported and 

are shown in table 4.1 (chapter 4). 

  

5.4.2.1 All-cause mortality 

During follow-up, there were 213 (19%) deaths. The causes of death in our cohort are shown 

in table 5.4. Life table analysis showed that the actual 5-year survival was 77% (Fig. 5.7). 

Average annual all-cause mortality was 4.6%. 
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Table 5.4: Causes of death in ACSRS. 

 

All deaths: 213 [Average overall annual mortality 4.6%] 

Cardiovascular deaths: 145 (68.1%) [Average annual CV mortality 3.2%] 

MI                 92 

Ischaemic stroke                 21 

Haemor. stroke                   4 

Heart failure                 16 

Pulmonary embolism                                  4 

Lower limb ischaemia/gangrene                 3 

Ruptured AAA                   3 

Mesenteric art. thrombosis                 1 

Renal Failure                   1 

Noncardiovascular deaths: 61 (28.6%) 

Malignancy                 42 

Pneumonia                   7 

Respiratory failure                                 5 

Dementia                                                         3 

Gastrointestinal haemorrhage    2 

RTA      2 

Undetermined: 7 (3.3%) 

 

AAA, abdominal aortic aneurysm; MI, myocardial infarction; RTA, road traffic accident. 
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Figure 5.7: Life table analysis of patients with >50% ACS. Actual 5-year survival rate was 77% 

in ACSRS. 
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5.4.2.2 Baseline features associated with increased all-cause mortality. Predicting all-cause 

mortality 

Hazard ratios of patient characteristics associated with a significant reduction in 5-year 

survival on univariate analysis are shown in table 5.5. After multivariate logistic regression 

analysis, using the significant factors in Cox proportional hazards models, age, male gender, 

>80% carotid stenosis (NASCET criteria), diabetes, cardiac failure, left ventricular 

hypertrophy (LVH) on ECG, smoking, no use of antiplatelets and history of vertebrobasilar 

symptoms were independent predictors of all-cause mortality (Table 5.6). The area under 

the ROC curve for the above model was 0.709. Using the significant variables in the Cox 

model, the 5-year cumulative overall mortality was calculated for all patients. By the use of 

mean covariates in the Cox model, it was found that survival at 5 years was 84 % (Fig. 5.8). 

Therefore, predicted all-cause mortality-free survival at 5 years for every patient can be 

calculated from: 100 * (0.840 exp (sum βx)). Sum βx is provided by the SPSS software as a 

new variable. The predicted cumulative 5-year all-cause mortality was recoded as 0 = 0-4,     

1 = 5-9, 2 = 10-14, 3 = 15-24, 4 = 25-39, 5 = 40+ (Table 5.7). This variable was used to 

produce six cumulative all-cause mortality curves using the observed deaths (Fig. 5.9). This 

was a good internal calibration of the model in ACSRS. 
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Table 5.5: Hazard ratios of patient characteristics, in ACSRS, associated with a significant 

reduction in 5-year all-cause and CV survival, on univariate analysis. Statistically significant 

factors are in bold. 

 

Risk factor  CV death 

 HR 

95% CI Any death 

  HR   

   95% CI 

 

Continuous variables 

 

    

Age (10-year increase)  1.74 1.35 to 2.17 1.71 1.40 to 2.10 

BMI (5-unit increase)  1.05 0.84 to 1.32 0.91 0.75 to 1.11 

Systolic BP (10-unit increase) 1.11 1.01 to 1.22 1.11 1.02 to 1.20 

Diastolic BP (10-unit increase) 1.06 0.88 to 1.28 1.08 0.92 to 1.26 

Creatinine (increase by 20%) 1.27 1.13 to 1.42 1.32 1.19 to 1.47 

Ln(GSM+40)  1.04 0.60 to 1.80 1.08 0.67 to 1.72 

Fibrinogen 1.38 1.15 to 1.66 1.35 1.15 to 1.59 

Total Cholesterol 0.90 0.82 to 1.12 0.94 0.82 to 1.08 

LDL Cholesterol  1.08 0.92 to 1.28 1.07 0.09 to 1.23 

HDL Cholesterol  1.03 0.69 to 1.54 0.89 0.62 to 1.28 

Triglycerides  0.93 0.66 to 1.32 0.87 0.64 to 1.17 

 

Nominal variables 

 

    

Age Classes     

< 70  1  1  

70-79  1.74 1.17 to 2.59 2.00 1.43 to 2.79 

>  79 3.82 2.21 to 6.61 3.41 2.07 to 5.63 

Male 1.44 1.00 to 2.10 1.63 1.18 to 2.25 

Smoking (ever) 1.22 0.82 to 1.82 1.51 1.06 to 2.14 

Pack years ≥10 1.22 0.86 to 1.73 1.38 1.02 to 1.86 

 

     

                                                                                                           Table continued in the next page 
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Stenosis Class (NASCET)     

<80%,  ≥80% 1.89 1.32 to 3.77 1.67 1.22 to 2.28 

Creatinine <100, >100 2.01 1.41 to 2.85 1.85 1.36 to 2.50 

Antiplatelet therapy  0.55 0.36 to 0.84 0.53 0.37 to 0.76 

Antihypertensive therapy 1.17 0.82 to 1.69 1.05 0.77 to 1.42 

Coronary artery disease 1.41 0.98 to 2.01 1.46 1.07 to 1.98 

Myocardial revascularisation 0.99 0.59 to 1.64 1.07 0.69 to 1.63 

Hypertension  1.34 0.92 to 1.95 1.14 0.83 to 1.56 

Diabetes 1.63 1.10 to 2.42 1.45 1.02 to 2.05 

Vertebrobasilar symptoms 1.44 0.88 to 2.34 1.64 1.09 to 2.49 

Contr. ICA occlusion 1.45 0.82 to 2.56 1.54 0.94 to 2.52 

Per. Vascular operation 1.64 1.02 to 2.67 1.55 1.01 to 2.38 

M. ischaemia on ECG 1.44 0.96 to 2.14 1.42 1.01 to 2.01 

Old MI on ECG  1.55 1.02 to 2.35 1.49 1.03 to 2.14 

LVH on ECG 2.85 1.82 to 4.49 2.31 1.52 to 3.52 

Cardiac Failure 3.76 1.92 to 7.35 2.57 1.34 to 4.94 

     

     

BMI, body mass index; BP, blood pressure; CI, confidence interval; CV, cardiovascular; ECG, 

electrocardiogram; GSM, grey scale median; HR, hazard ratio; ICA, internal carotid artery; LVH, left 

ventricular hypertrophy; MI, myocardial infarction; M. ischaemia, myocardial ischaemia. 
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Table 5.6: Significant risk factors for 5-year all-cause mortality in ACSRS, after multivariate 

logistic regression analysis using Cox proportional hazards models. 

 

Variables B P Exp(B) 95.0% CI for Exp(B) 

Lower Upper 

      

Gender (male) .414 .009 1.513 1.108 2.067 

Stenosis>80% .491 .001 1.634 1.232 2.168 

Diabetes .528 .001 1.696 1.242 2.315 

Cardiac failure .662 .016 1.939 1.130 3.326 

LVH .456 .013 1.578 1.100 2.264 

Antiplatelets       -.623 .000 .536 .390 .737 

Age .058 .000 1.060 1.040 1.081 

Smoking .545 .002 1.725 1.217 2.444 

VB symptoms .621 .001 1.861 1.295 2.675 

 

CI, confidence interval; Exp(B), odds ratio; LVH, left ventricular hypertrophy; smoking, smoking ever; 

VB symptoms, vertebrobasilar symptoms. 
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Figure 5.8: Cumulative all-cause mortality-free survival (with the use of mean covariates in 

the Cox model) at 5 years was 0.840. 
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Table 5.7: Recoding of predicted 5-year all-cause mortality into 6 groups for model 

calibration purposes. 

 

Predicted Group 5-year 

all-cause mortality 

N Observed 5-year 

all-cause mortality 

   

0-4 27 4% 

5-9 209 7% 

10-14 257 18% 

15-24 322 17% 

25-39 204 42% 

40+ 102 52% 
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Figure 5.9: Cumulative all-cause mortality curves using the observed deaths. Internal 

calibration of the model for all-cause mortality in ACSRS. 
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5.4.2.3 Predicted risk of stroke and all-cause mortality 

The predicted 5-year stroke risk (using the ASCRS stroke risk model from 2010 publication) 

(Nicolaides et al, 2010) was plotted against predicted 5-year all-cause mortality with actual 

strokes (Fig. 5.10). From the scattergram, it becomes obvious that most of the patients in 

ACSRS are in the lower left quadrant of the graph. These patients have a low stroke and 

mortality risk and it is unlikely that they would benefit from surgery. There is a small group 

of patients in the upper left quadrant who are at high risk for stroke and have a low 

mortality risk. These asymptomatic patients would be the ideal candidates for CEA. Thus, 

this is the group of patients with ACS >50% that needs to be identified. 
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Figure 5.10: Scattergram of predicted 5-year stroke risk against predicted 5-year all-cause 

mortality with actual strokes shown in red (ACSRS data). 
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5.4.2.4 Cardiovascular mortality 

There were 145 deaths from cardiovascular (CV) causes. This was 68.1% of all deaths. Using 

Kaplan-Meier curves, the 5-year survival rate free of CV mortality was 84% while the 

corresponding average annual CV mortality was 3.2% (Fig. 5.11).  
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Figure 5.11: Life table analysis shows that 5-year survival free of CV mortality was 84%, i.e. 

average annual CV mortality was 16/5=3.2%. 
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5.4.2.5 Baseline features associated with increased cardiovascular mortality. Predicting CV 

mortality 

The univariate analysis for risk factors for CV mortality is in table 5.5. Multivariate analysis 

was subsequently performed, using the significant factors in Cox proportional hazards 

regression, with CV mortality as the dependent variable. This showed that age, male gender, 

diabetes, fibrinogen >3.6 g/L, carotid stenosis >80% (NASCET criteria), cardiac failure, no 

antiplatelet therapy and LVH on ECG were independent predictors of CV mortality. After 

reclassifying patients into 3 groups according to age (<70, 70-79 and >79 years), we took 

fibrinogen out of the equation as it is very rarely measured in routine clinical practice, and 

ran again Cox proportional hazards models. The best prediction model is shown in table 5.8. 

The area under the ROC curve for the Cox model was 0.701 (95% CI, 0.656-0.746; p<0.001), 

as shown in figure 5.12.   

By the use of mean covariates of the significant variables in the Cox model, CV 

mortality-free survival at 5 years for the whole group was 87.5% (Fig. 5.13). Therefore, 5-

year cumulative CV mortality-free survival for each patient can be calculated from:            

100 * (0.875 exp (sum βx)). Sum βx is provided by the SPSS software as a new variable. The 

predicted cumulative 5-year CV mortality was recoded as 0 = 0-4, 1 = 5-9, 2 = 10-14, 3 = 15-

24, 4 = 25-39, 5 = 40+, as shown in table 5.9. This variable was used to produce 5-year 

cumulative CV mortality curves using the observed CV deaths (Fig. 5.14). That was a good 

internal calibration of the model. 

Subsequently, tables for calculating the risk of CV death for any patient were 

produced (Tables 5.10-5.12). Patients were classified into 3 groups according to their age in 

years (<70, 70-79 and >79 years) and 5-year CV mortality for each subgroup was predicted 

with the use of the best Cox model. Using the parameters of the Cox model, patients with 

the lowest predicted 5-year CV mortality (4%) were female patients, <70 years old with an 

ACS <80%, nondiabetic, on aspirin, without cardiac failure or LVH (Table 5.10). The group of 
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ACS patients with the highest predicted 5-year CV mortality (100%) were male patients, >79 

years old with a carotid stenosis >80%, diabetic with cardiac failure and LVH, not taking 

aspirin (Table 5.12). 
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Table 5.8: Best prediction model for 5-year CV mortality in patients with >50% ACS after 

multivariate logistic regression analysis, using Cox proportional hazards models. 

 

Variables B P Exp(B) 95.0% CI for Exp(B) 

Lower Upper 

      

Age class .601 .000 1.823 1.422 2.339 

Gender (male) .462 .011 1.587 1.111 2.267 

Stenosis >80% .550 .002 1.733 1.232 2.436 

Diabetes .652 .001 1.920 1.329 2.775 

Cardiac Failure .919 .002 2.506 1.395 4.503 

LVH .637 .003 1.891 1.251 2.858 

Antiplatelets      -.622 .002 .537 .365 .789 

 

Age class, age classified into 3 groups (<70, 70-79, >79 years); CI, confidence interval; Exp(B), odds 

ratio; LVH, left ventricular hypertrophy on ECG. 
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Figure 5.12: ROC curve and area under the curve (AUC: 0.701, SE: 0.023, p<0.001) for the 

Cox model predicting 5-year CV mortality in patients with ACS >50%. 
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Figure 5.13: Cumulative CV mortality-free survival (with the use of mean covariates in the 

Cox model) at 5 years was 87.5%. 
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Table 5.9: Recoding of predicted 5-year CV mortality into 6 groups for model calibration 

purposes. 

 

Predicted Group 5-year 
 

CV mortality 
 

N Observed 5-year 
 

CV mortality 
 

   

0-4 52 4% 

5-9 326 7% 

10-14 301 10% 

15-24 240 18% 

25-39 143 39% 

40+ 59 46% 
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Figure 5.14: Cumulative CV mortality curves using the observed CV deaths. Internal 

calibration of the model for CV mortality in ACSRS. 
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Table 5.10: Predicted 5-year CV mortality for patients <70 years old with an ACS >50% 

(expressed in percentages %) based on best Cox model variables. 

 

                                                                                                                   LVH 

Gender Stenosis Diabetes 

 

Cardiac 

Failure 

No Yes 

Asp No asp Asp No 

asp 

 

 

 

 

Male 

 

 

>80% 

 

Yes 

Yes 47 68 68 88 

No 21 35 35 54 

 

No 

Yes 28 46 46 68 

No 12 20 20 34 

 

 

<80% 

 

Yes 

Yes 30 48 48 70 

No 13 22 22 36 

 

No 

Yes 17 29 29 47 

No 7 13 13 21 

 

 

 

 

Female 

 

 

>80% 

 

Yes 

Yes 33 51 51 73 

No 13 23 23 38 

 

No 

Yes 18 32 32 50 

No 8 13 13 23 

 

 

<80% 

 

Yes 

Yes 20 33 33 52 

No 8 14 14 24 

 

No 

Yes 11 19 19 33 

No 4 8 8 13 

 

Asp, aspirin therapy; LVH, left ventricular hypertrophy on ECG.  
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Table 5.11: Predicted 5-year CV mortality for patients 70-79 years old with an ACS >50% 

(expressed in percentages %) based on best Cox model variables. 

 

                                                                                                                   LVH 

Gender Stenosis Diabetes 

 

Cardiac 

Failure 

No Yes 

Asp No asp Asp No 

asp 

 

 

 

 

Male 

 

 

>80% 

 

Yes 

Yes 67 87 87 98 

No 33 53 53 75 

 

No 

Yes 44 66 65 86 

No 19 33 33 52 

 

 

<80% 

 

Yes 

Yes 47 68 68 88 

No 21 35 35 54 

 

No 

Yes 28 45 45 67 

No 12 20 20 34 

 

 

 

 

Female 

 

 

>80% 

 

Yes 

Yes 49 71 71 90 

No 22 37 37 57 

 

No 

Yes 30 48 48 70 

No 13 22 22 36 

 

 

<80% 

 

Yes 

Yes 32 50 50 73 

No 13 23 23 38 

 

No 

Yes 18 31 31 50 

No 7 13 13 23 

 

Asp, aspirin therapy; LVH, left ventricular hypertrophy on ECG.  
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Table 5.12: Predicted 5-year CV mortality for patients >79 years old with an ACS >50% 

(expressed in percentages %) based on best Cox model variables. 

 

                                                                                           LVH 

Gender Stenosis Diabetes 

 

Cardiac 

Failure 

No Yes 

Asp No asp Asp No 

asp 

 

 

 

 

Male 

 

 

>80% 

 

Yes 

Yes 88 98 98 100 

No 54 76 76 93 

 

No 

Yes 67 87 87 96 

No 34 53 53 75 

 

 

<80% 

 

Yes 

Yes 79 89 89 98 

No 36 55 55 77 

 

No 

Yes 47 68 70 88 

No 21 35 35 55 

 

 

 

 

Female 

 

 

>80% 

 

Yes 

Yes 72 91 91 98 

No 38 58 58 80 

 

No 

Yes 50 71 71 90 

No 27 37 37 57 

 

 

<80% 

 

Yes 

Yes 53 74 74 91 

No 24 40 40 60 

 

No 

Yes 32 51 51 73 

No 13 23 23 39 

 

Asp, aspirin therapy; LVH, left ventricular hypertrophy on ECG. 
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5.5 Discussion 

High-resolution vascular B-mode and Doppler ultrasound can provide information not only 

on the severity of carotid stenosis but also on the size, morphology and texture of the 

atherosclerotic carotid plaque. ACSRS results have shown that the combination of clinical 

factors and morphological characteristics of the plaque can be used as a potential stroke risk 

stratification tool in patients with ACS (Nicolaides et al, 2010). 

 The present study showed that texture analysis of established and novel ultrasonic 

features of the carotid plaque can be used for stroke risk stratification in terms of time and 

predict early cerebrovascular events (stroke/TIA) in patients with ACS. This is the first time it 

has been shown. 

Computerised objective methods were used, including texture analysis algorithms. 

The “Plaque Texture Analysis software” is a dedicated software for carotid plaque image 

analysis. In contrast to all previous texture applications, this was done with a standardised 

technique, taking into account image resolution and using normalised images. 

The results showed that six different computer-extracted plaque texture features 

(SGLDM_var_mean, SFM_coars, RUNL_0_RLD, RUNL_5_GLD, RUNL_5_RP and 

RUNL_10_GLD) were independent predictors of early stroke or TIA in asymptomatic 

individuals. The area under the ROC curve for the above model was 0.766 (95% CI, 0.676-

0.856). These texture features are an index not only of plaque’s echogenicity but also of 

heterogeneity (Haralick, Shanmugamk & Dinstein, 1973; Kadah et al, 1996; Wilhjelm et al, 

1998). Our results are in agreement with Tegos’ findings, who showed that hypoechoic and 

predominantly homogenous plaques were associated with increased incidence of 

cerebrovascular events (Tegos et al, 2001b).  
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 A group of 50 patients could be identified from baseline plaque characteristics as 

having an extremely high risk to develop events and particularly stroke in the first 2 years. 

Also, there was another group of 27 patients at high risk for stroke/TIA but after the second 

year. The produced model could be considered an initial tool for differentiating 

asymptomatic patients. Identification of a group of asymptomatic patients who are at high 

risk to develop a cerebrovascular event in a short period of time (<2 years) would increase 

effectiveness of CEA dramatically. 

Also, ACSRS data analysis from 1121 patients with ACS showed that long-term all-

cause and cardiovascular (CV) mortality rates were high. The 5-year all-cause mortality rate 

was 23% (average annual all-cause mortality was 4.6%). The majority of deaths (68.1%) were 

due to cardiovascular causes (mainly MI, cardiac failure or ischaemic stroke). The 5-year CV 

mortality rate was 16% (average annual CV mortality of 3.2%). These figures are almost 

identical to the results of a meta-analysis of the literature on long-term mortality in patients 

with ACS, published previously by our group (Giannopoulos et al, 2015). 

Mortality statistics of 2005, in England and Wales, indicate that the average annual 

mortality in the general population for the age group 65-74 was 1.67% (Great Britain, Office 

for National Statistics, 2005). Thus, our results show that all-cause mortality in patients with 

ACS is almost three times higher than the mortality in the general population. 

Large epidemiological studies, such as the Framingham and the Prospective 

Cardiovascular Munster Study (PROCAM), classify asymptomatic individuals into three risk 

groups, low, intermediate and high, for cardiovascular events based on their 10-year risk 

(Assman, Cullen & Schulte, 2002). Classification of individuals into one of the previous 

groups is based on whether the 10-year risk is <10% (<1% per year), 10-20% (1-2% per year) 

or >20% (>2% per year), respectively. According to the ACSRS results, patients with ACS 

>50% are at extremely high risk. 
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In the year 2010, in the UK, CAD accounted for 18% of all deaths in the age group 60-

69 and 21% in the age group 70-79. In ACSRS, 68.1% of all deaths were due to cardiovascular 

events. Our numbers show that cardiovascular deaths in patients with ACS are at least three 

times higher than in the general population (Mortality trends, 2013). 

In ACAS, it was shown that 20 operations were needed in patients with ACS to 

prevent one stroke in 5 years (Executive Committee for the Asymptomatic Carotid 

Atherosclerosis Study, 1995). The net benefit from CEA starts after the third year. A 

decreased survival would minimize the effectiveness of CEA in asymptomatic patients. For 

the above reasons, Society for Vascular Surgery (SVS) guidelines suggest that patients with 

ACS ≥60% should be considered for CEA only when life expectancy is >3 years (Ricotta et al, 

2011), while according to AHA/ASA recommendations, life expectancy should be >5 years 

(Goldstein et al, 2011; Biller et al, 1998; Chaturvedi et al, 2005). Mortality is a crucial 

parameter in decision making regarding treatment of ACS. Unfortunately, patients with ACS 

show high mortality rates, mainly due to significantly high cardiovascular mortality. This 

renders identification of the risk factors associated with increased mortality rates, in the 

above patients, extremely important. 

After univariate analysis in ACSRS, multivariate logistic regression analysis, using Cox 

proportional hazards models, was performed. It was found that independent predictors of 

all-cause mortality, in patients with ACS, were age, male gender, carotid stenosis >80%  

(NASCET criteria), diabetes, cardiac failure, left ventricular hypertrophy (LVH) on ECG, 

smoking, no antiplatelet therapy and history of vertebrobasilar symptoms. Using similar 

methods, with CV mortality as the dependent variable, it was shown that age, male gender, 

diabetes, fibrinogen >3.6 g/L, carotid stenosis >80% (NASCET criteria), cardiac failure, no 

antiplatelet therapy and LVH on ECG were independent risk factors for CV mortality, in 

ACSRS.  
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The vast majority of studies on patients with ACS focus on stroke risk stratification, 

despite the absence of a specific algorithm universally accepted. There are only three studies 

in the literature that developed scoring systems for mortality risk stratification in patients 

with ACS (Cohen et al, 1993; Reed et al, 2003; Wallaert et al, 2013). In one study, annual 

mortality rate of 1.2% was found in the low-risk subgroup, including 27% of the patients 

(Wallaert et al, 2013). In the rest of the subgroups, annual mortality rate was ≥4.0%. 

As our results showed, the majority of deaths in patients with ACS were due to 

cardiac events. Most of associated risk factors are modifiable. Based on the parameters of 

the best Cox model (Table 5.8), we produced tables predicting 5-year CV mortality in 

patients with ACS >50% (model was internally validated). From these tables, it is shown that 

there is a subgroup of asymptomatic patients with 100% predicted 5-year CV mortality that 

carries 25 times the risk of a low-risk subgroup where 5-year predicted CV mortality is 4%. 

The subgroup with the lowest risk consists of nondiabetic female patients, aged <70 years 

with <80% ACS, on aspirin, with no signs of cardiac failure or LVH on ECG. Patients with 

increased predicted CV mortality should not be considered as candidates for CEA. This risk 

prediction model is unique not only because it was derived from ACSRS, a natural history 

study including a large number of patients, but also, in contrast to previous studies, it is a 

tool for CV mortality risk stratification for any patient with ACS. 

Also, a scattergram was produced after predicted 5-year stroke risk was plotted 

against predicted 5-year all-cause mortality (Fig. 5.10). There is a small group of patients, in 

the upper left quadrant of the graph, who have a high risk for stroke and a low mortality risk, 

based on the relative prediction models from ACSRS group (Nicolaides et al, 2010). It seems 

that these are the patients who will benefit most from CEA. This is the first time that this has 

been shown. 
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One limitation of this study was that validation of the produced models was done 

internally. These need to be validated in new prospective studies with asymptomatic 

patients on best modern medical therapy. Medical management in ACSRS was left at the 

discretion of the physician in charge. In addition, further morphological analysis for 

identification of the key features of the plaques, associated with early or late strokes, needs 

to follow. 

To conclude, the aim of this study was finally achieved: a) a model identifying a 

group of asymptomatic patients that are at high risk for stroke in a short term period (<2 

years) was developed. Plaque texture features analysis (see section 3.1.2) is a potential tool 

in stroke risk stratification, predicting the time period of stroke occurrence in patients with 

ACS, b) the long-term 5-year all-cause mortality in patients with ACS is high, 23% 

corresponding to an average annual mortality of 4.6%. Similarly, the 5-year CV mortality was 

also high, 16% corresponding to an average annual mortality of 3.2%, c) the available risk 

factors of gender, stenosis >80%, cardiac failure, left ventricular hypertrophy, antiplatelet 

therapy, age, diabetes, smoking and vertebrobasilar symptoms could be used in mortality 

risk stratification and d) a model for predicting a patient’s risk of cardiovascular death within 

5 years could be developed. 
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CHAPTER 6 

 Plaque motion analysis study. Association of visual 

classification of plaque motion with symptoms - An objective 

measurement of discordant motion and its relationship to 

symptoms 
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6.1 Introduction 

Carotid plaque rupture is a major cause of ischaemic stroke and TIAs. It has been suggested 

that plaques which do not rupture have all of their components moving in the same 

direction (concordant movement), as they are influenced by mechanical forces, while 

plaques that tend to rupture display discordant movement throughout the cardiac cycle, i.e. 

different areas of the plaque move in different directions, resulting in high stress and strain 

(Meiars & Hennerici, 1999). Plaque motion is a feature that has received little attention by 

researchers. 

As indicated in the review of the literature, quantification of plaque motion, using 

routine ultrasound B-mode imaging, is feasible and can be made quickly on conventional 

laptops. Such a measurement, that is amenable to automation, has already been proposed 

by Nasrabadi et al (2012). This consists of a plot of distance of pixel motion against “fan” 

width in degrees. Based on the limited number of cases he studied, he suggested that the 

area under the curve was directly proportional to the magnitude of the discordant 

movement. This approach has been undertaken in this chapter. 

However, plaque motion differences between symptomatic and asymptomatic 

plaques and the incidence of discordant movement in symptomatic and asymptomatic 

patients have not been determined in large cross-sectional or prospective studies. Fast 

computer software for plaque motion analysis may establish this technique in clinical 

practice. 

Using a newly developed software, that can perform plaque motion analysis on a PC 

in less than 10 minutes, the visual classification of carotid atherosclerotic plaques and their 

relationship with symptoms were studied first. At the time this work was undertaken, the 

measurements of maximum median motion (MMM) and “fan” width were not available. 
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However, the findings indicated that this line of research should be pursued further. Thus, 

the software was developed further by the team of Prof. Efthyvoulos Kyriacou so that 

measurements of motion distance would be available in mm, the direction of motion of 

different pixels would be shown using vectors and the maximum angle between these 

vectors could be calculated in degrees. The software was tested on different plaques and the 

measurements made were validated using electronic phantoms. 

 

6.2 Aims 

The aim of this study was to determine a) the prevalence of discordant movement in both 

symptomatic and asymptomatic plaques, b) the association of discordant movement with 

symptoms. Also, c) to test the reproducibility of the visual method of plaque classification 

into concordant, borderline discordant and discordant motion, d) to determine possible 

causes of discrepancy and e) most important to develop a method of objective 

measurements by computer in order to differentiate between different types of plaque 

motion and determine their relationship to symptomatic plaques. 

 

 6.3 Methods 

Briefly, a cross-sectional, case-control study assessing the diagnostic ability of carotid plaque 

motion analysis in symptomatic and asymptomatic patients was designed. Eligible patients 

referred to the Vascular Laboratory for a routine carotid Duplex scan to grade the degree of 

stenosis were also investigated by recording two short videos (10 cardiac cycles), one using 

grey scale and the other colour flow. Asymptomatic or symptomatic patients with >50% ICA 

stenosis were recruited. The methodology of this study, including inclusion and exclusion 
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criteria, ultrasound video acquisition and plaque motion analysis, has been described earlier 

in chapter 3. 

 

6.3.1 Visual classification of plaques as having concordant or discordant movement 

Plaques were classified visually as with concordant or discordant motion. Plaques were 

classified as concordant if all of their components were moving in the same direction, as 

shown by parallel green vectors, consistently during every systole or early diastole (Fig. 6.1 

a). A carotid plaque was reported as discordant if it had its components moving in different 

directions, as shown by the green vectors when pointing consistently in different directions 

during each cardiac cycle (Fig. 6.1 e). Plaques were classified as borderline discordant if the 

green vectors were seen to be in different directions only in some (less than 50%) systolic 

comparisons. This classification was made by an observer not knowing whether the plaques 

were symptomatic or asymptomatic.  
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Figure 6.1: a. Concordant movement. All motion vectors move in the same direction during 

systole, b. M-mode of the ultrasound clip, c. Directional motion analysis of a plaque with 

concordant movement showing the orientation of the movement of the arrows (fun width is 

narrow), d. Motion-spread scatterplot in concordant movement, e. Discordant movement. 

Different areas of the plaque move in different directions during systole, f. M-mode of the 

ultrasound clip, g. Directional motion analysis of a plaque with discordant movement (fun 

width is wide), h. Motion-spread scatterplot in discordant movement. 

a b 

c d 

e f 

g h 
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6.3.2 Plaque motion analysis 

During plaque motion analysis (see section 3.2.11) and for each systolic image obtained, the 

software calculated the median movement of all the pixels (maximum median movement-

MMM) and the width of the “fan” (fan-width), i.e. the maximum angle between different 

vectors. In addition, on this occasion, the results of the image comparisons in systole or early 

diastole were saved as described below. 

 All image frames analysed were saved in an image file and all numerical data (MMM 

and fan-width) were saved in a text file. Numerical data were transferred to SPSS for further 

processing. First, for every image, the product of the MMM and fan-width was obtained. 

This was done for P20, P30, P40, P50, P60 and P70. Finally, the means of all products at P20, 

P30, P40, P50, P60 and P70 were obtained for each plaque. This mean product was 

equivalent to twice the area under the curve as proposed by Nasrabadi et al (2012).  

The means of P20, P30, P40, P50, P60 and P70 were then entered into a master 

database and ROC curves were obtained for those means and symptoms. This enabled the 

author to select the product that could provide the best separation between concordant and 

discordant plaque motion. Analysis was performed with IBM SPSS Statistics version 20 (SPSS 

Inc, Chicago, III). 
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6.4 Results 

6.4.1 Discordant motion and its association with symptoms 

116 patients (3 missing videos), 45 to 96 years old (mean age, 74.4 years; standard 

deviation, 9.9; 63% men), were recruited in the study. Baseline clinical and ultrasonic 

characteristics of the patients can be found in table 6.1. Of the 113 plaques analysed, 56 

were symptomatic and 57 asymptomatic. They were classified as 0 = concordant (n=38), 1 = 

borderline discordant (n=11) and 2 = discordant (n=64). This classification was based on the 

visual interpretation of the direction of the green vectors in systole and early diastole. Table 

6.2 shows that the majority of plaques (84.2%) with concordant motion were asymptomatic. 

54.5% of the plaques that were classified as borderline discordant were asymptomatic and 

45.5% of them were symptomatic. 70.3% of the plaques that were classified as discordant 

were symptomatic.  

 Of all the clinical features included in the database only stenosis and statins were 

significantly associated with symptomatic plaques. In fact, statins were associated with 

asymptomatic plaques. The prevalence of symptoms was 44.8% in the <80% stenotic and 

75% in the >80% stenotic plaques (p<0.014) (Table 6.3). Prevalence of symptomatic plaques 

in the presence of statins was 42.3%, while in the absence of statins it was 65.8% (p<0.018) 

(Table 6.4). Therefore, it became important to adjust type of plaque motion for stenosis and 

statin therapy. After logistic regression analysis, the unadjusted and adjusted (for stenosis 

and statin therapy) odds ratios for symptoms in plaques with discordant motion were 

produced (Table 6.5). Discordant motion was still significant after adjustment for stenosis 

and statins. This confirms the strength of the association between discordant movement and 

symptomatic plaques. 
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Table 6.1: Baseline clinical and ultrasonic characteristics in 116 patients. 

 

Continuous variables 
 

Mean Standard Deviation 

Age, years  74.4   ± 9.9 
Systolic Blood Pressure (mmHg)               152.5 ± 21.4 
Diastolic Blood Pressure(mmHg)  78.8 ± 10.2 
 
Categorical values 

 
Number 

 
% 
 

Gender (Male) 73 62.9% 
Hypertension 83 71.6% 
Diabetes 35 30.2% 
Hyperlipidaemia 43 37.1% 
Smoking History 38 32.8% 
CAD 31 26.7% 
COPD 13 11.2% 
CKD 11    9.5% 
Antiplatelet therapy 86 74.1% 
Statins 78 67.2% 
JBA   9    7.8% 
Plaque ulcer   7    6.0% 
 

CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary 

disease; JBA, juxtaluminal black area. 

 

 

  



233 
 

Table 6.2: Association between the visual classification of plaque motion and symptoms. 

  

Plaque motion Asymptomatic Symptomatic Total 

    

(0) Concordant 32 (84.2%)   6 (15.8%) 38 (100%) 

(1) Borderline discordant   6 (54.5%)   5 (45.5%) 11 (100%) 

(2) Discordant 19 (29.7%) 45 (70.3%) 64 (100%) 

Total 57 56 113 
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Table 6.3: Association between stenosis severity and symptoms (p<0.014). 

 

Stenosis Asymptomatic Symptomatic Total 

    

Stenosis <80% 53 (55.2%) 43 (44.8%) 96 (100%) 

Stenosis >80%   5 (25.0%) 15 (75.0%) 20 (100%) 

Total 58 (50.0%) 58 (50.0%)         116 (100%) 
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Table 6.4: Association between statin therapy and symptoms (p<0.018). 

 

Statin therapy Asymptomatic Symptomatic Total 

    

No statins 13 (34.2%) 25 (65.8%) 38 (100%) 

Statins 45 (57.7%) 33 (42.3%) 78 (100%) 

Total 58 (50.0%) 58 (50.0%)         116 (100%) 
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Table 6.5: Unadjusted and adjusted (for stenosis and statin therapy) odds ratios for 

symptoms, in plaques with discordant motion after logistic regression analysis in 113 

patients. 

 

                                                                                        Unadjusted OR                 Adjusted OR 

Plaque motion N Symptoms OR 95% CI OR 95% CI 

       

 Concordant 38   6 (15.8%) 1  1  

 Borderline discordant 11   5 (45.5%) 3.23 0.78 to 13.34 3.66 0.82 to16.44 

 Discordant 64 45 (70.3%) 8.14 3.17 to 20.88 9.91 3.51 to 27.96 

 

CI, confidence interval; OR, odds ratios.  
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6.4.2 Reproducibility of plaque movement using visual classification 

The results of the first run (of visual classification of plaque motion type) were compared 

with the findings of the second run in a cross-tabulation and using the Kappa statistic (Table 

6.6). Of the 38 plaques initially classified as concordant, 4 (10.5%) were reclassified as 

borderline discordant in the second run. Of the 64 plaques initially classified as discordant, 7 

(10.9%) were reclassified as borderline discordant and one (1.6%) as concordant. Of the 11 

plaques initially classified as borderline discordant, 4 (36.4%) were reclassified as discordant, 

5 (45.4%) remained borderline discordant and 2 (18.2%) were reclassified as concordant.  

 Causes of discrepancy were the inclusion of different areas of plaque in the region of 

interest (ROI), including different sizes of black areas such as acoustic shadows. Large areas 

of black pixels have no information but tend to decrease the percentage values of pixels 

used in determining the fan-width. One plaque was having a rotational movement showing 

some pixels moving in one direction while others in the opposite direction and thus was 

interpreted as discordant, although in reality it was moving as one piece. The Kappa value of 

0.723 (p<0.001) indicates a good reproducibility. It is recommended that the area of black 

pixels included in the ROI is minimised. The association of visual classification of plaque 

motion in the second run with symptoms is as shown in table 6.7. The percentages in this 

table are very close to those found in the first run (Table 6.2). 
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Table 6.6: Comparison of plaque motion visual classification of the first run with the second 

run. Kappa=0.723 (p<0.001). 

 

 

PLtype (2nd run) 

Total 

 

Concordant 

 

B. Discordant 

 

Discordant 

 

 
  

 
 

PLtype 

(1st run) 

 Concordant   34 (89.5%) 4 (10.5%)     0 (0.0%) 38 (100.0%) 

     

 B. Discordant 2 (18.2%) 5 (45.4%) 4 (36.4%) 11 (100.0%) 

     

 Discordant      1 (1.6%) 7 (10.9%)  56 (87.5%) 64 (100.0%) 

     

 Total    37(32.7%)     16 (14.2%)  60 (53.1%)  113 (100.0%) 

     
 

B. Discordant, borderline discordant motion; PLtype, type of plaque motion. 
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Table 6.7: The association of plaque motion with symptoms in the second run of visual 

classification (p<0.001). 

 

 
Symptoms 

Total Asymptomatic Symptomatic 

     

     

     

PLtype 

(2nd run) 

Concordant 32 (86.5%)   5 (13.5%)   37 (100.0%) 

    

B. Discordant   7 (43.8%)   9 (56.2%)   16 (100.0%) 

    

Discordant 18 (30.0%) 42 (70.0%)   60 (100.0%) 

    

 Total 57 (50.4%) 56 (49.6%) 113 (100.0%) 

    
 

B. Discordant, borderline discordant motion; PLtype, type of plaque motion. 
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6.4.3 Identification of the optimal predictor measurement for discordant movement  

Based on the type of movement, plaques with borderline discordant movement were 

reclassified as discordant. This should increase the sensitivity at the expense of specificity. 

ROC curves of P20, P30, P40, P50, P60 and P70 were obtained for the reclassified concordant 

or discordant plaques (Fig. 6.2). The highest area under the curve was 0.928 (95% CI, 0.880-

0.977) for P40 (Table 6.8), although there was very little difference between P20, P30 and 

P40. Mean P40 values for concordant and discordant plaques, before and after 

reclassification, are shown in figures 6.3-6.4. 
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Figure 6.2: P40 provided the highest area under the ROC curve. 
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Table 6.8: Areas under the ROC curve for different mean P products. The highest area 

(0.928) is provided by P40, although there is very little difference between P20, P30 and P40. 

 

Area Under the Curve 

Test Result 

Variable(s) Area Std. Errora 

Asymptotic 

Sig.b 

95% Confidence Interval 

Lower Bound Upper Bound 

P20 .925 .025 .000 .876 .973 

P30 .927 .025 .000 .879 .975 

P40 .928 .025 .000 .880 .977 

P50 .919 .026 .000 .869 .969 

P60 .915 .026 .000 .863 .967 

P70 .902 .028 .000 .847 .957 
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Figure 6.3: The mean product P40 for the plaques classified visually as concordant (0), 

borderline discordant (1) and discordant (2). 
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Figure 6.4: The mean product P40 for the plaques reclassified visually as concordant (0) and 

discordant (2). 
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6.4.4 Association of objective measurements of discordant movement with symptoms 

ROC curves of P20, P30, P40, P50, P60 and P70 were obtained for the presence of symptoms 

(Fig. 6.5). The highest area under the curve was 0.753 (95% CI, 0.663-0.843) for P20 (Table 

6.9). A value of 45 for P20 produced the highest sensitivity with highest specificity (Table 

6.10). The distribution of the values of P20 in symptomatic and asymptomatic plaques is 

shown in figure 6.6. The prevalence of plaques with symptoms increased with increasing 

quartiles of P20 (Table 6.11). 
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Figure 6.5: ROC curves for mean products P20-P70 in relation to symptoms. 
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Table 6.9: Areas under the ROC curve for products P20-P70.  

 

Area Under the Curve 

Test Result 

Variable(s) Area Std. Errora 

Asymptotic 

Sig.b 

95% Confidence Interval 

Lower Bound Upper Bound 

P20 .753 .046 .000 .663 .843 

P30 .735 .047 .000 .642 .828 

P40 .735 .047 .000 .642 .828 

P50 .743 .047 .000 .651 .835 

P60 .739 .048 .000 .645 .832 

P70 .719 .048 .000 .625 .814 
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Table 6.10: A value of <45 for P20 identifies 40 (70.2%) of the 57 asymptomatic plaques 

(specificity 70.2%). A value of >45 identifies 38 (67.9%) of the 56 symptomatic plaques 

(sensitivity 67.9%) (p<0.001). 

 

 
Symptoms 

P20 

Total <45 >45 

     

     

Asymptomatic  40 (70.2%) 17 (29.8%)   57 (100.0%) 

    

Symptomatic  18 (32.1%) 38 (67.9%)   56 (100.0%) 

    

Total  58 (51.3%) 55 (48.7%) 113 (100.0%) 
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Figure 6.6: The mean product P20 in asymptomatic (0) and symptomatic plaques (1). 
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Table 6.11: Odds ratios (OR) of quartiles of product P20 for prevalence of symptoms. 

 

Quartiles N P20 Plaques with 

symptoms 

P value OR 95% CI 

       

       

First 28 <20   6 (21%)  1  

Second 29 20-43 12 (41%)       0.11 2.58 0.81-8.31 

Third 27 43-80 17 (63%)   0.003 6.23 1.89-20.5 

Fourth 28 >80 21 (75%) <0.001 11.00 3.17-38.1 

 

CI, confidence interval; OR, odds ratios. 
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6.5 Discussion 

The results indicate that concordant plaque movement is predominantly a characteristic of 

asymptomatic plaques while discordant movement is a characteristic of symptomatic 

plaques. This association remained strong after adjusting for stenosis and statin therapy. 

This finding confirms what has been suggested by earlier small studies. A possible 

explanation is that asymptomatic plaques tend to be histologically stable with collagen or 

calcification and tend to be relatively incompressible (Garrard et al, 2015; Liu et al, 2015; 

Wang et al, 2014). In contrast, symptomatic plaques have less collagen and a large lipid core 

that tends to make them more compressible and easily distorted by pressure changes during 

the cardiac cycle. 

Of the 56 symptomatic plaques, 45 (80%) had discordant movement, and of the 57 

asymptomatic plaques, 19 (33%, i.e. one third) had discordant movement. Whether this 

third of the asymptomatic plaques is at an increased risk of future stroke and whether 

discordant movement is an independent risk factor can only be determined by future 

prospective studies with long follow-up. 

Visual classification of plaques into concordant or discordant showed a good 

reproducibility. Inclusion of different sizes of black areas, such as acoustic shadows, in the 

ROI of the plaque was the main cause of discrepancy. Thus, it is recommended that the area 

of black pixels included in the ROI is minimised, as it provides us with no information about 

plaque movement. 

A limitation of this study was that the classification of plaque motion was made 

visually. What is needed is a measurement of plaque motion that will provide a more 

objective method of discrimination between symptomatic and asymptomatic plaques.          
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A real-time motion analysis software, that applies Farneback’s method to estimate 

velocities and the spreads of the motion orientations for different motion magnitudes 

between consecutive video frames, was used (Nasrabadi et al, 2012). This is the first cross-

sectional study which shows that it is possible to objectively quantify discordant carotid 

plaque motion with the use of 2-D ultrasound video clips and the above customised 

software. 

The optimal predictor and a cut-off point for discordant motion were identified. A 

new quantitative measurement (mean product P20), that is associated with increased 

prevalence of symptomatic plaques, was developed.  

So far, most efforts to identify the unstable carotid plaque have been limited to 

static measurements of the plaque area, volume, composition or stenosis severity. The 

combination of these static plaque characteristics with objective dynamic measurements of 

discordant plaque motion might improve stroke risk stratification in patients with ACS. This 

needs to be evaluated in large prospective studies with patients on best medical therapy. 

Established plaque texture features should be studied at the same time so that one can 

determine whether discordant movement is an independent predictor of stroke risk. 

 In conclusion, the aims of this chapter were fulfilled. Discordant movement was 

strongly associated with symptomatic plaques. There was a good reproducibility of the visual 

method of plaque classification into concordant and discordant and causes of discrepancy 

were identified. Finally, a method of objective computerised quantitative measurement of 

the severity of discordant movement was developed. 
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CHAPTER 7 

General discussion and conclusions 
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As indicated in the review of the literature, each year 795,000 episodes of new or recurrent 

strokes are reported in the United States. Overall stroke prevalence during the period 2010-

2014 was 2.7% (Benjamin et al, 2017). Stroke is the second leading cause of death and the 

second leading cause of cardiovascular death worldwide (WHO, 2003). The disability that 

follows cerebral infarction has not only a serious effect on the patient but also an important 

socioeconomic impact. It has been shown that stroke survivors have a significantly 

shortened life expectancy (Rosamund et al, 2007). Only 50% to 70% of them become 

functionally independent, 15% to 30% are permanently disabled and 20% require hospital 

care, 3 months after the onset of stroke (Rosamund et al, 2007).   

 Approximately 20% of all ischaemic strokes are associated with carotid 

atherosclerosis. CEA is an established method of surgical treatment which targets the 

prevention of recurrence of cerebrovascular events. In patients with symptomatic carotid 

stenosis >50–70%, CEA reduces ipsilateral stroke risk by about 75% (Rothwell et al, 2004).  

On the other hand, the role of CEA in asymptomatic patients is less clear. Current 

management of asymptomatic carotid disease is mainly based on two randomised 

controlled trials, the ACAS (Executive Committee for the Asymptomatic Carotid 

Atherosclerosis Study, 1995) and ACST (Halliday et al, 2004). Both studies showed that, in 

patients with 60-99% ACS, CEA reduces the annual risk of ipsilateral stroke from 2% to 1%, 

when compared to medical intervention alone. However, in these trials there was a 2-3% 30-

day perioperative risk of stroke or death and medical management was suboptimal by 

today’s standards.  

Best medical therapy has improved dramatically over the last ten years. Recent 

reviews of cohort studies, including medically treated patients with ACS, indicate that the 

average annual risk of ipsilateral stroke has been reduced to approximately 1% or less 

(Abbott, 2009; Marquardt et al, 2010; Naylor, 2011; Raman et al, 2013). This is attributed to 
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better medical management, including statins, antiplatelet therapy and lifestyle changes. 

Consequently, the effectiveness of CEA in patients with ACS has been questioned. However, 

a significant percentage of strokes occur in asymptomatic patients. Effectiveness of CEA 

would improve dramatically if a group of asymptomatic patients on best medical therapy 

that is at high stroke risk could be identified. 

 Identification of the vulnerable carotid plaque is a field of active research. B-mode 

ultrasound is until today the modality of choice for screening of the carotid plaque and can 

provide us with information on the degree of stenosis and plaque morphology. Several 

parameters, in addition to stenosis severity, have been proposed as risk factors for stroke in 

patients with ACS (Nicolaides et al, 2005a): silent brain infarction on CT (Kakkos et al, 2009), 

spontaneous embolisation on TCD, echolucency of the plaque (Gray-Weale et al, 1988; 

Langsfeld, Gray-Weale & Lusby, 1989; Polak et al, 1998; Mathiesen, Bonaa & Joakimsen, 

2001), low grey scale median (GSM) measured after image normalisation, clinical risk 

factors, the presence of JBAs (Nicolaides et al, 2010; Kakkos et al, 2012) and plaque 

progression (Kakkos et al, 2014). Nonetheless, there has been no agreement so far on a 

specific predictive algorithm for stroke risk in asymptomatic patients.  

Most efforts to improve stroke risk stratification use static plaque image analysis. 

But the carotid plaques are dynamic structures and a complex of parameters has an effect 

on their structural properties. Some have suggested that plaque’s rupture is not only the 

result of inherent instability but also the result of mechanical forces during the cardiac cycle. 

Very few studies have focused on carotid plaque motion analysis and its objective 

quantification. This is one of the contributions of this thesis. 

Another issue to consider is life expectancy of CEA candidates, as not all patients 

with ACS are at low surgical risk. The 2017 ESVS guidelines recommend CEA or CAS in 

asymptomatic patients that are at an increased stroke risk only if the patient’s life 
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expectancy is >5 years (Naylor et al, 2018). Similarly, the guidelines by AHA/ASA and the 

American Academy of Neurology stress the importance of assessing life expectancy before 

offering CEA in patients with ACS: candidates should have a life expectancy >5 years 

(Goldstein et al, 2011; Biller et al, 1998; Chaturvedi et al, 2005). According to the Society for 

Vascular Surgery (SVS) guidelines, patients with ACS ≥60% should be considered for CEA only 

when life expectancy is >3 years (Ricotta et al, 2011). In the absence of reliable 

morphological data for stroke risk stratification, life expectancy should be a crucial 

parameter for treatment decision making in patients with ACS.  

Despite the above, there is limited evidence in the literature about mortality risk 

stratification in asymptomatic carotid patients. All-cause and cardiovascular long-term 

mortality in these patients is significantly higher than in the general population. Risk 

prediction models for mortality need to be developed and validated in prospective studies 

with asymptomatic patients on best medical treatment.  

In this thesis, the author has tried to identify clinical parameters or ultrasonic 

features of the carotid plaque that would improve stroke and mortality risk stratification in 

patients with ACS. Previously established methodology by our group was used and new 

analyses of ACSRS study data were performed. This was in order to develop a prediction 

model for stroke risk based on clinical parameters. Clinical value of plaque progression as a 

stroke predictor was also assessed. In addition, the author tried to identify carotid plaque 

texture features that could predict the timing of ischaemic cerebral events (early or late). 

Also, risk prediction models for all-cause and cardiovascular mortality, in patients with ACS, 

were developed. Finally, a cross-sectional study to analyse carotid plaque motion was set up. 

The ability of discordant motion to differentiate between stable and unstable plaques and its 

relationship to symptoms were investigated. 
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Epidemiological studies, such as the Framingham and the Prospective Cardiovascular 

Munster Study (PROCAM), classify asymptomatic populations into high-, intermediate- and 

low-risk groups for cardiovascular events, including stroke (Assman, Cullen & Schulte, 2002). 

However, these studies included healthy individuals or patients with ACS <50%. Rothwell 

developed a simple prediction model for stroke risk in symptomatic patients, based on the 

severity of stenosis and clinical factors (Rothwell & Warlow, 1999). A similar model for 

asymptomatic patients, derived from a large natural history study, needs to be developed. 

Recently, Morris et al (2017) developed a clinical risk score for stroke in patients 

with ACS, using pooled data from three different RCTs (VA, ACAS and ACST). Stroke risk 

factors, in this model, were diabetes, history of contralateral neurological symptoms, 

imaging of cerebral infarction and not taking statins. The produced model was based on 

studies recruiting patients in the 1980’s when medical therapy was suboptimal. Also, the 

degree of stenosis was not included in this model. 

 ACSRS is the largest prospective study so far with asymptomatic carotid patients on 

medical intervention alone. The author’s analysis showed that history of contralateral TIAs 

or stroke, elevated serum creatinine (>97 μmol/L) and stenosis progression were all 

independent predictors of stroke. When clinical features were added to the severity of 

stenosis, stroke risk prediction was improved (chapter 4, section 4.4.1). In this analysis, a 

significant number of established clinical and biochemical risk factors for atherosclerosis 

were not related to increased stroke rates. It is assumed that this is so because they were 

present in the majority of patients in the study, who were arteriopaths. 

The developed model from ACSRS analysis (chapter 4, section 4.4.1) identified a 

high-risk group of patients that contained 39 out of the 59 observed strokes. It could also 

identify a subgroup of patients with >50% ACS and annual stroke risk of 7.2% that carries 18 

times the risk of a low-risk subgroup where annual predicted stroke rate was 0.4%. The 
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subgroup with the highest stroke risk consisted of patients with 90-99% ACS, history of 

contralateral TIAs or stroke, creatinine levels >97 μmol/L and signs of ipsilateral stenosis 

progression. Patients with ACS and such a high predicted stroke risk should be considered as 

candidates for CEA. 

The produced model, that combines clinical parameters with the stenosis severity, is 

unique not only because it has been derived from a large natural history study. It is also a 

tool for stroke risk stratification for any patient with ACS.  

Plaque progression has emerged as another significant predictor of cerebrovascular 

events in carotid patients. Several studies have found that carotid plaque progression to 

>80% is an independent predictor of stroke in patients with ACS. Nevertheless, these were 

mainly small, retrospective studies with patients on suboptimal medical therapy. The 

incidence of progression, the risk factors associated with progression and progression’s 

predictive power for stroke risk need to be defined in a large natural history study in order 

to answer the question whether serial Duplex scanning of the asymptomatic carotid plaque 

is essential.  

Retrospective ACSRS data analysis (chapter 4, section 4.4.2) showed that the 

majority of asymptomatic carotid plaques remained stable over time. Progression or 

regression was detected in 19.8% and 3.8% of the plaques, respectively. Decreased stenosis 

severity was strongly associated with progression. Also, male gender, elevated plasma 

creatinine, increased plaque area and not taking lipid-lowering therapy were independent 

predictors of progression. Increased ipsilateral or contralateral stenosis and hypoechoic 

plaques (low GSM) were related to progression to occlusion, which is in agreement with 

findings from previous studies (Muluk et al, 1999; Liapis et al, 2000; Sabeti et al, 2007). 

However, this the first time it has been shown that male gender and elevated creatinine 

were associated with increased incidence of progression to occlusion. Increased age and the 
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presence of DWAs were related to low incidence of regression while lipid-lowering therapy 

was associated with increased incidence of regression. This has been also previously 

reported by Hegland et al (2009) and underlines the significant role of statins in the 

management of patients with ACS. 

Another important finding from the analysis was that there were no strokes in the 

group of patients with regression, while asymptomatic patients with progression had almost 

twice the risk of stroke, compared with patients without progression. However, only 19 out 

of 59 strokes occurred in the group of patients with progression. The rest of strokes 

occurred in the group that showed no change in the degree of stenosis. The interpretation of 

this finding is that progression is a rather poor predictor of overall stroke risk. Besides, 

progression was not a significant covariate when added to an established ACSRS Cox model, 

which has already shown good results in stratifying patients according to the risk of stroke 

(Nicolaides et al, 2010). Serial Duplex scanning of asymptomatic patients to detect 

progression seems to be of limited clinical significance. This is due to the low incidence of 

progression and the small number of predicted strokes in a large cohort of asymptomatic 

patients.  

ACSRS results have shown that the combination of clinical factors and morphological 

characteristics of the plaque is a potential tool for stroke risk stratification in patients with 

ACS (Nicolaides et al, 2010). However, stroke risk stratification in terms of time (prediction 

of early and late cerebrovascular events) in patients with ACS has never been reported. 

Computer-extracted texture features, such as First Order Statistics (FOS), Grey Level 

Difference Statistics (GLDS), Spatial Grey Level Dependence Matrices (SGLDM) and Grey 

Level Run Length Statistics (RUNL), have shown promising results in differentiating 

asymptomatic from symptomatic plaques (Kakkos et al, 2007). It is believed that these novel 

texture features are indicators of plaque echolucency and heterogeneity (Kakkos et al, 
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2009). In our study (chapter 5, section 5.4.1), computerised objective methods, such as 

texture analysis algorithms, were used. In contrast to all previous texture applications, this 

analysis was done with a standardised technique, using normalised images and taking into 

account image resolution. Our results showed that six different computer-extracted plaque 

texture features were independent predictors of early stroke or TIA (< 5 years) in 

asymptomatic individuals. When these novel texture features were combined with 

established ultrasonic plaque features and clinical stroke risk factors, such as stenosis 

severity, GSM, the presence of DWA or JBA and history of contralateral TIA/stroke, the 

separation of groups of early or late events from those who did not have an event was 

improved.  

The produced model could identify a group of patients having an extremely high risk 

to develop cerebral events and particularly stroke in the first 2 years. These patients should 

be considered as candidates for CEA even if their life expectancy is relatively short and the 

criteria set by ESVS and AHA/ASA guidelines are not fulfilled. On the other hand, there was 

another group of patients at high risk for stroke/TIA but after the second year. It seems that, 

for some of these cases, there is sufficient time for stabilisation of the plaque through 

aggressive medical therapy. Consequently, these patients might be spared from an 

unnecessary operation. This is the first time that stroke risk stratification in terms of time, in 

patients with ACS, has been reported. 

A recent systematic review of the literature by our group showed that 5-year all-

cause and cardiovascular mortality rates, in patients with ACS, were very high. The majority 

of deaths in these patients were due to cardiac-related causes (Giannopoulos et al, 2015). 

ACSRS data analysis, in chapter 5 (section 5.4.2), produced almost identical results. Based on 

the high mortality risk of patients with ACS and on the latest ACC/AHA guidelines, on the 
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treatment of serum cholesterol, all these patients should be treated with moderate to high 

intensity statin therapy (Stone et al, 2013). 

An analysis of the available data from the ACSRS study (chapter 5, section 5.4.2) 

demonstrated that age, male gender, carotid stenosis >80% (NASCET criteria), diabetes, 

cardiac failure, LVH on ECG, smoking, no use of antiplatelets and history of vertebrobasilar 

symptoms were independent predictors of all-cause mortality. Similarly, age, male gender, 

diabetes, fibrinogen >3.6 g/L, carotid stenosis >80%, cardiac failure, no antiplatelet therapy 

and LVH on ECG were predictors of cardiovascular mortality. We produced tables predicting 

5-year CV mortality for patients with ACS >50%. From these tables, it is shown that there is a 

subgroup of asymptomatic patients with 100% predicted 5-year CV mortality that carries 25 

times the risk of a low-risk subgroup (5-year predicted CV mortality is 4%). The lowest risk 

subgroup consisted of nondiabetic female patients, aged <70 years, on aspirin, with <80% 

ACS but no signs of cardiac failure or LVH on ECG.  

The efficacy of antiplatelet therapy in reducing cardiovascular events has been 

established over the last years. Though, one limitation of this study was that resistance to 

aspirin or clopidogrel was not analysed. Previous studies have shown that 5-60% and 4-30% 

of patients were resistant to aspirin and clopidogrel, respectively (Maree & Fitzgerald, 2007; 

Nguyen, Diodati & Pharand, 2005). Resistance to the above agents may lead to antiplatelet 

therapy failure and should be considered when using the above prediction models. 

Life expectancy should be taken into account in treatment decision making in 

patients with ACS. The interpretation of the above findings is that asymptomatic patients 

with increased predicted cardiovascular mortality should not be offered CEA. Instead, 

according to AHA/ACC guidelines, they would benefit from aggressive statin therapy. The 

novel mortality risk prediction model produced from our analysis is the first one derived 

from a large natural history study and is a tool for mortality risk stratification for any patient 
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with ACS. In fact, this model needs to be combined with the previous model from chapter 5 

(section 5.4.1) analysis. Being able to predict mortality risk and the timing of a 

cerebrovascular event would improve selection of asymptomatic carotid patients for CEA 

dramatically. 

Based on this mortality risk prediction model and an established model for stroke 

risk, from ACSRS group (Nicolaides et al, 2010), we produced a scattergram where predicted 

5-year stroke risk was plotted against predicted 5-year all-cause mortality (Fig. 5.10). There 

is a small group of asymptomatic patients, in the upper left quadrant of the graph, who are 

at high risk to develop stroke and have low mortality risk.  It seems that these are the 

patients who will benefit most from CEA and need to be identified. This is the first time that 

this has been shown. 

Cross-sectional studies using ultrasound have demonstrated that symptomatic 

carotid plaques are frequently echolucent (hypoechoic) without a visible echogenic cap or if 

heterogeneous they have a juxtaluminal black area (JBA), also without a visible cap. ACSRS 

study results have shown that the above plaque features are strong predictors of stroke 

(Nicolaides et al, 2010; Kakkos et al, 2012). They can identify a high-risk group of patients 

that contains 70% of the strokes. However, the remaining strokes mainly occur in plaques 

with a visible echogenic cap and are possibly the result of plaque rupture from mechanical 

forces throughout the cardiac cycle. It is believed that plaques having discordant movement 

are prone to rupture.  

Very few studies in the literature have analysed carotid plaque motion. These were 

small series and, in some of them, plaque motion analysis was time consuming. A small 

methodology study by our group has shown previously that quantification of plaque motion, 

using routine ultrasound B-mode imaging, is feasible (Nasrabadi et al, 2012). This can be 

performed quickly on a conventional laptop with the use of a dedicated software. It is also 
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practical as it can be part of routine ultrasound carotid screening, by obtaining a 10 sec 

video clip.  

In order to test this methodology, a cross-sectional, case-control study with 116 

symptomatic and asymptomatic carotid patients was designed (chapter 6). Our results, after 

visual classification of the sample plaques, showed that discordant movement was strongly 

associated with symptomatic plaques. In fact, 80% of symptomatic plaques showed 

discordant motion. Of all the other patients’ clinical and ultrasonic features, only severity of 

stenosis and statin therapy were significantly related to symptomatic plaques. Discordant 

plaque motion remained a significant predictor of symptoms even after adjustment for 

stenosis and statin therapy. In contrast, only one third of the asymptomatic plaques showed 

discordant motion. These patients might be at significant risk to develop a cerebrovascular 

event. However, this needs to be assessed in prospective studies with long-term follow-up. 

After analysis of the plaques, a quantitative objective computer-derived 

measurement for severity of discordant motion was developed (Chapter 6, sections 6.4.3-

6.4.4). Sensitivity and specificity for symptoms were quite high. This is a new tool that can 

reliably distinguish concordant from discordant carotid plaques. This is the first cross-

sectional study which shows that it is possible to objectively quantify discordant carotid 

plaque motion with the use of 2-D ultrasound video clips and a customised software. 

While the work for this thesis was in progress, Khan et al (2017) showed that carotid 

plaque strain can be reliably quantified from routine B-mode ultrasound carotid imaging. 

They also found that high strain was correlated with echolucent plaques. However, this was 

a very small cohort with only 19 asymptomatic patients and the majority of them had a 

carotid stenosis in the 50-69% range. The most important conclusion from the study by Khan 

et al (2017) was that such measurements are not only feasible but also practical during 

routine carotid Duplex examination. 



264 
 

Other modalities, such as 3D ultrasound, CT- and MR- angiography, have shown a 

great potential, when used for biomechanical analysis of the atherosclerotic plaque. Augst et 

al (2003) have demonstrated that WSS measurements derived from 3D ultrasound are 

reproducible. Though, the combination of 3D ultrasound and computational fluid dynamics 

analysis has not been adequately studied. Also, the combination of high resolution CT or MRI 

with finite element analysis has shown promising results in recent studies (Tarkin et al, 2016; 

Li et al, 2008; Trivedi et al, 2007). However, due to their increased cost and complexity, they 

are not likely to become part of routine carotid investigation in the near future. 

The message from the author’s study on plaque motion analysis is that discordant 

motion is a potential tool for identification of the vulnerable carotid plaque. Its combination 

with static plaque characteristics might improve stroke risk stratification in patients with ACS 

and needs to be tested in a prospective study. 
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Future work 

a. ACSRS data analysis resulted in prediction models, based on clinical factors and the degree 

of stenosis, for stroke and cardiovascular mortality risk. However, these models were 

validated internally, for the same group of individuals on whom they were derived. In 

addition, medical management in ACSRS was left at the discretion of the physician in charge, 

which by today’s standards might have been suboptimal. As a result, these models need to 

be validated in future prospective cohorts with asymptomatic carotid patients on best 

medical therapy. 

b. The model for stroke risk stratification in terms of time (early or late events) was based on 

computer-extracted texture features of the carotid plaque. Further work, correlating 

morphological with histological features, is needed. Identification of the key histological 

features of the plaques associated with early or late strokes will improve our understanding 

of the pathophysiology of this condition and may help develop novel approaches to stroke 

prevention. 

c. Although the plaque motion analysis study is the largest cross-sectional study so far, the 

sample of patients was relatively small. It is in our plans to repeat the analysis in a larger 

number of patients. This might reveal new clinical parameters (e.g. pulse pressure), 

ultrasonic plaque features or anatomical variations (carotid tortuosity or kinking) that are 

associated with discordant motion of the carotid plaque. 

d. There are no studies on the correlation of histology with plaques showing discordant 

motion. Such studies would validate the role of discordant plaque motion in stroke risk 

stratification. 

e. It was demonstrated that discordant motion was strongly associated with symptomatic 

plaques. Plaque motion analysis in combination with texture features analysis of the plaque 
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might improve stroke risk stratification in patients with ACS. This needs to be evaluated in 

large prospective studies with patients on best medical therapy and long follow-up. 
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ACSRS quality control 

In ACSRS there was a set of procedures aiming to control quality and monitor key 

components of measurements. These included instrumentation settings, method of 

recording data, standardisation of the method of scanning and personnel training. Video 

recordings were sent to the coordinating centre and plaque analysis was performed 

centrally. Feedback information was send to the local centers to ensure high quality of data. 

Performance throughout the study was compared to the set standards. 

 Table 1 shows the percentage of correct B-mode settings on ultrasound equipment 

for grading the degree of carotid stenosis, while the percentage of correct features 

recordings required for plaque image analysis, before and after training, is shown in table 2. 
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Table 1: Percentages of correct B-mode settings from the first 50 recruiting centres. 

 

 

 

  

  At entry 
N=250 

% 

After training 
N=250 

% 

Fisher’s exact  
test: p 

 
 

     

 Gain setting 75.6 90 <0.001 
 

B-mode  TGC 60 85 <0.001 
 

Duplex SV alignment 80.9 95 <0.001 
 

 Doppler angle <60 degrees 78 92 <0.001 
 

 Absence of aliasing 91 97.5   0.003 
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Table 2: Percentages of correct features recordings from the first 50 recruiting centres. 

 

 At entry 
N=250 

% 

After training 
N=250 

% 
 

Fisher’s exact 
test: p 

 

   
 

 

Area of noiseless blood present 69 92 <0.001 
 

Adventitia horizontal 67 85 <0.001 
 

Anterior and posterior walls visible 79 95 <0.001 
 

Real time B-mode images present 79 99 <0.001 
 

Real time colour images present 92 100 <0.001 
 

 


