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Abstract 

 

Atherosclerosis is a chronic inflammatory disorder, initiated by arterial wall injury, mediated 

by well-recognised cardiovascular risk factors and culminating in formation of plaques, the 

patho-biological substrate that precedes events such as stroke and myocardial infarction. 

 

Intraplaque neovascularisation (IPN) is one of several defence mechanisms in response to 

atherosclerosis. With development of an atherosclerotic plaque within the intima, the distance 

between the deeper intimal layers and the luminal surface increases, producing hypoxia within 

the arterial wall. This stimulates release of pro-angiogenic factors that induces neoangiogenesis 

in an attempt to normalise oxygen tension. However, these neo-vessels are fragile, immature 

and leaky and thought to be the primary cause of intraplaque haemorrhage, now appreciated to 

be a key risk factor for plaque rupture. Therefore, the presence of IPN is now widely recognised 

as a precursor of the “vulnerable plaque”. 

   

Contrast-enhanced ultrasound (CEUS) is a non-invasive method of imaging carotid plaques 

and, as contrast bubbles travel wherever erythrocytes travel, they permit visualization of IPN. 

Prior research studies have demonstrated that CEUS can detect IPN with a high degree of 

accuracy (on comparison with histological plaque specimens) and have shown a relationship 

between extent of plaque neovessels and plaque echogenicity and between plaque 

neovascularization and prior cardiovascular events. However, CEUS is a relatively recently 

described imaging technique and there were a number of unanswered questions in this field, 

some of which formed the basis for study in this research Thesis. In this Thesis, research studies 

were conducted on human subjects using CEUS imaging to identify IPN and its determinants.  
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The incidence and determinants of IPN in healthy asymptomatic individuals was unknown and 

was studied in subjects from the London Life Sciences Population (LOLIPOP) study, a large 

study exploring mechanisms for differences in cardiovascular disease (CVD) between South 

Asian and European White individuals. The study found that approximately half of all plaques 

contain IPN. The only variable associated with IPN presence in an adjusted analysis was Asian 

ethnicity. This finding potentially has significant implications as it may help explain, in part, 

the greater CVD burden observed in Asian populations. A study comparing visualization of the 

carotid tree during B-mode and CEUS imaging was also conducted. Both IMT visualization 

and plaque detection were significantly improved by CEUS, implying that CEUS is superior 

to B-mode imaging for detection of sub-clinical atherosclerosis.   

 

Radiotherapy (RT) damages arterial walls and promotes atherosclerosis. The carotid arteries 

frequently receive significant incidental doses of radiation during RT treatment of head and 

neck cancers. The effect of RT on plaque composition – specifically IPN – had not been studied 

and thus a collaborative cardio-oncological study was conducted to assess the effects of RT 

upon IPN in cancer survivors who had previously received RT. A significant association 

between RT and IPN was found which may provide insights into the mechanisms underlying 

the increased stroke risk amongst cancer survivors treated by RT. 

 

Finally, a collaboration with biophysicists was formed to develop and validate a novel 

algorithm for quantitative analysis of IPN. Patients clinically scheduled to undergo carotid 

endarterectomy were recruited and underwent CEUS imaging prior to surgery. This study did 

not achieve its principal aims due to challenges with patient recruitment, challenges in image 

quality and with the quantification software also. Future directions of study in this promising 

field have been addressed in the thesis summary. 
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CHAPTER 1 – PROJECT BACKGROUND 

 

1.1 The Global Burden of Cardiovascular Disease 

 

The phrase ‘cardiovascular disease’ (CVD) is an umbrella term that incorporates coronary heart 

disease (CHD), cerebrovascular events (CVE) such as stroke, peripheral arterial disease (PAD), 

congenital heart disease and rheumatic heart disease. In spite of a significant reduction in 

mortality from CVDs due to improved public health campaigns (e.g. to reduce smoking) and 

wider availability of proven pharmacological therapies (e.g. statins), CVDs remain the number 

one cause of death globally. CVDs have also over-taken infectious diseases as the most 

common cause of death in low and middle-income nations.1 

 

A report from the World Health Organization (WHO) found that an estimated 17.3 million 

people died from CVDs in 2008, representing 30% of all global deaths.1 Of these deaths, an 

estimated 7.3 million were due to CHD and 6.2 million were due to CVEs.2 It is projected that 

the number of people who die from CVDs – mainly heart disease and stroke – will increase to 

reach 23.3 million by 2030.1, 3 CVDs are projected to remain the single leading cause of death 

over the next three decades.3  

 

This significant health burden is large in Europe also. Each year, CVD causes over 4 million 

deaths in Europe, almost half of all deaths.4 The socio-economic costs associated with the 

burden of CVD is huge – overall CVD is estimated to cost the EU economy almost €196 billion 

a year. Of the total cost of CVD in the EU, around 54% is due to health care costs, 24% due to 

productivity losses and 22% due to the informal care of people with CVD.4  
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An unfortunate truth regarding CVD is that a significant proportion of such patients have no 

prior symptoms5 and may first present with a fatal myocardial infarction (MI) or stroke, or a 

clinically large event resulting in significant morbidity thereafter. Consequently, over the past 

quarter century, there have been huge research efforts to improve our understanding of the 

underlying disease mechanisms in “at risk” CVD patients, in the hope we may be able to predict 

those individuals at risk of a clinically significant CVD event. This work initially led to the 

development and use of risk stratification tools for physicians, such as the Framingham Risk 

Score (FRS) from America and, more recently, the QRISK score in the United Kingdom (UK). 

 

1.2 Risk Stratification – The Imperfection of Risk Scores 

 

The Framingham Study, conducted over three generations in the small East American town of 

Framingham, Massachusetts, is the largest research study ever conducted. It has spawned over 

1000 publications and continues to study children and grand-children of the original 

Framingham cohort. The study was conceived in the early-mid 20th century in an attempt to 

better understand the reasons for premature deaths amongst Americans from heart disease. It 

was the Framingham study that identified smoking, diabetes mellitus, hypertension, 

hyperlipidaemia and family history of premature CHD as the five principal “risk factors” for 

CHD. This information was subsequently combined to create the FRS, first described in 1998.6 

Since then, the score has been refined with the latest version produced in 2002.7 

 

The FRS calculates the risk of CHD over a ten-year period in any given individual as a 

percentage and patients are then assigned to arbitrarily defined categories as low risk (<10% 

CHD risk at 10 years), intermediate risk (10-20%) and high risk (>20%). The FRS has 

limitations, however. Firstly, the score predicts CHD events but not all CVD events. Secondly, 
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the score was developed from an ethnically homogenous (i.e. white Caucasian) population in 

America and it is uncertain if the score’s accuracy is maintained when used in other 

populations, for example Blacks or South Asians who have a higher CVD risk. Thirdly, the 

Framingham risk equations were developed during the peak incidence of CVD in America and 

thus may over-estimate risk in contemporary European populations where the incidence of 

CVD is lower. Fourthly, the Framingham algorithm does not include factors such as social 

deprivation, body mass index, family history of cardiovascular disease, and current treatment 

with anti-hypertensive medications.    

 

As a result, alternative scoring systems have been developed and validated. In the United 

Kingdom, the QRISK score was first proposed in 2007 and incorporated a number of additional 

factors, including body mass index, ethnicity, measures of deprivation, chronic kidney disease, 

rheumatoid arthritis and atrial fibrillation.8 This was subsequently validated by an independent 

group using an external data set9 and the score was updated to become QRISK2 in 2009.10 

QRISK2 has also subsequently been validated against the UK population and shown to be a 

better risk predictor in the UK than FRS.11, 12 Consequently, the QRISK2 score is recommended 

by the National Institute for Health and Clinical Excellence (NICE) whereas the Systematic 

Coronary Risk Evaluation (SCORE) system13 is endorsed by the European Society of 

Cardiology (ESC). 

 

However, despite virtually ubiquitous use of these various risk calculators by primary care 

(family) doctors in the developed world, predominantly for identifying patients that should 

commence primary preventative medications, death from CVD remains the largest killer in 

each nation. Thus, superior methods are needed – beyond risk scoring systems – that can 

identify those individuals at risk of future CVD events.  

http://en.wikipedia.org/wiki/Body_mass_index
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1.3 Sub-Clinical Disease – Imaging Atherosclerosis 

 

Non-invasive imaging techniques permit the detection of atherosclerosis within arteries before 

it has caused symptoms or clinical events (i.e. sub-clinical disease). Sub-clinical atherosclerosis 

has been heavily investigated in recent years, in the hope that detection at an early stage may 

allow initiation of therapies that may reduce future CVD risk. As the carotid arteries are 

superficial in the neck – and ultrasound is cheap, safe and free from ionizing radiation – carotid 

ultrasonography has been widely studied as a means of detecting sub-clinical atherosclerosis. 

A large number of studies have investigated carotid ultrasound parameters – namely intima 

media thickness (IMT) and presence/absence of plaque – to determine if these data can improve 

the accuracy of current risk stratification processes further. 

 

Carotid ultrasonography allows direct visualization of the common carotid artery as well as 

its bifurcation into internal and external carotid arteries (ICA and ECA respectively). The 

proximal segments of the ICA and ECA can also be examined by ultrasound. 2-dimensional 

or B-mode ultrasound provides an image of the arterial walls and the lumen, whilst colour 

Doppler imaging detects blood flow and can highlight areas of stenosis (or even occlusion). 

 

1.4 CAROTID ULTRASONOGRAPHY and RISK PREDICTION 

 

1.4.1 Discovery of Carotid Ultrasonography 

The normal arterial wall consists of three layers – the tunica intima, tunica media and tunica 

adventitia. In 1986, Italian researchers led by Paolo Pignoli14 reported for the first time the use 

of ultrasound to assess the structure of the wall of the human carotid artery, demonstrating that 
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it was possible to visualise the intima and media as separate entities from the brighter adventitia 

(see figure 1.1). They also analysed carotid and aortic samples from autopsy specimens and 

validated the thickness measurements against histology, demonstrating excellent agreement 

between the two methods. Following this landmark publication, a number of studies were 

initiated to investigate the utility of this new measure.    

 

 

 

Figure 1.1: First reported use of ultrasound to produce a B-mode image the typical 

appearances of a normal carotid arterial wall. The A-B line represents the distance between 

the inner and the outer echogenic lines and corresponds to the B mode image of intimal + 

medial thickness (Reproduced from Pignoli et al14) 

 

1.4.2 The Intima-Media Thickness (IMT) in Health and Disease 

In health, the intima and media are virtually indistinguishable (figure 1.2). With advancing age, 

medial hypertrophy is frequently seen – the most common cause is systemic hypertension – 

resulting in an increased thickness of the intima-media complex. This is also accompanied by 

gradual intimal thickening, a process that commences in the third decade of life. IMT 

measurements have been made in a number of large epidemiological longitudinal studies, all 

of which have shown that increased baseline IMT measurement is independently associated 

with future CVD events. A recent meta-analysis of 8 such studies, incorporating 37,197 
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subjects, found that for an absolute increase in IMT of 0.1mm, the risk of MI increased by 10-

15% and of cerebrovascular events by 13-18%.15 Previous investigators have shown that IMT 

is frequently abnormal even in patients with very low (<5%) FRS16 and also that IMT is more 

likely than coronary artery calcium (CAC) score to re-classify the FRS.17 IMT has also been 

shown to be superior to CAC score for prediction of cerebrovascular events in the Pittsburgh 

Field Study, though the Multi Ethnic Study of Atherosclerosis (MESA) study found the CAC 

score superior to IMT for prediction of future CVD events.18 

 

 

Figure 1.2: B-mode image from a healthy human left common carotid artery (CCA) using a 

contemporary ultrasound system. Note the typical ‘double tramline’ appearance of the intima-

media complex with the echo-bright adventitia external to this. 

 

However, use of carotid IMT remains predominantly a research tool and IMT assessment has 

several limitations. Firstly, there is a technical challenge, since the recent Framingham 

Offspring cohort study has shown that IMT in the internal carotid artery (ICA) only predicts 

events and re-classifies the FRS, not common carotid artery (CCA) IMT.19 However, the CCA 
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is usually very easy to visualise whereas the ICA, higher in the neck, is frequently challenging 

to image and ICA IMT is poorly seen in up to 33% patients. Secondly, no sufficiently large 

(and thus adequately powered) study to date has randomized patients to conventional care or 

intensive treatment (e.g. lifestyle changes, statin therapy) and shown that reduction in IMT on 

serial measurements leads to a reduction in CVD events. Finally, as discussed below, carotid 

plaque appears superior to IMT for risk prediction, most probably because increased IMT 

frequently is secondary to thickening of the media (e.g. due to hypertension) and thus is less 

reflective of generalised atherosclerosis than plaque formation.  

 

Consequently, the United States Preventive Services Task Force (USPSTF) recently 

recommended against measuring anatomic markers of atherosclerosis, including IMT.20, 21 The 

USPSTF based its negative recommendation regarding IMT, in part, on the absence of specific 

data regarding the independent predictive value of IMT for patients at intermediate CHD risk 

and on concerns about this test’s ability to reclassify such patients into lower or higher risk 

categories, therefore altering their clinical management. They also criticized the evidence base 

supporting IMT as a risk prediction tool since some studies associating IMT with CHD risk 

included patients with pre-existing CHD or risk equivalent conditions, were of relatively short 

duration, and had few CHD events.21 Thus, in conclusion, though IMT is considered a risk 

marker for CVD, it does not fulfil the criteria of an independent risk factor for CVD.  

 

1.4.3 Carotid Plaques – Superior to IMT assessment  

Atherosclerotic plaques are most commonly found in areas of low shear stress, particularly in 

areas of marked oscillation in the direction of wall shear stress.22 This is most frequently seen 

in the carotid bifurcation (bulb) and at the origin of the ICA (see figure 1.3). Such 
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haemodynamic changes are far less commonly seen in the main CCA, thus explaining the lower 

preponderance of plaques in the CCA. 

 

Carotid plaques have been varyingly defined over the years. In some original studies, plaque 

presence was not measured but was judged subjectively (i.e. visually).23 Other studies used 

plaque height (e.g. >1.0mm) as a cut-off.24 Recognising this heterogeneity, a consensus was 

reached by multiple research groups (the Mannheim consensus), originally published in 200425 

and subsequently updated in 2007.26 This defined a carotid plaque as a: 

 

 Focal structure > 0.5mm encroaching into the lumen 

 Focal structure > 50% thickness of surrounding IMT 

 Structure with thickness >1.5mm (from media-adventitia to intima-lumen 

borders) 

 

A large body of evidence has accumulated supporting the predictive role of plaque disease in 

future CVD events. Unlike increased IMT, which may reflect age-related medial hypertrophy, 

plaque formation is more representative of systemic atherosclerosis. Early studies confirmed 

the association between plaque prevalence and age27 and proposed plaque scoring systems for 

quantifying plaque burden.24 Longitudinal population studies, such as the Tromso Study, 

demonstrated that carotid plaque is an independent predictor of both CVEs28 and first MI.29 

The British Regional Heart Study also found that carotid plaque, not IMT, appeared to be the 

major determinant of symptoms status and presence or absence of known CVD.30 The method 

by which plaques are assessed also has varied, with some finding total plaque area superior to 

the number of plaques31 whereas other researchers found the opposite to be true.23 
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Figure 1.3: B-mode still image showing a large plaque in the carotid bulb, with a calcific 

(echobright) base and ‘soft’ (echolucent) plaque additionally seen above this. 

 

A recent meta-analysis that evaluated 11 population-based studies (combined n=54,336) found 

that carotid plaque, in comparison with IMT, had a superior diagnostic accuracy for prediction 

of CAD events.32 Finally, the long-term results of the Atherosclerosis Risk In Communities 

(ARIC) study have recently been published, in which Nambi et al33 studied 13,145 subjects 

who were free of prevalent CHD or stroke at the inception of the study. After a mean follow-

up period of 15.1 years, participants had 1,812 CHD events. The authors evaluated the 

additional predictive value of IMT, plaque presence, or both findings to CHD risk prediction. 

They found that the area under the receiver operating characteristic curve (AUC) for traditional 

risk factor prediction of CHD events (0.742) was significantly increased by the addition of 

increased IMT (0.750) or carotid plaque presence (0.751), and that the combination of risk 

factors, IMT, and plaque yielded the highest AUC (0.755).33  
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Although the 0.008 to 0.013 increments in AUC achieved using the carotid ultrasound data 

may seem small, they are on the same order of magnitude as the individual contributions of 

smoking status and systolic blood pressure to the Reynold’s Risk Score for women, and greater 

than the contributions of lipids, family history, and high-sensitivity C-reactive protein.34 

Indeed, after age and sex are considered in almost any CHD predictive model, additional risk 

factors contribute little on an individual basis, but are very important when considered in 

aggregate.35 Following this paper’s publication, the ACC/AHA Guideline for Assessment of 

Cardiovascular Risk in Asymptomatic Adults gave the use of carotid ultrasound to provide risk 

assessment in asymptomatic adults a Class IIa recommendation (Level of Evidence: B).36 

Assessment of carotid IMT and assessment of plaque by carotid ultrasound is also given a Class 

IIa recommendation in the European Society of Cardiology guidelines on management of 

patients with stable angina37 and chronic hypertension.38 

 

1.4.4 The Unmet Challenges of CVD Risk Stratification – Beyond IMT and plaque  

In spite of numerous studies demonstrating that data obtained from carotid ultrasonography 

can improve risk prediction, carotid imaging is rarely employed in clinical practice and is not 

advocated in screening asymptomatic individuals in the UK. This is largely down to the fact 

that data collected so far are observational only, with no trials to date demonstrating that acting 

upon an ultrasound finding, irrespective of baseline risk (e.g. as calculated by FRS), can 

improve outcome. 

 

More recently, fuelled by significant advances in technologies underpinning non-invasive 

carotid imaging techniques, there has been an additional realization that studying plaques in 

greater detail (i.e. beyond mere presence/absence and area) may further improve risk 
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stratification. This has led to a deeper study of the underlying pathological substrate responsible 

for CVD – atherosclerosis, which is discussed in the next Chapter. 
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CHAPTER 2 – THE PATHO-BIOLOGY OF ATHEROSCLEROSIS 

 

2.1 Atherosclerosis as an inflammatory disorder 

Atherosclerosis describes the hardening of arterial walls and narrowing of arteries due to 

abnormal plaque formation. The term is derived from the Greek words ‘athera’ (meaning 

‘gruel’) and ‘sclerosis’ (meaning ‘hardening’). It is a chronic disease with acute vascular 

complications, including MI and stroke. The development of atherosclerosis generally starts in 

early life and progresses silently for decades through adulthood.  

 

Atherosclerosis is an inflammatory disorder initiated by arterial wall injury and mediated by 

known cardiovascular risk factors such as hyperlipidaemia, hypertension, smoking, diabetes 

mellitus and advancing age.39 This damage to the endothelium permits the sub-endothelial 

passage of lipoproteins which are oxidised and become cytotoxic, pro-inflammatory, 

chemotactic and pro-atherogenic.40 Thus, at its earliest stages, atherosclerosis is akin to an 

acute inflammatory reaction. The inflammatory response is in fact a defence mechanism to 

attempt to restore arterial wall integrity, but results in further endothelial dysfunction and 

plaque formation. 

 

As our knowledge of the basic science underlying atherosclerosis has improved, however, a 

new focus has evolved on aspects of plaque composition rather than stenosis severity as a key 

determinant of future CVD events. Research studies, largely post-mortem pathology studies, 

have suggested that certain features of plaque composition appear to be related to likelihood of 

plaque rupture and clinical CVD events. This has led to such plaques being labelled as unstable 

or “vulnerable plaques”, a paradigm now widely embraced in cardiology and the subject of 

enormous research efforts worldwide. 
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2.2 The Vulnerable Plaque 

The composition of plaques has been studied for over 200 years. Table 1 lists the historical 

milestones in our understanding of atherosclerosis. It is now known that in the majority of acute 

CVD events, the arterial plaque ruptures, exposing the plaque contents to blood within the 

lumen, triggering an inflammatory response mediated by platelets and culminating in 

thrombosis. This inevitably led to the next question, namely “Which plaques tend to rupture?” 

A number of ‘high risk’ features have been described, including a thin fibrous cap and large 

lipid pool. However, it was during the quest to understand the mechanisms of plaque rupture 

that the significance of the vasa vasorum (VV) was recognised.   

 

The vasa vasorum (Latin: ‘arteries of the arteries’) form a microvascular network on the 

outside of arteries and arterioles. In health, they are responsible for providing the tunica 

adventitia and outer aspects of the tunica media with oxygen (the tunica intima and inner aspect 

of the tunica media rely on diffusion of oxygen from blood within the lumen). As alluded to in 

Table 1, it was recognised decades ago that the VV appeared to proliferate significantly in areas 

of atherosclerotic plaque formation. The pathological reasons for this have now been 

elucidated.  

 

When an atherosclerotic lesion develops within the intima, the distance between the deeper 

intimal layers and the luminal surface increases, producing hypoxia within the plaque once the 

oxygen diffusion threshold (250-500µm) is exceeded.41 This stimulates the release of pro-

angiogenic factors (most notably hypoxia-inducible factor alpha [HIF-α) that induce 

proliferation of the VV. This neovascularisation, an attempt to restore normal oxygen tension, 

also arborizes from the adventitia into the media and intima, growing within plaques, thus 

known as intra-plaque neovascularisation (IPN).42  
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Date Details 

1799 
 

English physician Caleb Hillier Parry43 notes during autopsy a hard and gritty material in the coronary arteries and “well remembered looking up to the ceiling, 
which was old and crumbling, conceiving that some plaster had fallen down”. He discovers, however, that the vessels had hardened, and states that “a principle 
cause of the syncope anginosa is to be looked for in disordered coronary arteries”. 

  
1844 

 
Fenger et al44 first describe “plaque rupture” during the autopsy of Danish artist Bertel Thorvaldsen, stating that the vessel wall “contained several atheromatous 
plaques, one of which quite clearly had ulcerated, pouring the atheromatous mass into the arterial lumen”. 

  
1858 Rudolf Virchow45 describes “atheroma” as a dermal cyst, a fatty mass encapsulated within a fibrous cap 

  
1876 

 
Kӧster46 first alludes to a relationship between atherosclerosis and the vasa vasorum, noting that atherosclerotic vessels were associated with “ectopic 
vascularization” of the media and intima. 

  
1938 

 
Paterson47 and Winternitz48 separately describe the association between plaque haemorrhage and events, noting that plaque neovessels and haemorrhage were 
found in virtually all recent coronary thrombosis cases. 

  
1983 Imparato et al49 report intraplaque haemorrhage in 31% of 376 carotid plaques studies and find it is the only characteristic associated with symptoms  

  
1984 Barger et al39 directly link adventitial and intra-plaque neovascularisation to atherosclerosis in human coronary arteries 

  
1984 English pathologist Michael Davies50 describes plaque rupture as the cause of coronary thrombosis in 90% sudden cardiac death cases 

  
1987 Glagov et al51 introduce the concept of outward remodelling of vessel walls, before luminal compromise occurs 

  
1989 Muller et al52 categorizes haemodynamically insignificant but dangerous lesions as “vulnerable plaques” 

  
1996 Mann and Davies53 show that plaque cap thickness and size of the lipid core are not related to stenosis severity or plaque volume 

  
2000 Virmani et al54 introduce a classification scheme for plaques, categorizing the vulnerable plaque as a thin-cap fibroatheroma (TCFA). 

 

Table 2.1: Historical milestones in understanding of plaque biology
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The on-going accumulation of plasma components perpetuates this cycle until, eventually, the 

plaque is enveloped in extensive VV and IPN, a hallmark of atherosclerosis. However, these 

neo-vessels are immature with a single endothelial layer in the wall and without matrix support. 

Thus, they are inherently leaky, with incomplete endothelial junctions and detached basement 

membranes noted55 – and thought to be the primary cause of intraplaque haemorrhage (IPH). 

Presence of IPH has been linked with symptomatic plaques – erythrocyte cell membranes are 

rich in cholesterol and thus contribute to the lipid pool of the plaque core and free haemoglobin 

within the plaque is lysed resulting in generation of harmful reactive oxygen species, further 

increasing lipid peroxidation and macrophage activation. As a result, it is now widely thought 

that IPN is a pre-cursor for IPH, in itself a feature that increases risk of plaque rupture. 

Therefore, the presence of IPN is now considered as a surrogate marker of plaque vulnerability 

(see figures 2.1 & 2.2). 
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Figure 2.1 (previous page): Flow diagram illustrating the patho-aetiology of atherosclerotic 

plaque and intraplaque neovascularisation and the time-point within this pathological cascade 

at which contrast-enhanced ultrasound can detect plaque neovascularization. (HIF-α = 

Hypoxia Inducible Factor-alpha) 

 

 

Figure 2.2 (following page): Left panel - Intimal thickening, a reduced blood supply (due to 

high pressure in parent vessel and the stimulated constriction of vasa vasorum [VV], 

represented by grey arrows in the left closed box) and active metabolism of inflammatory cells 

together contribute to hypoxia in atherosclerotic vessels. Right panel – The oxygen-insufficient 

microenvironment in inner layers of vessel wall further induces angiogenesis through 

activating HIF, VEGF-A and Ets signalling pathways. As a result, the formation of IPN 

originating from VV leads to the progression of atherosclerotic plaques, including intraplaque 

haemorrhage, lipid core enlargement, inflammatory cell infiltration, and ultimate rupture 

(Reproduced from Xu et al56). 
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2.3 Intra-Plaque Neovascularization – a marker of plaque vulnerability? 

A large amount of data has been gathered from observational studies on the association 

between IPN and plaque symptomatology and also patient outcomes. Initially these were 

predominantly pathological studies (post-mortem and ante-mortem) but recently, our ability to 

detect IPN has improved with imaging techniques, as listed in Table 2. 

 

In a post-mortem study looking at the walls of the iliac, renal and carotid arteries, Fleiner et al 

compared 22 patients with symptomatic atherosclerosis with 27 patients free from CVD and 

found that patients with symptomatic atherosclerosis had a significantly denser network of VV 

than patients free from CVD.57 These findings were supported by a UK study in 2007, in which 

Dunmore et al analysed carotid plaques from endarterectomy patients and compared the 

histological findings against presence or absence of related symptoms prior to surgery.58 They 

found that only symptomatic plaques contained highly irregular, dysmorphic and immature 

vessels lacking smooth muscle cells. They concluded that these microvessels may be linked to 

plaque instability and symptoms.  

 

Finally, in a landmark prospective prognostic study, Hellings et al published early results from 

the Dutch Athero-Express study, in which 818 patients undergoing carotid endarterectomy had 

plaques collected and analysed histologically for content and were then followed-up for 3 

years.59 The primary outcome was a vascular event (death, stroke or MI) or vascular 

intervention and this was significantly more common in patients whose plaques had contained 

IPH or marked IPN, thus concluding that local plaque composition is an independent predictor 

of future CVD events. Beyond pathological studies, however, recent advances in technology 

have allowed for non-invasive identification of plaque content / composition and these are 

discussed below. 
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2.4 Imaging the Vulnerable Plaque – Methods of Detection 

Plaque characteristics may be assessed by several non-invasive imaging techniques, as 

described below. 

 

2.4.1 Ultrasound 

 

Carotid ultrasonography permits visualization of plaques – whilst location, size, area and 

volume can all be determined, the echogenicity of plaques can also be studied (figure 2.3). A 

number of studies have reported on the correlation between plaque echogenicity and 

composition on histological analysis – echo-bright plaques tend to have high calcium content 

and have been termed ‘hard plaques’ whilst echo-lucent plaques tend to have a low calcium 

content and thus are sometimes termed ‘soft plaques’.60, 61 The echolucent plaques also tend to 

contain a larger lipid pool, greater necrotic core and have been shown to have a higher 

proportion of macrophages,62 thus linking echolucency with plaque inflammation. However, 

the sensitivity and specificity of echolucency for prediction of plaque neovascularisation and / 

or plaque haemorrhage is only modest.63  
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Figure 2.3: B-mode image showing echobright (EB) and echolucent (EL) regions of a near 

wall carotid plaque, corresponding to so-called ‘hard’ and ‘soft’ regions of a plaque 

respectively. 

 

Plaque heterogeneity has also been investigated (with heterogeneous plaques reported to 

contain many more calcifications)61 and shown to improve the accuracy of predicting plaque 

haemorrhage over echolucency alone.64 Plaque echolucency and heterogeneity have been 

combined for optimal sensitivity in the ultrasonic assessment of plaque composition, although 

specificity remained poor.65 

 

Contrast-enhanced ultrasound (CEUS) is the investigative technique employed in the studies 

presented in this Thesis. CEUS has gained attention in recent years after the first report, a 

decade ago, that carotid arteries could be assessed during contrast administration for improved 

image quality. Ultrasound contrast agents (UCAs) consist of gas-filled microbubbles that 

resonate when exposed to an ultrasound wave. Thus, their mechanism of improving image 

quality is separate from other contrast agents used in imaging, such as the iodine-based agents 

used in x-ray angiography and computed tomography (CT) and gadolinium-based agents used 

in magnetic resonance imaging (MRI). This is predominantly a non-linear oscillation (i.e. 

expansion and contraction of the bubble are not equal) at the ultrasound frequencies used in 

diagnostic imaging. Microbubbles are several million times more effective at scattering sound 

than red blood cells, resulting in a greatly enhanced “blood pool” signal.66 The blood pool 

agents developed consist of a gaseous material encapsulated within a stabilizing outer shell. 

These microbubbles are typically slightly smaller than erythrocytes, allowing free passage 

within the circulation and effectively acting as red cell “tracers”.67  
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These microbubbles are most frequently utilised during ultrasound imaging of the heart – 

echocardiography – to improve image quality. However, in 2004, American researchers 

reported the use of ultrasound contrast during carotid ultrasonography, demonstrating that the 

IMT of the near wall – frequently sub-optimally visualised on B-mode ultrasound – was more 

clearly defined after contrast (see figure 2.4).68 

 

 

 

Figure 2.4: Contrast enhanced ultrasound image of a human common carotid artery (CCA). 

The tunica adventitia is seen as an echo-bright structure whilst the intima-media complex is 

black in CEUS imaging, providing clear definition against the white appearance of the contrast 

bubbles within the arterial lumen.  

 

This study followed on from earlier experimental work by Sirlin et al, who showed that use of 

ultrasound contrast was superior to colour or power Doppler techniques for identifying 
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experimentally induced aortic plaques.69 The same group then first demonstrated that CEUS 

could be used to identify IPN; as contrast bubbles travel wherever erythrocytes travel, contrast 

bubbles enter the neovessels within plaques, which was detected by CEUS (figure 2.5). They 

showed a good correlation with histological neovessel density.70 A number of studies using 

CEUS for IPN identification have since been published (see Table 2.2). 

 

 

Figure 2.5: Early human CEUS scan demonstrating a large near wall plaque (black) with 

multiple neovessels (white spots) seen within [courtesy of Prof Steve Feinstein, USA]. 

 

 

Figure 2.6: B-mode (left) and CEUS (right) images showing a large echolucent plaque (PLQ) 

at the carotid bifurcation with clear IPN noted during CEUS imaging (white arrows) 
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Table 2.2: Key studies in humans published to date regarding IPN as studied by CEUS 

Author Year n Contrast 
Agent 

Findings 

     
Shah  
et al70 

2007 15 Optison 1st validation study, showing that IPN on CEUS 
correlated with neovessel density on histology 

     
Vicenzini  

et al71 
2007 23 Sonovue IPN found in fibrous & fatty areas of plaques but 

not calcific or necrotic regions 
     

Coli  
et al72 

2008 32 Optison CEUS findings correlated with histology. IPN 
more common in echolucent plaques, unrelated to 

stenosis severity. 
     

Giannoni  
et al73 

2009 77 Sonovue IPN strongly associated with symptomatic plaques 
and infrequently seen in asymptomatic plaques 

     
Xiong  
et al74 

2009 104 Sonovue IPN more commonly seen in symptomatic plaques 
than asymptomatic plaques (80% vs. 30%) 

     
Huang  
et al75 

2010 176 Sonovue Greater plaque enhancement due to IPN was 
associated with risk of stroke 

     
Staub  
et al76 

2010 147 Opt / Def IPN more frequent in patients with previous CVEs 

     
Staub  
et al77 

2011 175 Opt / Def IPN correlated positively with degree of stenosis 
and inversely with plaque echogenicity (i.e. as 

plaque echogenicity ↑ ,IPN ↓) 
     

Shalhoub  
et al78 

2011 31 Sonovue IPN identified on late phase CEUS associated with 
other plaque features of inflammation 

     
Zhou  
et al79 

2013 46 Sonovue IPN associated with micro-embolic signals on 
trans-cranial Doppler 

     
Van den 

Oord  
et al80 

2013 69 Sonovue Majority (90%) of asymptomatic patients with 
familial hypercholesterolaemia have plaques, and 

majority of plaques (86%) demonstrate IPN  
     

Zhu  
et al81 

2013 312 Sonovue IPN seen in 82% ACS patients vs. 44% with stable 
CHD (p < .001). IPN was a significant and 

independent predictor of future coronary events in 
patients with stable CHD 

 

[NB – Def = Definity; Opt = Optison] 
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2.4.2 Cross-Sectional Imaging – CT & MRI 

 

CT has been used for almost two decades for accurate detection of stenoses in both carotid and 

coronary vessels. The use of CT for assessing plaque morphology and composition is based 

upon density measurements, expressed in Hounsfield units (HUs), with all value normalized to 

the density of water (0 HU).63 CT can be used to assess plaque ulceration82 and plaque 

calcification83, although the correlation between CT findings and size of the plaque lipid core, 

even using more contemporary multi-slice CT scanners, remains sub-optimal.84 This is since 

the soft tissue contrast of CT is low, producing weak correlations with ‘soft’ plaque 

components. Furthermore, several studies assessing accuracy of CT compared these findings 

against intravascular ultrasound (IVUS) findings,85, 86 itself an imaging technique and thus not 

a true gold standard for validation purposes. 

 

MR angiography is increasingly used in clinical practice for evaluation of arterial stenosis, but 

the development of a number of MR sequences that permit multiple contrast weightings for 

individual plaque components has allowed their differentiation during imaging. MR imaging 

of the human carotid artery has been shown to allow measurement of fibrous cap thickness,87 

detection of cap ulceration and detection and measurement of the size of the lipid pool88 and 

intraplaque haemorrhage89, both recognised surrogate markers for plaque instability. It may 

also be feasible to estimate the age of intra-plaque haemorrhage using contrast-enhanced 

MRI.89 Gadolinium-contrast enhanced MRI can also detect adventitial vasa vasorum90 and, 

finally, studies using super para-magnetic iron oxide particles have facilitated detection of 

markers of plaque inflammation (e.g. macrophage accumulation.)91, 92 
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2.4.3 Positron Emission Tomography (PET) 

 

In positron emission tomography (PET) – the most advanced form of nuclear imaging – the 

scanner visualises the temporal and spatial distribution of tracers labelled with positron-

emitting radionuclides, the most commonly used being 18-fluorodeoxyglucose (18FDG). FDG 

has been shown to accumulate in areas of inflammation and studies have now shown that PET 

imaging of the carotid artery reveals increased 18FDG uptake within atherosclerotic plaques93 

and that this correlates with macrophage density upon subsequent immunohistochemical 

staining of CEA specimens.94 This is potentially of great clinical relevance – for example, a 

recent study in ischaemic stroke patients found that early stroke recurrence was higher in 

patients with increased FDG uptake in the ipsilateral plaques compared with patients without 

early stroke recurrence.95 

 

2.5 Intra-Plaque Neovascularization and CEUS – Current Status 

 

The studies published to date using carotid CEUS have shown that CEUS allows improved 

visualisation of near-wall IMT, allows visualisation of vasa vasorum (VV) & IPN, that plaque 

enhancement during CEUS is due to a greater degree of IPN and that the presence & degree of 

VV and IPN correlates with plaque rupture and MACE. 

 

In the following Chapter, the questions that have yet to be answered concerning CEUS are 

addressed, thus setting out the premise for the research studies contained within this Thesis.  
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CHAPTER 3 – THE UNKNOWNS of PLAQUE NEOVASCULARIZATION 

 

3.1  Impact of Ethnicity on Plaque Neovascularization in Asymptomatic Individuals 

To date, almost all published reports have examined IPN either in post-mortem studies or in 

symptomatic patient groups (e.g. patients with stroke undergoing CEA). There are no studies 

that have examined the determinants of IPN (as detected non-invasively using CEUS) in a 

healthy asymptomatic cohort. As IPN appears to be an important component of the vulnerable 

plaque, and thus by definition a vulnerable patient, the possibility of early identification of 

important subclinical disease – namely plaque with IPN in asymptomatic subjects – raises the 

possibility of using CEUS to screen “at-risk” individuals. Almost 2000 participants in the 

Atherosclerosis Risk in Communities (ARIC) study underwent MRI in a sub-study to correlate 

baseline clinical variables with plaque characteristics, but unfortunately IPN was not 

evaluated.96  

 

Furthermore, in those studies that have assessed IPN in humans, these have been performed in 

one country, with no specific mention of ethnic origin of the patients and the relationship 

between incidence of IPN and ethnicity has not been well defined. As the incidence of CVD 

varies across the globe between individuals of different ethnic origin, the incidence of IPN 

between different ethnic groups may also vary. 

 

3.1.1 Cardiovascular Risk and Asian Ethnicity 

India is the second most populous nation on Earth, with a population in excess of 1 billion at 

the last census. Prior to partition under the British Empire, India also comprised the modern-

day nations of Pakistan and Bangladesh, thus creating a land mass and population so large, it 

became known as the “sub-continent”, a phrase still widely used today. People that originate 
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from India, Pakistan and Bangladesh are often collectively referred to as of South Asian (SA) 

ethnic origin.  

 

South Asians have migrated to many parts of the globe, initially through colonial systems and, 

later, to the United Kingdom (UK) when under British rule. As a result, in addition to the UK, 

a large number of South Asians are also to be found in many island countries such as the West 

Indies, Mauritius and Fiji as well as African countries including Tanzania, Kenya, Uganda and 

South Africa. It became clear, from a number of early studies, that these migrant SA 

populations carried a far greater CVD burden compared with the native populations.97-99  

 

The excess burden of CVD amongst the SA migrants has long been the subject of study and 

research in the UK. National statistics derived from the census revealed, decades ago, an 

apparent difference between SA and native individuals with regards to CVD mortality.100, 101 

Furthermore, studies conducted upon migrant families demonstrated that siblings that remained 

in the sub-continent had a lower CVD risk profile – assessed by surrogate markers such as 

blood glucose and cholesterol levels – than their siblings that had migrated to the UK.102 

 

3.1.2 Why are South Asians at Higher Cardiovascular Risk? 

It has frequently been argued that the main reason for higher CVD risk in SA populations is 

related to cultural and life-style issues, ranging from food content (e.g. ghee versus olive oil) 

and methods of preparation (e.g. steamed vs. fried) to exercise habits (active vs. sedentary).103 

Although there is some truth to these stereotypes, they provide an incomplete explanation for 

the observed differences in CVD risk. Biomarker studies have shown greater levels of 

inflammatory markers such as C-reactive protein.104 As atherosclerosis is now widely 

considered a chronic inflammatory condition, this finding has raised interest in the field but, to 
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date, the finding remains an observation with no definitive study demonstrating that there is a 

direct causal relationship between circulating CRP levels and CVD risk.105  

 

More recently, novel inflammatory markers such as lipoprotein A [LP(a)] and homocysteine 

have been the subject of much research and, although both these markers have been found in 

higher concentrations in South Asians102, 106, their role in CVD causation – if any direct role – 

remains undetermined. 

 

3.1.3 Risk Stratification: Are Risk Models Valid in South Asians?  

The Framingham Study6 – initiated after the end of the Second World War to elucidate the 

reasons for CVD death amongst Americans – was conducted in the small eastern American 

town of Framingham, Massachusetts. The enrolled study cohort – just over 5000 individuals – 

were over-whelmingly homogenous in ethnic origin (native white) and this has led many to 

question the external validity of such a model. This is especially true in SA populations, where 

studies have shown that the Framingham Risk Score under-estimates CVD risk.107, 108  

 

This finding has also been observed using different scoring systems. Tillin et al presented data 

from a cohort study of almost 4000 multi-ethnic individuals living in west London.109 Follow-

up data revealed that both the Framingham and QRISK-2 scoring systems under-estimated 

CVD risk in SA individuals. Kanjilal et al110 published their results derived from a cohort 

enrolled between (2003-2005) into the Indian Atherosclerosis Research Study (IARS), a 

family-based genetic epidemiological study, with the aim of investigating the genetic factors 

associated with CAD and also their interaction with traditional risk factors in a SA cohort in 

their home country. The performances of the Framingham score, Joint British Societies (JBS) 

score and the European SCORE (Systematic COronary Risk Evaluation) models were studied. 
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The authors found that the Framingham-based risk scores (Framingham and JBS) and the 

European SCORE underestimated the risk of CVD morbidity and mortality, both in men and 

women, from an estimated high risk SA cohort.110 

 

The risk factor profile itself varies between SA and EW subjects. Smoking is less commonly 

seen in the SA community, especially amongst SA women. However, it is widely recognised 

that the age-standardised prevalence of diabetes is higher in people of SA origin compared with 

the EW population.103, 111, 112 Older studies have suggested that type 2 diabetes is 3-5 times 

more commonly observed in the SA community, though more recent studies suggest the gap is 

smaller,113 though still noticeably larger amongst SA individuals. 

 

3.1.4 The London Life Sciences Prospective Population (LOLIPOP) Study 

The LOLIPOP study is a large, community-based study initiated in west London in 2002. The 

principal aim of the study is to improve understanding of the reasons for development of CVD 

amongst South Asians in comparison with European Whites. Over 30,000 individuals aged 35-

74years, free from established CVD, were initially recruited into the study between 2002-2008. 

Individuals were classified as South Asian if all 4 grand-parents were born in the Indian sub-

continent and European White if all 4 grand-parents were born in Northern Europe.  

 

Following extensive baseline questionnaires and physical examination, a proportion of these 

participants (~2800) took part in the LOLIPOP-Atherosclerosis sub-study, in which patients 

underwent trans-thoracic echocardiography and carotid ultrasonography at Northwick Park 

Hospital, Harrow.  The carotid arteries of 2288 healthy subjects free from CVD were analysed 

for IMT, plaque presence and plaque echogenicity. This data obtained from SA and EW 

subjects revealed that, after adjustment for cardiovascular risk factors, there were no significant 
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differences between SA and EW subjects in cIMT, plaque presence or plaque echogenicity.114 

This led to the conclusion that the increased CVD risk observed in SA individuals cannot be 

attributed to a greater sub-clinical burden of atherosclerosis. This suggested that other 

mechanisms, yet to be elucidated, were at play.    

 

In Chapter 5, we describe the results of a study in which some of these subjects returned to 

undergo CEUS imaging for determination of IPN frequency between EW and SA individuals. 

This project was undertaken in order to attempt to understand better the potential reasons for 

differing CVD burdens between EW and SA populations. As this has not previously been 

studied, we suggest that this data could be used to inform the planning of a significant large 

epidemiological study using non-invasive imaging to assess IPN in an asymptomatic 

community cohort and to examine the independent correlates of IPN formation and, 

prospectively, the impact of IPN upon outcome. Such a study would clearly require many 

thousands of patients but, as recently highlighted by Professor Renu Virmani,  

 

“the current technologies for carotid imaging like ultrasound, MRI and CT need to be carried 

out in a large cohort of asymptomatic individuals with non-critical stenosis with the goal of 

identifying high-risk plaques with systematic follow-up”.63  

 

CEUS, by virtue of its ability to identify IPN as a marker of the high-risk plaque, would satisfy 

the criteria for such a study (wide availability, portable, safe, painless, no ionising radiation) 

and therefore this initial work will hopefully facilitate such a study in the future. 

 

In addition, these images also allow us to examine the effectiveness of CEUS at improving 

visualisation of the carotid arterial tree. Although it has been shown that CEUS improves 
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visualisation of the near-wall IMT68 and also results in fewer non-diagnostic scans,115 it is not 

known whether CEUS improves visualisation of carotid arterial segments and, therefore, 

whether a greater number of plaques are detected. The ICA is frequently incompletely seen on 

B-mode ultrasound – a recent analysis of the Framingham Offspring Cohort Study19 found that 

only ICA IMT and ICA plaque burden provided incremental risk stratification benefit over the 

Framingham Risk Score itself – and thus improved visualisation of the ICA by CEUS, if this 

is found, may be of significant clinical value. We therefore also propose to analyse the CEUS 

scans to determine whether CEUS results in superior arterial segments visualisation and plaque 

detection.  
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3.2 Intra-Plaque Neovascularization & Radiotherapy 

 

3.2.1 Radiotherapy and the Vascular System 

Globally, the incidence of most cancers is increasing each year. Radiotherapy (RT) remains a 

mainstay of therapy for a number of different malignancies. Cardiac toxicity is one of the most 

concerning side effects of anti-cancer therapy. The gain in life expectancy obtained with 

efficacious treatment can be compromised by increased morbidity and mortality associated 

with its cardiac complications.116 While radio-sensitivity of the heart was initially recognized 

in the 1970s, the heart is regarded in the current era as one of the most critical dose-limiting 

organs in RT.  

 

Radiotherapy (RT) damages arterial walls and promotes atherosclerotic plaque formation. The 

carotid arteries frequently receive significant incidental doses of radiation during RT treatment 

of malignancies, especially head and neck cancers (HNC). Radiation vasculopathy had until 

recently been considered quite a rare entity, as patients would frequently succumb to their 

malignancy first. However, as cancer survival rates improve, patients are “outliving” their 

malignancies and presenting later with the long-term sequelae of cancer therapy.117  

 

The patho-physiology of radiation-induced arterial damage remains incompletely understood. 

Over forty years ago, three distinct mechanisms for arterial vessel damage were proposed: 

ischaemic necrosis (due to occlusion of vasa vasorum), adventitial fibrosis (producing extrinsic 

compression) and accelerated atherosclerosis.118 Early radiation damage is thought to be 

characterised by an inflammatory process. What has remained unclear is the extent to which 

subsequent development of a “clinically significant” stenosis is under-pinned by a chronic 
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inflammatory process (with cytokine release and fibrosis) or a chronic ischaemic process (with 

vasa vasorum thrombosis and thus vessel wall ischaemic injury).119 

 

Several studies have shown that RT of the carotid arteries is associated with increased intima-

media thickness (IMT) and increased carotid plaque formation – the consequences of RT upon 

the carotid arteries (imaging studies) and future CV events (outcome studies) have recently 

been comprehensively reviewed.119 However, for a multitude of reasons, the literature displays 

marked heterogeneity in this field with a number of problems associated with these studies.  

 

First, studies that have reported an increased relative risk of CVE after RT have either used 

non-matched control groups or have matched their HNC patients to geographically distinct and 

distant population data,120, 121 sometimes derived from another country. Studies have not 

always reported upon stroke sub-type (ischemic or haemorrhagic)122 and information on CVE 

has not always been judged by a clinician or by brain imaging, but by patient questionnaires.123 

Finally, and possibly most importantly, the majority of these studies did not provide data on 

the laterality of the stroke. For example, if the right carotid artery has been exposed to RT, a 

clinical ischaemic event would – in almost all but the rarest cases – be expected in the right 

cerebral hemisphere and thus produce left sided signs (e.g. paresis, reduced sensation). 

However, this level of detail is not available in many prior research papers; thus, although one 

would assume that an ischaemic CVE must be related to the RT-side carotid artery, the data 

confirming this are absent.    

 

As a result of these short-comings in the existing data, several questions regarding radiation 

vasculopathy remain unanswered, most prominent of which is the mechanism by which RT 

affects the arterial wall and subsequently appears to increase stroke risk. Although the effects 
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of RT on carotid IMT and plaque burden have been documented, the effect of RT on plaque 

composition has not been studied in humans. 

 

3.2.2 Expected effects of Radiotherapy upon angiogenesis 

 

The published literature to date is heterogeneous on this issue. Prior research in animal models 

has suggested that irradiation dose-dependently induces the activation of the pro-angiogenic 

nitric oxide pathway in endothelial cells through increases in endothelial nitric oxide synthase 

activity.124 Furthermore, the survival and subsequent recurrence of neovessels after RT has 

been proposed as a potential mechanism to explain tumour recurrence.125  

 

A recent review article has provided a comprehensive overview on the effects of radiation upon 

angiogenesis.126 In summary, the effects of ionizing radiations on angiogenesis are more 

complex than previously thought and there are now at least three distinct ways in which 

radiation can affect vessel growth: 

 

1) The photons of electromagnetic radiations stimulate vessel growth at least in part, by causing 

the increased expression of angiogenic factors.  

 

2) Low Linear Energy Transfer (LET) charged particles, such as protons, inhibit angiogenesis 

by an unknown mechanism (decreased expression of angiogenic factors is implicated). 

 

3) High LET heavy ions, such as iron [Fe] ions, also inhibit angiogenesis by an unknown 

mechanism that affects the later stages of tubulogenesis.126 
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As a result, a collaborative study between the Royal Brompton (Cardiology) and Royal 

Marsden (Oncology) hospitals was planned in order to examine the effect of RT upon IPN 

further. As carotid arteries are inevitably exposed to RT during treatment of head and neck 

cancers, the study was designed to recruit survivors of such malignancies that had received RT 

as part of their treatment. Importantly, only patients with unilateral RT would be included, thus 

allowing use of the contra-lateral, non-irradiated artery to act as an internal self-control for 

each patient. The effect of RT upon the carotid arteries was thus studied by B-mode and CEUS 

imaging and this study forms the basis of Chapter 7.  

  



~ 60 ~ 
 

3.3 Quantitative vs. Qualitative Assessment of Intra-Plaque Neovascularization 

 

3.3.1 Quantification – The Holy Grail of Contrast Imaging 

Technological advances in medical imaging over the past quarter century have facilitated 

significant improvements in the abilities to confirm diagnoses, estimate disease burden, 

perform risk stratification and estimate prognosis by non-invasive methods. A number of these 

imaging techniques – whether using ultrasound or cross-sectional modalities such as computed 

tomography (CT) and magnetic resonance imaging (MRI) – rely upon the use of contrast agents 

to enhance the diagnostic yield of imaging.  

 

Iodine-based (CT) and gadolinium-based (MRI) contrast agents are widely used in daily 

practice and, over the past two decades, ultrasound contrast agents (UCAs) have also been used 

in clinical cardiology and, more recently, in diagnostic radiology laboratories as well. To date, 

the use of contrast has permitted visual – that is, qualitative – assessment of tissues but a more 

objective – that is, quantitative – measure is preferable to improve accuracy and reproducibility 

and reduce the intra- and inter-observer variability of these imaging techniques. Consequently, 

much research effort of late has focussed upon the ability to quantify contrast images in 

cardiovascular imaging. 

 

CEUS has emerged in the past decade as a research tool of significant interest, permitting 

visualization of IPN and adventitial vasa vasorum and thus allowing insights into plaque 

composition. This is especially true in view of our ability to study the human carotid artery 

(owing to its superficial location that facilitates imaging) and then confirm these findings with 

histological specimens, given that such plaques are frequently excised during endarterectomy 

procedures.  
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3.3.2 CEUS Quantification – The Technical Challenges 

There are several technical challenges that must be addressed in order to produce an accurate 

and robust tool for quantitative analysis of CEUS images. One of the most challenging 

problems is that of plaque motion. Motion of the plaque occurs inherently as the arteries are 

pulsatile, but also occurs additionally due to patient breathing, patient motion (including 

swallowing) and transducer motion, even if slight, by the operator. Thus, correcting for motion 

is an essential initial step in any quantification algorithm. Secondly, perfusion within plaques 

is weak and intermittent, unlike perfusion of larger organs such as the liver. Thus, conventional 

quantitative approaches, such as using average time-intensity curves, are most likely to be 

inappropriate for plaque assessment.127 Thirdly, the region of interest (i.e. within plaques) is 

relatively small and surrounded by much larger structures with potential to cause significant 

artefact – namely, the lumen and adventitia. Fourthly, a large sample size is required to have 

greater confidence in the reproducibility of the results but this has proven challenging to date. 

Finally, the ‘validation’ of the newly developed quantification software should ideally be 

against a ‘gold standard’, which in this case would be histology. However, many studies have 

validated algorithms against visual accuracy, a false gold standard and thus real accuracy 

remains unknown.  

 

3.3.3 CEUS Quantification – Limitations to Current Approaches 

Since the first description of CEUS for assessment of plaque composition almost a decade 

ago70, the vast majority of CEUS studies have reported on qualitative analysis of IPN, namely 

presence or absence of IPN. Although semi-quantitative scales have been proposed72, a 

universally-accepted and validated methodology for quantification of CEUS images is still 

awaited. A number of research groups have published in-house approaches to CEUS 

quantification (see table 3.1). 
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Author Year Human 
/Animal 

n Contrast 
Agent 

Quantification Approach Findings 

       

Moguillansky 
et al128 

2011 Animal 20 Definity Contrast video-intensity 
curves 

CEUS can quantify development of adventitial vasa 
vasorum associated with atherosclerosis 

       
Hoogi 
et al129 

2011 Human 27 Definity In-house software using 
MatLab® 

Ratio of IPN area: total plaque area showed good 
correlation between CEUS and histology (R2=0.79) 

       

Hoogi 
et al130 

2012 Human 76 Sonovue Bubble tracking algorithm 
using Matlab 

In-house software shows very good agreement with 
visual analysis of presence and extent of IPN 

       

Hjelmgren 
et al131 

2013 Human 30 Sonovue In-house contrast 
quantification programme 

In-house software shows very good agreement with 
visual analysis of presence and extent of IPN 

       
Van den Oord 

et al132 
2013 Human 62 Sonovue In-house software using 

MevisLab 
No direct comparisons made between quantitative 

analysis and visual analysis (no histology) 
       

Akkus  
et al127 

2014 Human 23 Definity MevisLab-MATLAB 
quantification combination 

software package 

IPN surface area shows good agreement (r=0.71) with 
visual analysis of IPN presence 

       

Muller et al133 2014 Human 33 Sonovue In-house software using 
MatLab® 

In-house software shows very good agreement with 
visual analysis & histology for presence of IPN 

       
Zhang et al134 2015 Humans 34 Sonovue In-house software using 

MatLab® 
In-house software showed good correlation between 

CEUS and histological mean vessel density (R2=0.85) 
 

Table 3.1: Published studies (human and animal) reporting on accuracy of quantification software. Of note, many studies ‘validated’ their 
algorithm(s) against visual analysis of CEUS images rather than against histological specimens
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However, none of these software algorithms have been proven or validated external to their 

centre of development and none are available for wider commercial use. In addition, many of 

the “validation” studies of such software in fact only compared the newly developed 

quantification software against visual accuracy – rather than histology – and thus did not use a 

true “gold standard” for comparison. As alluded to above, the perfusion pattern of plaques is 

both intermittent and weak in nature, meaning that extrapolation of traditional quantitative 

methods used in solid organs, such as time intensity curve analysis, is unlikely to be valid. 

However, this has been the approach adopted in some prior studies.74, 135  

 

The methodology used for motion compensation is crucial to determining the accuracy of a 

quantification algorithm. In summary, two approaches can be used, namely rigid and non-rigid 

motion compensation. A number of studies have used a ‘block matching’ approach,80, 127, 136, 

137 which is a form of rigid motion compensation – although simple to use, this approach cannot 

account for as many types of motion as non-rigid compensation (as may be encountered, for 

example, when a patient swallows or breathes during imaging). Rigid motion compensation 

can account for rotational and translational motion only, whereas non-rigid algorithms can 

account for affine, scaling and skew motion in addition.  

 

Furthermore, the methods used to track bubble motion have potential for further improvement. 

The Multi Dynamic Programming (MDP) plus block matching approach favoured by some 

investigators127, 130 requires a pre-defined ‘bubble template’ and performs an ‘optimization’ to 

track the bubble path, which takes more computational time. An algorithm that does not require 

such a template would be more user-friendly if it was relatively fast. 
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Accordingly, the final goal of this research project was to assist in the development and 

validation of novel quantification software that could be used for analysis of CEUS images. 

This involved collaboration with a team of biomedical physicists from Imperial College 

London. The study planned to validate the novel software against histological specimens. In 

order to achieve this, ethical approval was sought to recruit patients from a district hospital in 

London, awaiting carotid endarterectomy, to a study that would allow CEUS imaging and also 

permit collection of the excised plaque from theatre for histopathological analysis. Estimated 

neovessel density, as determined quantitatively using the novel software, would then be 

compared against the true neovessel density as seen in histological assessment of the excised 

plaques.     
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THESIS AIMS and OBJECTIVES 

 

This thesis explores the potential clinical value of contrast-enhanced carotid ultrasound 

(CEUS) of the carotid arteries for assessment of atherosclerotic plaque composition, in 

particular presence of intra-plaque neovascularisation (IPN). CEUS is a relatively new imaging 

technique and is at present a research tool. Translation of its use from the research arena to the 

clinical arena will require demonstration of potential incremental clinical value over existing 

practice.  

 

This thesis describes scientific investigations that aimed to study diverse groups of individuals 

using CEUS to improve our mechanistic understandings regarding atherosclerosis and thus, 

hopefully, enhance the evidence base and provide new avenues for future research that may 

help CEUS become a relevant tool in clinical practice for improving patient care and patient 

outcomes.  

 

The aims and objectives of this thesis were as follows: 

 

1) To study the prevalence and determinants of intra-plaque neovascularisation, as detected by 

CEUS, in a healthy asymptomatic cohort of individuals derived from a large population study. 

 

2) To study the prevalence and determinants of intra-plaque neovascularisation in irradiated 

carotid arteries from survivors of head and neck malignancies that had previously received 

radiotherapy. 
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3) To assist in the development of novel quantification software for the objective assessment 

of intra-plaque neovascularization during CEUS and validate this software against histology 

obtained from patients clinically scheduled for carotid endarterectomy. 

 

4) To determine whether contrast-enhanced ultrasound can improve the visualization of carotid 

arterial tree segments and thereby improve the assessment of the extent of carotid arterial 

disease and sub-clinical atherosclerosis (i.e. improved visualization of IMT and number of 

plaques). 
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CHAPTER 5 

 

Contrast Enhanced Ultrasonography of Human Carotid Arteries Improves 

Intima-Media Thickness Visualization and Improves Carotid Plaque Detection. 

 

5.1 ABSTRACT 

 

Background 

Carotid intima-media thickness (IMT) and plaque are recognised markers of increased risk for 

cerebrovascular events. Accurate visualization of the IMT complex and plaques is dependent 

upon clear image quality. Ultrasound contrast agents improve image quality during 

echocardiography, but whether contrast enhanced ultrasound (CEUS) improves carotid IMT 

visualization and plaque detection in an asymptomatic patient population is unknown.  

 

Methods 

Individuals free from known cardiovascular disease (CVD), enrolled in a community study, 

underwent B-mode and CEUS carotid imaging. Each carotid artery was divided into 10 

segments (proximal, mid and distal segments of the common carotid artery [CCA], the carotid 

bulb and internal carotid artery [ICA]) and each segment had near and far walls assessed. The 

visualization of the IMT was scored semi-quantitatively as not clearly visualized (0), partially 

visualized (1) or clearly visualized (2), thus yielding a maximal possible visualization score of 

20. Presence of plaque was defined as per the Mannheim consensus. IMT visualization and 

plaque assessments were made during both B-mode and CEUS imaging for all enrolled 

subjects. 
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Results 

A total of 175 individuals underwent B-mode and CEUS imaging (mean age 65±9yrs). 

Visualization of the IMT was significantly improved during CEUS compared with B-mode 

imaging, in both near and far walls of the carotid arteries (% IMT visualization during B-mode 

vs. CEUS imaging: 61% vs. 94% and 66% vs. 95% for right and left carotid arteries, p<0.001 

for both).   Additionally, a greater number of plaques were detected during CEUS imaging 

compared with B-mode imaging (367 plaques vs. 350 plaques, p=0.02). 

 

Conclusion 

CEUS improves visualization of the intima-media complex, in both near and far walls, of the 

common and internal carotid arteries, and permits greater detection of carotid plaques. Further 

studies are required to determine if there is incremental clinical and prognostic benefit related 

to superior plaque detection by CEUS. 
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5.2 INTRODUCTION 

 

The most common cause of mortality worldwide remains cardiovascular disease (CVD), an 

umbrella term encompassing myocardial infarction, stroke and peripheral vascular disease. A 

number of clinical risk scoring systems and imaging techniques have been investigated for their 

potential ability to identify individuals at higher risk of CVD outcomes. Following the initial 

description of use of high-resolution B-mode ultrasound to visualize the carotid arterial wall,14 

a large number of longitudinal population studies have shown that the carotid intima-media 

thickness (IMT) is a surrogate marker of atherosclerosis and associated with cardiovascular 

risk factors138 and CVD outcomes.139-142 A pooled analysis of 8 population-based studies, with 

a total sample size of 37,197 subjects and mean follow-up of 5.5 years, found that for each 

absolute increase in carotid IMT of 0.1mm, there was a 10-15% increased risk of myocardial 

infarction and 13-18% increased risk of ischaemic stroke.15 Carotid IMT has also been shown 

to be a superior biomarker of stroke risk compared to coronary artery calcium score.18, 143 

 

The IMT, measured as the distance from the lumen-intima interface to the media-adventitia 

interface, consists almost entirely of media in healthy adolescents.22 This distance is 

approximately 0.6 - 0.7mm in health and increases with age. IMT varies with gender and is 

typically greater in men. Normal ranges for IMT, however, have proved challenging to provide 

as these vary depending upon which wall of the artery is used (near wall or far wall), which 

ultrasound system, which carotid segments are assessed (e.g. just common carotid artery [CCA] 

or internal carotid artery [ICA] also) and whether measurements were made using manual 

calipers or by automated edge-detection software.22 
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The IMT can be difficult to visualize, especially in the proximal portion of the internal carotid 

artery, due to ultrasound artefacts. The IMT of the near wall, in particular, is frequently less 

clear than that of the far wall. Ultrasound contrast agents, comprising millions of acoustically-

active gas-filled microspheres, improve ultrasound image quality and have been used in clinical 

echocardiography for a number of years. Over a decade ago, American investigators reported 

use of contrast-enhanced ultrasound (CEUS) to improve near-wall IMT visualization.68 In 26 

patients, they found that IMT measurements taken during CEUS imaging were significantly 

greater (12-25%) than those taken during B-mode imaging, consistent with an earlier report 

which had proven – using histological comparison as a gold standard – that near-wall IMT 

measurements were significantly under-estimated by B-mode ultrasound.144     

 

If improved visualization of the IMT permits superior detection of carotid plaques, then this 

potentially has very important clinical value. Since IMT increases with age can often be 

attributed to hypertension-induced thickening of the media due to smooth muscle hypertrophy, 

it has been suggested that arterial plaques are a more accurate marker of burden of 

atherosclerosis than IMT alone. Although it has been shown that CEUS improves visualisation 

of the carotid near-wall IMT68 and also results in fewer non-diagnostic scans115, it is not known 

whether CEUS improves visualization of carotid arterial segments in asymptomatic individuals 

free of known CVD and, therefore, whether a greater number of plaques are detected. The 

internal carotid artery (ICA) is frequently incompletely seen on B-mode ultrasound and a recent 

analysis of the Framingham Offspring Cohort Study found that only ICA IMT and ICA plaque 

burden provided incremental risk stratification benefit over the Framingham Risk Score itself19 

– and thus improved visualisation of the ICA by CEUS, if this is found, may be of significant 

clinical value. This study was therefore undertaken to determine the effect of CEUS upon IMT 

visualization and carotid plaque detection. 
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5.3 METHODS 

B-mode and CEUS images were analysed from asymptomatic South Asian and European 

White individuals enrolled in the London Life Sciences Population (LOLIPOP) study, a large 

community-based study in west London undertaken to better understand the patho-biological 

mechanisms underlying the differences in CVD burden between Asian and Caucasian 

populations. 

 

Patient Selection 

Individuals initially underwent B-mode imaging and, of those with carotid arterial plaque 

detected, a randomly selected group of patients were invited to return for repeat carotid 

imaging, this time by B-mode and CEUS imaging. B-mode, colour Doppler and contrast 

enhanced carotid ultrasonography were performed using a high-resolution ultrasound system 

(Vivid-7; General Electric Healthcare, Chalfont, Bucks, UK) equipped with a broadband linear 

array (3-11 MHz) transducer. ECG monitoring was performed continuously throughout the 

scan and arterial blood pressure was recorded using an automated sphygmomanometer.  

 

Carotid Imaging 

In summary, the proximal, mid, and distal common carotid artery (CCA), bifurcation of the 

CCA and proximal portion of the internal and external carotid arteries were systematically 

interrogated in long-axis and short-axis views. After B-mode imaging, an intravenous cannula 

was inserted and two vials (8mL) of Sonovue ultrasound contrast (Bracco Diagnostics, Milan, 

Italy) were administered as a continuous intravenous infusion using a specific pump (Vueject, 

Bracco, Milan, Italy) at a standardized rate of 1.2 mL/min, providing approximately 6.5 

minutes of contrast opacification. During this time, the right and left carotid arteries were re-

imaged using a specific low MI contrast pre-set (MI 0.20).  
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Image Analysis 

All images were stored on disc for off-line analysis, which was performed in random order 

after all patients had been scanned. The left and right carotid arteries consist of five distinct 

sections – namely, the proximal, mid and distal common carotid artery, the carotid bulb (point 

of bifurcation) and the internal carotid artery – each of which has a near wall and a far wall 

(thus a total of 10 segments). We employed a semi-quantitative scoring system to determine 

IMT visualization during B-mode and CEUS imaging. The scores assigned were as follows: 

 

0 Carotid IMT poorly visualized along entire length of the segment 

1  Carotid IMT partially visualized 

2  Carotid IMT clearly visualized along entire length of the segment  

 

Thus, as each artery had 10 segments to be scored (5 near wall and 5 far wall), a maximum 

possible visualization score was 20 (see figure 5.1 below). 

 

 

 

 

 

 

 

 

Figure 5.1: Illustration of a common carotid artery (CCA) with bifurcation into its internal 

(ICA) and external (ECA) branches. Ten segments were assigned for each carotid artery, five 

in each near wall and five in each far wall. 
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Plaque was defined as per the Mannheim consensus as a focal structure encroaching into the 

arterial lumen by >0.5 mm, a distinct area of IMT >50% greater than the adjacent wall or >1.5 

mm in thickness.26 The presence of plaque was judged in each of the ten segments of every 

carotid artery in all subjects and documented in a spreadsheet. Importantly, in an attempt to 

minimise observer bias, CEUS images were not interpreted immediately after the B-mode 

images of a particular individual. A random number generator was utilised and thus CEUS and 

B-mode images were analysed in random order and without viewing the B-mode and CEUS 

images of each individual ‘together’ as a ‘pair’ of studies. This was done to eliminate the 

possibility of viewing a plaque on CEUS images as the observer was ‘primed’ to its presence 

having just reviewed the B-mode images.    

 

In cases when there was a discrepancy between B-mode and CEUS imaging, these scans were 

re-analysed with close attention paid to plaque echogenicity on the B-mode study. The most 

frequently used system for assessing plaque echogenicity is the Gray-Weale scoring system,145 

although prior studies have demonstrated only modest inter-observer reproducibility of this 

scale.146 Consequently, in order to minimise the risks of such a problem, a simplified rating 

scale was devised for plaques on B-mode analysis, comprising: 

 

 - Predominantly echolucent  (>50% plaque area has low echogenicity) 

 - Predominantly echogenic (>50% plaque area has high echogenicity) 

 - Mixed plaque   (~50% echolucent and 50% echogenic areas) 

 

Reproducibility Studies 

Intra-observer and inter-observer reproducibilities were assessed for both IMT visualization 

and plaque detection. Ten randomly selected patients had their B-mode and CEUS images re-
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analysed segment-by-segment, documenting both IMT visualization score and 

presence/absence of plaque. This was done for both left and right carotid arteries, thus a total 

of 20 carotid segments were evaluated in each patient. Intra-observer analyses were performed 

>1 month after initial analysis. For inter-observer analysis, a second reader blinded to all 

clinical data of the subjects performed segmental analyses. Therefore, in total, reproducibility 

data were assessed as follows: 

 

1) Intra-observer agreement on IMT visualization during B-mode imaging 

2) Intra-observer agreement on IMT visualization during CEUS imaging 

 

3) Intra-observer agreement on plaque presence during B-mode imaging 

4) Intra-observer agreement on plaque presence during CEUS imaging 

 

5) Inter-observer agreement on IMT visualization during B-mode imaging 

6) Inter-observer agreement on IMT visualization during CEUS imaging 

 

7) Inter-observer agreement on plaque presence during B-mode imaging 

8) Inter-observer agreement on plaque presence during CEUS imaging 

 

Random numbers were generated using a free online random number generator (Research 

Randomizer, www.randomizer.org).   

 

Statistics 

Continuous variables are expressed as mean ± standard deviation and categorical variables as 

proportions. Data was tested for ‘normalcy’ – to determine whether parametric or non-
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parametric tests were applicable – using the Shapiro-Wilk test and skewness & kurtosis 

parameters. However, as the distribution of the differences between the two methods was 

normal, a paired t-test was used to compare plaque detection between B-mode and CEUS 

imaging techniques. Inter-and intra-observer agreements were examined using Cohen’s kappa 

statistic. For all tests, a p value <0.05 was considered statistically significant. All analyses were 

conducted using SPSS version 19.0 (SPSS Inc, Illinois, USA).  

 

5.4 RESULTS 

 

A total of 175 patients were studied. The mean age was 64.7±8.9yrs and 140 (80%) were male. 

The complete baseline demographics of the patients are listed in table 6.1. 

 

 

CHARACTERISTIC TOTAL (/175) [%] 
  
Mean Age (yrs ± SD) 64.6 ± 8.7 

  
Male Gender 140 [80] 

  
Hypertension 93 [53] 

  
Hyperlipidaemia 89 [51] 

  
Type 2 DM 36 [21] 

  
Smoking History 12 [7] 

  
Family History 58 [33] 

 

Table 5.1: Baseline patient characteristics 
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Effect On IMT Visualization 

On B-mode imaging, there was significantly better visualization of far wall IMT compared to 

near wall IMT in both left and right carotid arteries – figure 5.2 illustrates examples of clear 

far and near wall IMT and clear far wall but poor near wall IMT, respectively. 

 

 

Figure 5.2: B-mode examples of clear IMT visualization in both near and far arterial walls 

(left) and an example of a clear far wall but poor near wall IMT visualization (right). 

 

 

Figure 5.3: Example of near wall and far wall visualization during CEUS imaging. 
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CEUS significantly improved the percentage of segments in which IMT visualization was good 

(i.e. score = 2/2 – see figure 5.3), in all segments and also specifically in the ICA segments (see 

table 5.2). 

 

Measurement B-mode scan CEUS scan P value 

    

Right IMT visualised (%) 61 94 <0.001 

Left IMT visualised (%) 66 95 <0.001 

    

Right ICA IMT visualised (%) 23 86 <0.001 

Left ICA IMT visualised (%) 27 86 <0.001 

  

Table 5.2: IMT visualization during B-mode and CEUS imaging, in all segments and in the 

ICA only. 

 

The average visualization scores for the near wall and far wall of the right and left carotid 

arteries are presented in table 5.3. It should be noted that though CEUS improved IMT 

visualization compared with B-mode imaging, even during CEUS imaging there was a 

significantly greater IMT visualization of the far wall compared to the near wall. 
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 B-Mode Scan (/10) CEUS Scan (/10) P value 

RIGHT    

Near Wall IMT Score 4.6±2.5 9.1±1.2 <0.001 

Far Wall IMT Score 7.5±1.7 9.7±0.8 <0.001 

P Value <0.001 <0.001  

LEFT    

Near Wall IMT Score 5.4±2.4 9.3±1.0 <0.001 

Far Wall IMT Score 7.7±1.7 9.7±0.8 <0.001 

P Value <0.001 <0.001  

 

Table 5.3: Mean near wall and far wall IMT visualization scores for the right and left carotid 

arteries during B-mode and CEUS imaging. Each score has a maximum possible value of 10 

(5 segments per wall). IMT visualization was significantly improved by contrast in both near 

and far walls, but we also found that far wall IMT scores remained superior to near-wall IMT 

scores during CEUS. 

 

Effect on Plaque Detection 

A total of 350 plaques were detected on B-mode imaging and 367 during CEUS imaging. 

Figure 5.4 demonstrates that during both B-mode and CEUS imaging, by far the most common 

location for plaques was the carotid bulb, followed by the internal carotid artery whilst the 

common carotid artery was the least common location for plaque formation.  
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Figure 5.4: Distribution of plaques within the carotid arterial tree during B-mode and CEUS 

imaging. 

 

The majority of plaques detected were in the far wall rather than the near wall, as shown in 

figure 5.5. 
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Figure 5.5: Number of plaques detected in each segment of the carotid artery during B-mode 

and CEUS imaging. A greater number of plaques were found in the far wall than in the near 

wall, in both B-mode and CEUS imaging. The CCA was the least common site for plaque 

formation. 
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Discrepancies between B-mode and CEUS imaging 

There were a greater number of plaques detected during CEUS imaging than in B-mode 

imaging (367 vs. 350, p=0.02 by paired t-test). Table 5.4 demonstrates the categories of plaque 

detection between B-mode and CEUS imaging: 

 

Row Category No. of patients 

(%) 

   

1 B-mode plaque number = CEUS plaque number 131 (74.9) 

2 No plaques on B-mode, Plaques on CEUS 4 (2.3) 

3 No plaques on CEUS, Plaques on B-mode 4 (2.3) 

4 CEUS plaque number > B-mode plaque number 27 (15.4) 

5 B-mode plaque number > CEUS plaque number 9 (5.1) 

   

Table 5.4: Categories of plaque detection between B-mode and CEUS imaging 

 

In ¾ of the patients, the number of plaques detected on B-mode imaging was the same as during 

CEUS imaging. There were just 8 patients (4.6%) in whom plaques were seen during one 

modality (B-mode or CEUS) and not detected during the other. In a fifth of all patients 

(36/175), plaques were seen in both B-mode and CEUS imaging but the exact number detected 

differed. 

 

There were 31 patients in whom plaques were seen on CEUS imaging that were not detected 

during B-mode imaging (rows 2 & 4 in table 5.4 above). In these 31 patients, 88 plaques were 

detected by CEUS imaging versus 56 plaques by B-mode imaging, thus a difference of 32 
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plaques. Of these 32 plaques, 15 were in the bulb near wall, 12 in the bulb far wall, 2 in the 

ICA near wall and 3 in the ICA far wall. Thus, all of the extra plaques detected by CEUS were 

in the carotid bulb (27/32, 84%) or proximal ICA (5/32, 16%). On the other hand, there were 

13 patients in whom plaques were seen on B-mode imaging that were not detected during 

CEUS imaging (rows 3 & 5 in table 5.4 above). In these 13 patients, 30 plaques were detected 

by CEUS imaging versus 15 plaques by B-mode imaging, thus a difference of 15 plaques. Of 

these 15 plaques, 6 were in the bulb near wall, 7 in the bulb far wall, 1 in the ICA near wall 

and 1 in the distal CCA near wall. Thus, in summary, there were 32 extra plaques detected by 

CEUS but also 15 plaques missed by CEUS (detected by B-mode) thus yielding an overall 

difference of 17 extra plaques detected by CEUS. 

 

Exploring these results in greater detail, of the 32 plaques detected on CEUS imaging but not 

seen on B-mode imaging, 25 (78%) were predominantly hypo-echoic with no or minimal 

calcium seen on B-mode imaging. Conversely, of the 15 plaques detected on B-mode imaging 

and not identified during CEUS imaging, 11/15 (73%) were predominantly echo-bright plaques 

(i.e. high calcium content) on B-mode imaging.  

 

There were also 4 patients in whom there was diagnostic uncertainty whether shadowing in the 

carotid bulb represented plaque or ultrasound artefact (after assessment in both long and short 

axis views). Each of these instances referred to the carotid near wall. In all 4 cases, CEUS 

imaging revealed a normal bulb with no plaques visualized (see figure 5.6 below). 
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Figure 5.6: Suspicion of a large plaque (arrows) in long and short (panels A & B) axis images 

during B-mode imaging that were proven artefacts on CEUS imaging (panels C & D). 

 

Reproducibility Studies 

Intra-observer and inter-observer reproducibilities were assessed for IMT visualization and 

plaque detection in both carotid arteries of 10 randomly selected patients (thus 20 arteries in 

total). This was done for both the B-mode and CEUS images in each patient. The full segment-

by-segment results are illustrated in Appendix 2. However, in summary, excellent agreement 

was observed in both intra- and inter-observer agreement during both B-mode and CEUS 

imaging with respect to both IMT visualization and plaque detection.  

 

Intra-observer agreement for plaque presence or absence was 100% (k = 1.0) in the common 

carotid artery segments and either 90%, 95% or 100% agreement in the bulb and ICA segments. 
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Inter-observer agreement for plaque detection was also excellent, with 100% agreement in all 

CCA segments except the distal CCA near wall (in which there was 95% agreement) and 85-

95% agreement in the bulb and ICA segments.  

 

6.5 DISCUSSION 

 

The principal findings of this study are firstly that CEUS improves carotid IMT visualization 

compared with B-mode imaging, secondly that even in CEUS imaging, far-wall IMT 

visualization remains superior to near-wall IMT and thirdly that CEUS imaging permitted 

detection of a significantly greater number of carotid plaques. 

 

The conventional approach to CVD risk stratification involves identification and quantification 

of the presence of CVD risk factors and then estimating the future risk of a CVD event using a 

recognised scoring model.147 In the UK, this is the lifetime CVD risk using the 3rd Joint British 

Societies’ (JBS-3) system and, in the US, the 10-year CVD risk using the Framingham Risk 

Score (FRS). The FRS has several well-described limitations, including estimation of 10-year 

rather than lifetime risk, failure to account for ethnicity and family history of CAD and a binary 

(present or absent) approach to risk factors such as diabetes mellitus and smoking, whereas a 

continuous relationship may be more appropriate.147 Furthermore, chronological age is the 

predominant determinant of the FRS, thus potentially adversely skewing risk prediction in a 

number of elderly but otherwise healthy individuals.148  

 

As a result, it is hypothesized that patients in the intermediate risk group may benefit most from 

measurement of subclinical atherosclerosis to help refine risk stratification further.149 Increased 

IMT has been associated with a higher risk of stroke, myocardial infarction and CVD death in 
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several large (>1000 subjects) longitudinal prospective studies of healthy asymptomatic 

individuals.139-141, 150-154 Studies have also revealed a high prevalence of carotid atherosclerosis 

(including raised IMT) in individuals with low FRS scores.17 IMT has been shown to be more 

likely than coronary artery calcium score to revise the FRS.17 Indeed, a recent large analysis 

from the Multi-Ethnic Study of Atherosclerosis (MESA study), involving 6562 subjects, found 

that ultrasound-derived plaque metrics independently predicted CVD events and improved risk 

stratification in addition to Framingham risk factors, with the mean maximal IMT measurement 

showing greatest Net Reclassification Improvement.155  

 

Against this background, our results that IMT visualization is significantly improved by CEUS 

imaging – in both common and internal carotid arteries – potentially has great utility. CEUS 

improved visualization of near wall IMT, in keeping with previous studies,68 but also far wall 

IMT. The facilitation of accurate IMT measurement may help identify patients in whom risk 

reduction therapies may be helpful but also may help exclude sub-clinical disease in patients 

whose B-mode images are sub-optimal, thus potentially sparing them pharmacological agents 

such as statins and anti-platelet drugs. 

 

Our results also demonstrate that even during CEUS imaging, optimal far wall IMT 

visualization is superior to optimal near wall IMT visualization. The near wall in carotid 

imaging frequently suffers from ultrasound artefacts, indeed our findings extend those of 

Macioch et al,68 who first reported use of CEUS to improve near wall IMT visualization, 

because in addition to improving near wall IMT visualization in the common carotid artery, we 

also found superior IMT visualization in both near and far walls of the internal carotid artery. 

As subclinical atherosclerosis in the ICA has been suggested as a superior marker of adverse 

risk as opposed to the CCA,19 this finding, we hypothesized, would permit superior plaque 



~ 87 ~ 
 

detection. Thus, the ability to improve IMT visualization by CEUS in itself will permit more 

accurate IMT assessment.  

 

A significantly greater number of plaques were detected by CEUS imaging compared to B-

mode imaging. The results show that although some plaques were detected by B-mode imaging 

that were missed by CEUS, a far greater number were missed by B-mode but detected by 

CEUS, thus resulting in a net benefit of CEUS imaging. Although this difference did reach 

statistical significance, the overall difference in plaque detection between B-mode and CEUS 

imaging was small. As a result, the incremental clinical benefit of such an approach is yet to 

be determined.  

 

Our findings are in keeping with a recent Dutch study132 that assessed the presence of sub-

clinical atherosclerosis using CEUS of carotid arteries in 100 asymptomatic patients with 

cardiovascular risk factors but no known CVD. They found plaques in 77% patients using B-

mode imaging only and reported that this increased to 88% using CEUS as well. The authors 

concluded that incorporation of CEUS significantly increased detection of sub-clinical 

atherosclerosis compared to B-mode imaging alone.  

 

There are a number of differences between the present study and the study of van den Oord et 

al.132 Firstly – and most importantly – the methodology of the Dutch group suggests that CEUS 

images were interpreted immediately after B-mode images were obtained. Although this may 

be considered more ‘natural,’ as this is what might be done if CEUS were utilized in a clinical 

setting, seeing the B-mode images first would inform an interpreter of the presence of plaques, 

thus the individual would be ‘primed’ to seek these out on CEUS imaging. As a result, a plaque 

may be seen on CEUS imaging that may have been missed had the B-mode images not been 
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seen prior to the CEUS images. Indeed, despite imaging 200 carotid arteries, the authors did 

not report a single case of detecting a plaque on B-mode imaging which was not seen on CEUS 

imaging. One potential explanation is the prior review of B-mode images prior to analysing the 

CEUS images. Therefore, the present findings extend those of the Dutch group as these results 

indicate that even when CEUS images and B-mode images of patients were not reviewed 

together as a ‘pair’, CEUS allowed greater plaque detection.  

 

We found that 15 plaques were seen during B-mode imaging that were not seen during CEUS 

imaging. The majority (11/15, 73%) of these plaques were echo-bright. The echo-bright nature 

meant that they were difficult to visualize when the lumen was opacified with contrast and this 

is the likely explanation for CEUS ‘missing’ these plaques. Conversely, most plaques (25/32, 

84%) not detected on B-mode imaging but seen on CEUS were predominantly echolucent. 

These observations on plaque characteristics during B-mode and CEUS imaging are consistent 

with the findings of van den Oord et al.132 

 

CEUS is an excellent technique for optimal visualization of the carotid arterial tree and can 

help distinguish between ultrasound artefacts and plaques. In addition to enabling improved 

plaque detection, CEUS also helped to prevent ‘false positive’ reporting of plaques during B-

mode imaging. It may prove that CEUS is clinically most helpful in combination with B-mode 

imaging for distinguishing between plaques and artefacts (especially in the near wall), 

permitting optimal IMT visualization and optimal plaque visualization. 

 

Study Strengths and Limitations 

There are certain study strengths and limitations which merit discussion. The use of a 

continuous intravenous infusion of contrast is a strength of the study design as it permitted 
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excellent and homogeneous arterial opacification. Furthermore, the superior value of CEUS 

over B-mode imaging for plaque detection has also been shown in a study in which contrast 

bolus doses were given,132 thus suggesting that method of contrast administration is not a 

significant factor in plaque detection. The number of subjects’ studies is small and from a single 

centre; a larger and multi-centre study assessing CEUS in asymptomatic individuals with 

elevated CVD risk would be of benefit. A potential limitation of this study is the question over 

incremental clinical value of the data obtained during CEUS. If a patient already qualifies for 

primary prevention therapy, then the presence or absence of carotid atherosclerosis is 

unimportant. However, a recent study in symptomatic patients undergoing stress testing found 

that almost 20% patients that did not qualify for primary prevention drugs (e.g. statins) had 

sub-clinical carotid atherosclerosis.156 There is, therefore, the possibility that optimal detection 

of carotid atherosclerosis – by B-mode & CEUS imaging – may lead to better identification of 

patients requiring primary prevention strategies, although a large scale study proving this 

hypothesis is required. 

 

Conclusions 

 

CEUS significantly improves visualization of the intima-media thickness in common carotid 

and internal carotid artery segments compared with B-mode imaging and also permits detection 

of a significantly greater number of carotid plaques. A combination of B-mode and CEUS 

imaging will allow for excellent IMT visualization and accurate plaque detection, as well as 

distinguishing between ultrasound artefacts and genuine arterial plaques. 
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CHAPTER 6 

 

Higher Prevalence of Plaque Neovascularisation – a Marker of Plaque 

Vulnerability – in South Asians versus Northern European Asymptomatic 

Subjects: Implications for a Possible Mechanism for Differential Ethnic Outcome    

 

6.1 ABSTRACT 

 

Background 

 

Individuals of South Asian (SA) ethnic origin have a considerably greater risk of suffering 

cardiovascular events compared with European White (EW) individuals. Although a number 

of explanations have been proposed, the underlying reasons for this difference remain 

incompletely defined. A difference in plaque composition – specifically, presence or absence 

of intraplaque neovascularisation (IPN) – may help explain the underlying mechanisms.  

 

Objective 

 

To determine the frequency in which IPN is observed in carotid plaques from asymptomatic 

SA and EW subjects free of known cardiovascular disease. 

 

Methods 

Individuals were recruited from the London Life Sciences Population (LOLIPOP) study. Men 

and women found to have carotid plaques during initial carotid imaging were invited for repeat 
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imaging by B-mode and contrast-enhanced ultrasound (CEUS). Plaques were interrogated in 

long and short axis views for presence of IPN during CEUS imaging.  

 

Results 

 

Of 175 patients that were studied by B-mode and CEUS carotid ultrasonography, there were 

96 Northern European subjects (55%) and 79 South Asian subjects (45%), in whom 197 and 

170 plaques were identified respectively. The mean age was 64.7±8.9yrs and 140 (80%) were 

male. IPN was detected in approximately 50% of all plaques.  

 

On a per-patient basis, IPN was detected in 56/79 (71%) Asian subjects and 55/96 (57%) 

European subjects. After adjustment for clinical variables by multi-variable logistic regression 

(including age, gender and conventional cardiovascular risk factors), South Asian ethnicity was 

the only independent predictor of presence of IPN (Odds Ratio 2.8, 95% C.I. 1.36 – 5.92, 

p=0.006).  

 

Conclusions 

 

This is the first study to identify a differential incidence on IPN based upon ethnicity and may 

help explain, at least in part, the greater CVD burden amongst SA populations. 
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6.2 INTRODUCTION 

 

Recently, much research has focused upon predicting which atherosclerotic plaques will 

‘rupture’ – triggering events such as myocardial infarction or stroke – and which plaques will 

not rupture, leading to the  concept of the ‘vulnerable’ (or unstable) plaque.157 Emerging key 

features of such plaques are intra-plaque neovessels. These neovessels are fragile, leaky and 

prone to bleeding, leading to intra-plaque haemorrhage, which contributes to the necrotic core 

of plaques and is believed to increase risk of plaque rupture.158 Consequently, the presence of 

intra-plaque neovascularisation (IPN) has been postulated as a pre-cursor to the vulnerable 

plaque. A number of imaging and histological studies have revealed a clear association between 

presence and extent of IPN and subsequent cardiovascular events, including mortality.57, 59, 76 

Contrast enhanced ultrasound (CEUS), a non-invasive technique that utilizes trans-pulmonary 

ultrasound contrast agents, can be used to visualize IPN during carotid ultrasonography.159 

 

South Asians (people of Indian, Pakistani and Bangladeshi origin) living in the United 

Kingdom have a greater than 50% higher risk of death from cardiovascular disease (CVD) 

compared with native European whites.160 The mechanisms underlying their excess mortality 

are not clear. The burden of subclinical atherosclerosis detected in the carotid arteries is an 

established prognosticator for major CVD events. However, our group has recently shown that 

there were no significant differences in intima-media thickness, plaque prevalence or plaque 

echogenicity between asymptomatic South Asian and European populations.114 We therefore 

hypothesized that a difference in plaque vulnerability may account for the observed increased 

CVD events and thus performed this study to determine whether there are significant 

differences in IPN prevalence between SA and EW individuals.  
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6.3 METHODS 

 

Patient Selection 

Individuals were drawn from the London Life Sciences Population (LOLIPOP) study, a 

community-based study comparing EW and SA individuals, free from known cardiovascular 

and cerebrovascular disease, in an attempt to better understand the mechanisms underlying the 

increased CVD burden amongst the SA community.  Subjects were considered of SA ethnicity 

if all four grand-parents were born in the Indian sub-continent, whilst EW subjects had grand-

parents that were all born in Northern Europe. The LOLIPOP study recruited over 30,000 

subjects, of whom approximately 2400 took part in the LOLIPOP-Atherosclerosis sub-study. 

The imaging findings in these individuals have been previously published.114, 161 In the 

Atherosclerosis sub-study, just over 1000 individuals had carotid plaques detected on B-mode 

carotid ultrasonography. We randomly selected 200 patients from this group and invited them 

to return for carotid B-mode and CEUS imaging.  

 

Carotid Ultrasonography 

B-mode, colour Doppler and contrast enhanced carotid ultrasonography were performed using 

a high-resolution ultrasound system (Vivid-7; General Electric Healthcare, Chalfont, Bucks, 

UK) equipped with a broadband linear array (3-11 MHz) transducer. ECG monitoring was 

performed continuously throughout the scan and arterial blood pressure was recorded using an 

automated sphygmomanometer.  

 

In summary, the proximal, mid, and distal common carotid artery (CCA), bifurcation of the 

CCA and proximal portion of the internal and external carotid arteries were systematically 

interrogated in long-axis and short-axis views. Colour Doppler imaging was used to identify 
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flow and spectral Doppler used to measure flow velocities. After B-mode imaging, an 

intravenous cannula was inserted and two vials (8mL) of Sonovue ultrasound contrast (Bracco 

Diagnostics, Milan, Italy) was administered as a continuous intravenous infusion using a 

specific pump (Vueject, Bracco, Milan, Italy) at a standardized rate of 1.2 mL/min, providing 

approximately 6.5 minutes of contrast opacification. During this time, the right and left carotid 

arteries were re-imaged using a specific low MI contrast pre-set (MI 0.20), with special focus 

upon areas of abnormality (i.e. plaques) identified during the B-mode scan.  

 

Image Analysis 

All images were subsequently stored on disc for off-line analysis, which was performed in 

random order after all patients had been scanned. In an attempt to minimize the risks of bias in 

the study, all carotid images were analysed by a cardiologist that did not perform the scans and 

who was blinded from the subject’s ethnicity (as scans were identified by study number only). 

Plaque was defined as per the Mannheim consensus as a focal structure encroaching into the 

arterial lumen by >0.5 mm, a distinct area of IMT >50% greater than the adjacent wall or >1.5 

mm in thickness.26 Presence of IPN was graded semi-quantitatively as absent (Grade 0), limited 

to the adventitia / plaque base (Grade 1) or extensive and/or extending into the plaque body 

(Grade 2).72  

 

Statistics 

Continuous variables are expressed as mean ± standard deviation and categorical variables as 

proportions. Continuous variables between EW and SA subjects were compared using the 

unpaired Student’s t-test and categorical variables using the chi-squared test. Logistic 

regression was used to identify independent predictors of the presence of IPN after adjustment 

for clinical variables. For all tests, a p value <0.05 was considered statistically significant. All 
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analyses were conducted using SPSS version 19.0 (SPSS Inc, Illinois, USA). 

 

6.4 RESULTS 

 

Of the 200 individuals invited for repeat carotid imaging, 17 had suffered a (first) 

cardiovascular event since the initial scan, 3 patients did not have CEUS imaging performed 

(inability to obtain IV access) and 5 patients had incomplete data sets, leaving a final total of 

175 patients that were studied by B-mode and CEUS carotid ultrasonography. The mean age 

was 64.7±8.9yrs and 140 (80%) were male. The complete baseline demographics of the 

patients are listed in table 6.1. There were 96 Northern European subjects (55%) and 79 South 

Asian subjects (45%), in whom 197 and 170 plaques were identified respectively. IPN was 

detected in approximately 50% of all plaques, with no significant difference between plaques 

detected in the left (95/192, 49%) and right (88/175, 50%) carotid arteries (p=0.88).  

 

CHARACTERISTIC SOUTH 
ASIAN (/79) 

[%] 

EUROPEAN 
WHITE (/96) 

[%] 

TOTAL  
(/175) [%] 

P value 

     
Mean Age (yrs ± SD) 63.2 ± 9.4 65.7 ± 7.9 64.6 ± 8.7 0.055 

     
Male Gender 60 [76] 80 [83] 140 [80] 0.224 

     
Hypertension 48 [61] 45 [47] 93 [53] 0.067 

     
Hyperlipidaemia 42 [53] 47 [49] 89 [51] 0.580 

     
Type 2 DM 23 [29] 13 [14] 36 [21] 0.011 

     
Smoking History 3 [4] 9 [9] 12 [7] 0.146 

     
Family History 31 [39] 27 [28] 58 [33] 0.120 

 

Table 6.1: Baseline characteristics of the study patients. 
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Per-Patient Analysis 

On a per-patient basis, at least one plaque containing IPN was detected in 56/79 (71%) Asian 

subjects and 55/96 (57%) European subjects (p=0.06) – see figure 6.1. However, after 

adjustment for clinical variables (age, gender, hypertension, hyperlipidaemia diabetes mellitus 

and smoking status) – by multi-variable logistic regression – South Asian ethnicity was the 

only independent predictor of the presence of IPN (Odds Ratio 2.8, 95% C.I. 1.36 – 5.92, 

p=0.006).  

 

 

 

Figure 6.1: CEUS still image showing a plaque in the carotid bulb, extending into the origin 

of the internal carotid artery (ICA) with clearly seen contrast bubbles within the plaque (red 

arrows) representing IPN. 
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Figure 6.2: B-mode and carotid CEUS images. Top left – B-mode image of a plaque (P) in the 

left internal carotid artery (ICA). Top right – The same left ICA plaque (P) on CEUS with no 

bubbles seen within it (Adv = Adventitia). Bottom left – a plaque just distal to the right common 

carotid artery (CCA) bifurcation. Bottom right – the same plaque with multiple contrast 

bubbles within (arrows) indicative of IPN. 

 

Per-Plaque Analysis 

In total, there were 367 plaques visualized during CEUS imaging, of which 170 were in SA 

subjects and 197 in EW subjects (see example in figure 6.2). Almost exactly half of the plaques 

(184/367, 51%) contained IPN. Amongst SA subjects, 94/170 (55%) plaques contained IPN 

whereas amongst EW subjects 90/197 (46%) plaques contained IPN. Again, by multi-variable 
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logistic regression, South Asian ethnicity was an independent predictor of the presence of IPN 

(Odds Ratio 1.8, 95% C.I. 1.18 – 2.87, p=0.007).  

 

Reproducibility Studies 

In order to determine the inter- and intra-observer reproducibility of the technique, 20 CEUS 

studies were selected at random for analysis by a second observer and re-analysis one month 

after initial analysis, respectively. Inter- and intra-observer agreements were 85% and 95% 

yielding kappa values of 0.85 and 0.95, respectively. Full tables are provided in Appendix 1.    

 

6.5 DISCUSSION 

 

This is the first study to detect a significant difference in plaque neovascularisation based upon 

ethnicity. Our results have shown that IPN is associated with SA ethnic origin independent of 

conventional cardiovascular risk factors, including those typically more prevalent in SA 

individuals such as diabetes mellitus, hypertension and hypercholesterolaemia. As a marker of 

plaque vulnerability, this finding may in part account for higher CVD risk observed in South 

Asians vs. Europeans. However, larger studies are required to confirm these preliminary 

findings. 

 

Migrant South Asians in the UK have a considerably increased risk of CVD mortality 

compared to native whites.160 Though much of this risk is thought attributable to modifiable 

risk factors such as diabetes mellitus and hypertension, conventional risk scoring systems (e.g. 

Framingham) incompletely assess this risk and thus under-estimate CVD risk in Asians.162 

 



~ 99 ~ 
 

Plaque neovascularisation has emerged recently as the likely pre-cursor to intra-plaque 

haemorrhage, which is believed to contribute to the necrotic core of plaques and thus may be a 

marker of plaque vulnerability.40 Prior studies have shown an association between IPN and 

adverse CVD outcomes.59 Our preliminary results suggest that a difference in IPN may explain 

the greater CVD risk in South Asians compared with European whites.  

 

The exact mechanisms that may underpin this difference between plaque neovascularisation in 

SA and EW individuals are yet to be defined. A genetic contribution is one possibility. The 

tunica intima and media are dependent upon diffusion of oxygen from the lumen and, in disease 

conditions when the IMT complex thickness, local hypoxia triggers release of Hypoxia 

Inducible Factor (HIF). HIF-α is released from the arterial wall once a diffusion threshold of 

oxygen tension is reached and one hypothesis is that this diffusion threshold is lower in SA 

individuals compared to EW subjects, although currently this is unproven. 

 

Clinical Implications 

Observational data suggests that IPN is associated with a greater rate of adverse cardiovascular 

events. If follow-up of such a patient cohort were to confirm that the difference noted in IPN 

during an asymptomatic period translated into adverse outcome later in life, this may have 

significant implications for clinical practice and may fuel research interests further to identify 

interventions in the sub-clinical stage of disease that may improve longer term outcomes. Large 

scale, multi-country trials are likely to be required for this purpose.  

 

Statins have been used in clinical practice for lowering of low density lipoprotein (LDL) 

cholesterol for over two decades. High dose statin therapy has been shown to induce a reduction 

in plaque volume,163 principally by reducing cholesterol and thus the size of the lipid core of 
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‘vulnerable’ plaques. A more recent study has also shown that high dose statin treatment can 

in fact increase the thickness of the fibrous cap of atherosclerotic plaques,164 another potential 

feature of vulnerable plaques. Clinical trials are required to determine whether high-dose statin 

therapy, for example, could be used for plaque stabilization specifically in IPN-containing 

plaques. Anti-angiogenic therapy for normalization of atherosclerotic plaque vessels is also an 

attractive potential therapeutic strategy,165 though data in this field are at present lacking.  

 

Strengths & Limitations 

There are certain strengths and limitations of this study that should be acknowledged. Strengths 

include use of contemporary ultrasound equipment, use of a continuous intravenous infusion 

of ultrasound contrast and ability to study a well-characterized and ethnically unambiguous 

population. The principal limitation of the study is the small sample size. Larger studies are 

required to confirm the results of our initial data and demonstrate reproducibility of the CEUS 

technique prior to widespread use. Follow-up of this patient cohort will also clarify the 

prognostic impact of IPN amongst South Asians. 

 

Conclusions 

Plaque neovascularisation, a putative pre-cursor to intra-plaque haemorrhage and thus a 

surrogate marker of plaque vulnerability, is increased in SA compared to EW individuals free 

from cardiovascular disease. This finding may help explain the greater CVD burden amongst 

SA populations. Larger studies are required to ratify these findings and determine associated 

prognostic implications. 
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CHAPTER 7 

Plaque Neovascularization is Increased in Human Carotid Atherosclerosis 

Related to Prior Neck Radiotherapy  

 

7.1 ABSTRACT 

 

Background 

Patients with a malignancy in the head or neck region frequently receive radiotherapy (RT) 

during treatment of their cancer. Consequently, the carotid artery is frequently exposed – 

unavoidably – to irradiation. Exposure of the carotid arteries to RT, during treatment for head 

and neck cancer (HNC), is associated with an increased risk of stroke. However, the effect of 

RT upon plaque composition has not previously been studied. Specifically, the effect of RT 

upon intraplaque neovascularization (IPN) – a pre-cursor to intraplaque haemorrhage and, thus, 

a surrogate marker of plaque vulnerability – is unknown.  

 

Objectives 

To determine the effect of radiotherapy (RT) upon IPN in human carotid arteries.  

 

Methods 

In this cross-sectional study, patients who had undergone unilateral RT for HNC ≥ 2 years 

previously underwent B-mode and contrast-enhanced ultrasonography (CEUS) of both RT-

side and non-RT side carotid arteries.  As only patients that received unilateral RT were studied, 

by scanning both the left and right carotid arteries, each patient acted as their own internal ‘self-

control’. The presence of IPN during CEUS was judged semi-quantitatively as grade 0 (absent), 

grade 1 (present but limited to plaque base) or grade 2 (extensive and noted within plaque 
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body). CEUS images were interpreted by an individual blinded to the side of RT in each patient. 

The presence of IPN was compared against baseline patient characteristics, including laterality 

of RT. 

 

Results 

Of 49 patients studied, 38 (78%) had plaques. The number of plaques was significantly greater 

in the RT versus the non-RT arteries. Overall, 48/64 (75%) of all RT-side plaques had IPN vs. 

9/23 (39%) of the non-RT side plaques (p=0.002). Amongst patients with plaques, IPN was 

present in 81% patients with RT-side plaques vs. 41% patients with non-RT side plaques 

(p=0.004). Grade 0 IPN was significantly more common in patients with non-RT side plaques 

(25% vs. 61%, p=0.002) whereas Grade 2 plaques were more common on the RT side (31% 

vs. 9%, p=0.03). The only clinical variable which predicted presence or absence of IPN was 

RT laterality. 

 

Conclusion 

This is the first study in humans to report upon the relationship between prior RT and plaque 

neovascularization. A significant association between RT and presence and extent of IPN was 

found in this study. This may provide insights into the mechanisms underlying the increased 

stroke risk amongst HNC survivors treated by RT.  

 

 

 

 

 

 

 



~ 103 ~ 
 

7.2 INTRODUCTION 

 

Atherosclerosis is the underlying patho-biological substrate that accounts for most 

cardiovascular events. However, not all patients with atherosclerosis experience such 

outcomes. In recent years, much research has focused upon predicting which atherosclerotic 

plaques will ‘rupture’ – triggering events such as myocardial infarction or stroke – and which 

plaques do not rupture, leading to the  concept of the ‘vulnerable’ (or unstable) plaque.157 

 

An emerging key feature of such plaques is intra-plaque neovessels. These neovessels are 

fragile, leaky and prone to bleeding, leading to intra-plaque haemorrhage, which contributes to 

the necrotic core of plaques and is believed to increase risk of plaque rupture.166 Consequently, 

the presence of intra-plaque neovascularization (IPN) has been postulated as a pre-cursor to the 

vulnerable plaque.158, 167 A number of imaging and histological studies have revealed a clear 

association between presence and extent of IPN and subsequent cardiovascular events (CVE), 

including mortality.57, 59, 76 Much of this research in humans has focused upon the carotid 

arteries, owing to their superficial location (favours non-invasive imaging), the association with 

stroke and because patients undergoing carotid endarterectomy provide a suitable model for 

histological comparisons. 

  

IPN can be visualized by several imaging techniques, including contrast-enhanced ultrasound 

(CEUS). CEUS utilizes trans-pulmonary ultrasound contrast agents, which remain 

intravascular at all times, effectively acting as red cell “tracers”. Carotid ultrasonography 

performed following administration of contrast permits visualization of IPN70 and comparisons 

with histological neovessel density have validated the technique’s accuracy.72 
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Radiotherapy (RT) damages arterial walls and promotes atherosclerosis. The carotid arteries 

frequently receive significant incidental doses of radiation during RT treatment of head and 

neck cancers (HNC). Radiation vasculopathy had until recently been considered quite a rare 

entity, as patients would frequently succumb to their malignancy first. However, as cancer 

survival rates improve, patients are “outliving” their malignancies and presenting later with the 

long-term sequelae of cancer therapy.117 

 

Several studies have shown that RT of the carotid arteries is associated with increased intima-

media thickness (IMT), increased carotid plaque formation and overall an increased risk of 

stroke.168, 169 However, the effect of RT on plaque composition – specifically IPN – has not 

been studied in humans. This study was thus performed to assess the effects of RT upon IPN 

in survivors of HNC who had previously received RT.  

 

7.3 METHODS 

 

Study Design 

 

This was a cross-sectional study of patients previously treated with RT for HNC. Ethical 

approval was obtained and all patients provided informed written consent. The inclusion 

criteria were as follows:  

 

 Age >18 years 

 Histologically confirmed cancer treated with hemi-neck RT to ≥ 50 Gray (Gy) 

 Radiotherapy administered > 24 months previously 

 Patient able to provide written informed consent.  
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The exclusion criteria were:  

 Patients with active HNC 

 Patients with a prior history of carotid endarterectomy or carotid angioplasty 

 Patients with bilateral RT 

 Patients with known allergy to sulphur / sulphur-containing drugs. 

 

HNC patients who had received unilateral RT prior to December 2009 were identified via the 

RT database. The requirement for RT to have been ≥2 years previously was chosen for two 

reasons: firstly, such patients are likely to be cured of their cancer and therefore live long 

enough to develop atherosclerosis.  Secondly, plaques need time to develop after RT and thus 

recruiting patients after a shorter time duration may have resulted in many more normal studies. 

Eligible patients agreeable to participation (only three patients declined) were invited to attend 

for a baseline questionnaire (for confirmation of study eligibility and determination of risk 

factor profile), physical examination, routine blood tests and carotid ultrasonography. Each 

patient had their height (in metres) and weight (in kilograms) recorded in order to calculate the 

body mass index (BMI).  

 

Patient Clinical Variables 

 

The presence of cardiovascular risk factors was defined as follows:  

 

Diabetes mellitus: random serum glucose ≥ 11.1mmol/L, a glycosylate haemoglobin A1c 

(HbA1c) ≥5.8%   or current use of glucose-lowering agents or insulin 
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Hypertension: systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥ 90 mmHg 

or current use of anti-hypertensive agents) 

 

Hyperlipidemia: fasting serum low density lipoprotein (LDL) ≥2.6mmol/L, high density 

lipoprotein (HDL) <2.3mmol/L or triglycerides (TG) ≥2.3 mmol/L, or current use of 

cholesterol-lowering agents 

 

Smoking History: Ever smoker 

 

Family history of premature CAD: First degree relative suffered myocardial infarction or 

stroke, <55 yrs (men) or <65 yrs (women)).  

 

Carotid Ultrasonography 

B-mode, colour Doppler and contrast enhanced carotid ultrasonography (see figure 7.1) were 

performed using a high-resolution ultrasound system (Vivid-7; General Electric Healthcare, 

Chalfont, Bucks, UK) equipped with a broadband (3-11 MHz) transducer. All scans were 

performed by a cardiologist blinded to the patient’s history including the laterality of RT (as 

RT had been delivered >2yrs previously, potential markers of treatment such as erythema, 

telangiectasiae and skin tenderness were no longer present). ECG monitoring was performed 

continuously throughout the scan and arterial blood pressure was recorded using an automated 

sphygmomanometer. In summary, the proximal, mid, and distal common carotid artery (CCA), 

bifurcation of the CCA and proximal portion of the internal and external carotid arteries were 

systematically interrogated in long-axis and short-axis views. Colour Doppler imaging was 

used to identify flow and spectral Doppler used to measure flow velocities. 
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Figure 7.1: Examples of B-mode (left), colour Doppler (centre) and CEUS (right) 

imaging of the carotid arterial tree. The figures show a long-axis view of the common 

carotid artery with bifurcation into internal and external carotid arteries. 

 

Plaque was defined as per the Mannheim consensus as a focal structure encroaching into the 

arterial lumen by >0.5 mm, a distinct area of IMT >50% greater than the adjacent wall or >1.5 

mm in thickness26 (see figure 7.2). IMT measurements were taken at the far wall of the distal 

CCA at end-diastole using a semi-automated edge detection algorithm (EchoPAC version 8.0, 

GE Healthcare) and the mean value obtained was an average of 3 measurements. Plaque area 

was calculated by tracing around the plaque edges in end-diastolic long axis still images and 

was also expressed as an average of three measurements. 

 

 

 

Figure 7.2: Drawn representation of 
carotid tree, with plaque and IMT 

measurements according to Mannheim 
consensus: 

 
1: thickness > 1.5 mm 

2: lumen encroaching > 0.5 mm 
3, 4: >50% of the surrounding 

IMT value 
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After B-mode imaging, an intravenous cannula was inserted and two vials (8mL) of Sonovue 

ultrasound contrast (Bracco Diagnostics, Milan, Italy) were administered as a continuous 

intravenous infusion at a standardized rate of 1.2 mL/min, providing approximately 6.5 minutes 

of contrast opacification. During this time, the right and left carotid arteries were re-imaged 

using a specific low MI contrast pre-set (MI 0.20), with special focus upon areas of abnormality 

(i.e. plaques) identified during the B-mode scan. All images were subsequently transferred to 

the EchoPAC database and also stored on disc for off-line analysis, which was performed in 

random order (after all patients had been scanned) and blinded to the patient’s clinical details. 

IPN was graded semi-quantitatively as absent (Grade 0), limited to the adventitia / plaque base 

(Grade 1) or extensive and/or extending into the plaque body (Grade 2) by a doctor blinded to 

the side of RT.72  

 

Statistics 

 

The primary aim of this study was to compare the incidence of IPN within carotid plaques in 

irradiated arteries to un-irradiated internal controls.  However, the expected prevalence of IPN 

within such plaques-required for the ample size calculation – was entirely unknown as this 

question has never previously been the subject of a research study. Consequently, the advice 

from a medical statistician in this case was to use the expected prevalence of carotid plaque as 

the nearest estimate for prevalence of IPN in order to perform a sample size calculation. 

 

As previously reported, the expected absolute difference in the prevalence of carotid artery 

stenosis due to plaque is around 25-30%.170, 171 With a Type I error set at 95% (α = 0.05) and a 

type II error set at 10% (β = 0.10), a minimum of 80 patients would be required.  As patients 

treated with unilateral RT were evaluated (the contralateral carotid artery served as an internal 
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control), a total of 40 patients were therefore required for this study. In order to account for 

unexpected loss of subjects (e.g. poor ultrasound windows), the study aimed to recruit 50 

patients.  As increased prevalence of carotid plaque was expected on the RT-side, we 

hypothesized that there may also be an accompanying increased incidence of IPN. 

 

Continuous variables are presented as mean ± standard deviation and categorical variables as 

proportions. Data was analyzed on a per-patient basis and a per-plaque basis. The per-patient 

analyses represent paired data (two data sets obtained from each patient, one from the RT-side 

artery and one from the non-RT side artery) whereas the per-plaque analyses represent unpaired 

data, as there were a different number of plaques between the RT and non-RT sides (thus these 

were unmatched groups). Therefore, the per-patient analyses were conducted using the paired 

t-test (continuous data) and McNemar’s test (categorical data) and the per-plaque analyses were 

conducted with the Student’s t-test (continuous data) and chi-squared test (categorical data). 

All statistical calculations were performed using SPSS version 19.0. A p value <0.05 was taken 

as statistically significant for all tests. 

 

For determination of intra-observer and inter-observer variability, Cohen’s kappa statistic was 

used to measure agreement between two different assessments – at least 1 month apart – by 

one reader and two different readers, respectively, of 15 randomly selected CEUS cine images. 

For inter-observer assessment, we used two readers to compare against the first author – one 

with experience in CEUS imaging and a second cardiologist with no prior experience of CEUS 

imaging. 
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7.4 RESULTS  

 

Patient Variables 

Of 50 patients that consented for the study, 49 underwent B-mode and contrast-enhanced 

carotid ultrasound studies (in one patient intravenous access proved impossible and thus 

contrast could not be administered). The baseline demographics of these 49 patients are 

detailed in Table 7.1. Mean age was 57±8yrs, 69% were male and mean BMI was 26.3±4.4 

kg/m2.  

 

The histological tumour type was squamous cell carcinoma in the majority of patients (38/49, 

78%). There were 42 patients with oropharyngeal (tonsillar) tumours and 7 patients with 

parotid tumours.  All patients had 3D conformal RT to the section of the carotid artery we 

studied (i.e. from the bifurcation to the proximal CCA).  Some patients would have received 

intensity-modulated radiotherapy (IMRT) to the cranial part of the ICA/ECA, but we did not 

examine these segments in this study.  The average maximum dose to the irradiated side was 

53±13 Gy and to the un-irradiated side was 1.9±3.7Gy.  The dose to the un-irradiated side 

would be considered clinically negligible.  

 

Almost half the cohort (22/49, 45%) had also received platinum-based chemotherapy drugs for 

treatment of their HNC. The mean time duration from RT to carotid imaging was 5.4±2.5 years 

(range 2.1 – 12.6yrs). Routine full blood count was normal in all patients. Mean serum 

creatinine value was 75±19mmol/L (range 46-128mmol/L). The mean total, HDL and LDL 

cholesterol levels were 5.3mmol/L, 1.5mmol/L and 3.2mmol/L respectively. All patients had 

normal serum calcium concentration (mean 2.2±0.1mmol/L). 
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Patient characteristics Total (%) 

(n = 49) 

Plaque (%) 

(n = 38) 

No plaque (%) 

(n=11) 

P value 

 

Demographics 

Mean age (yrs±SD) 

 

 

57±8 

 

 

59±7 

 

 

50±8 

 

 

0.001 

Male gender 34 (69.0) 28 (73.7) 6 (54.5) 0.23 

Diabetes 4 (8.2) 3 (7.9) 1 (9.1) 0.90 

Hypertension 13 (26.5) 12 (31.6) 1 (9.1) 0.14 

Smoker 26 (53) 20 (52.6) 6 (54.5) 0.91 

Hyperlipidemia 11 (22.4) 10 (26.3) 1 (9.1) 0.23 

Mean BMI (±SD) 26.3±4.4 26.6±4.4 25.1±4.2 0.34 

Mean time from RT (years) 5.4±2.5 5.9±2.6 3.6±1.4 0.006 

 

Medications     

Anti-hypertensive drugs 13 (26.5) 12 (31.6) 1 (9.1) 0.14 

Anti-diabetic drugs 4 (8.2) 3 (7.9) 1 (9.1) 0.90 

HMG Co-A reductase 

inhibitors (Statins) 

11 (22.4) 10 (26.3) 1 (9.1) 0.23 

Aspirin 13 (26.5) 10 (26.3) 3 (27.3) 0.95 

 

 

Table 7.1: Baseline characteristics of the 49 enrolled patients 
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Carotid Ultrasonography 

 

Of the 49 patients examined, plaques were detected in 38 (78%) with bilateral plaques in 15 

patients and unilateral plaques in 23 patients. Patients with bilateral plaques more frequently 

had a history of smoking than those with unilateral plaques, but all other variables were similar 

between the groups (see table 7.2). The data presented in Table 7.3 demonstrate the differences 

in plaque number, area and prevalence of IPN from the RT and non-RT carotid arteries. There 

were a greater number of plaques on the RT side although mean plaque area and total plaque 

burden by area were similar between RT and non-RT arteries. A total of 87 plaques were 

detected, with 41 plaques in the right carotid artery and 46 in the left carotid artery. On a per-

plaque basis, there was no significant difference in the frequency of IPN between plaques from 

the left and right sided arteries (27/41 [66%] vs. 30/46 [65%], p=0.95). 

 

IPN was analyzed on a per-patient as well as per-plaque basis, but in both cases, IPN was more 

commonly seen on the RT side than the non-RT side. Of all 49 patients, 29 (59%) had at least 

1 plaque containing IPN on the RT-side versus just 7 patients (14%) that had  ≥1 plaque 

containing IPN on the non-RT side (p<0.001). Amongst the 38 patients with plaque, 36 (95%) 

had plaque on the RT-side whereas 17 patients (45%) had plaque on the non-RT side (p<0.001 

– see figure 7.3). Thus, analyzing only those patients with IPN, 29/36 patients had at least 1 

plaque containing IPN on the RT-side versus 7/17 patients that had ≥1 plaque containing IPN 

on the non-RT side (81% vs. 41%, p<0.001). Similarly, at a patient level, the absence of IPN 

(i.e. Grade 0) was significantly more frequent in non-RT plaques than RT plaques. Conversely, 

Grade 2 IPN – the highest grade and indicative of the most extensive IPN – was significantly 

more commonly identified in RT plaques than in non-RT plaques. Figure 7.4 shows examples 

of grade 0, grade 1 and grade 2 IPN during CEUS imaging. 
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Patient characteristics All patients 

with PLQ 

(n = 38) 

Bilateral 

PLQ (%) 

(n = 15) 

Unilateral  

PLQ (%) 

(n=23) 

P value 

 

Demographics 

Mean age (yrs±SD) 

 

 

59±7 

 

 

60±6 

 

 

57±8 

 

 

0.21 

Male gender 28 (73.7) 12 (80.0) 16 (69.6) 0.48 

Diabetes 3 (7.9) 2 (13.3) 1 (4.3) 0.32 

Hypertension 12 (31.6) 6 (40.0) 6 (26.1) 0.37 

Smoker 20 (52.6) 5 (33.3) 5 (21.7) 0.04 

Hyperlipidemia 10 (26.3) 11 (73.3) 9 (39.1) 0.23 

Mean BMI (±SD) 26.6±4.4 26.1±5.0 26.9±4.1 0.60 

Mean time from RT (yrs) 5.9±2.6 4.8±2.0 6.7±2.7 0.67 

 

Medications     

Anti-hypertensive drugs 12 (31.6) 6 (40.0) 6 (26.1) 0.37 

Anti-diabetic drugs 3 (7.9) 2 (13.3) 1 (4.3) 0.32 

HMG Co-A reductase 

inhibitors (Statins) 

10 (26.3) 11 (73.3) 9 (39.1) 0.23 

Aspirin 10 (26.3) 6 (26.3) 4 (27.3) 0.12 

 

Table 7.2: Comparison of patients with bilateral versus unilateral plaques 

[PLQ = Plaque] 

 

Statistical comparisons performed using Student’s t-tests [continuous variables] and chi-
squared tests [categorical variables] 
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VARIABLE RT SIDE NON-RT SIDE P VALUE 

 n (%) n (%)  

    

Total Number of Plaques 64/87 (74) 23/87 (26) <0.001 

 

Per-Patient Analyses    

 

Mean Intima-Media Thickness (mm) 

 

0.77±0.20 

 

0.68±0.16 

 

0.02 

 

Mean Total Plaque Area (mm2) 39.1±33.2 28.5±24.2 0.25 

 

IPN detected? 29/49 (59) 7/49 (14) <0.001 

    

Grade 2 IPN detected?  14/49 (29) 2/49 (4) 0.001 

 

Per-Plaque Analyses 

 

   

Mean Area per Plaque (mm2) 23.1±13.8 21.0±14.5 0.57 

 

No. of plaques with IPN category:    

    

Grade 0 16/64 (25) 14/23 (61)  

Grade 1 28/64 (44) 7/23 (30)  

Grade 2 20/64 (31) 2/23 (9) 0.002 

 

Table 7.3: Per-patient and per-plaque data analyses of B-mode and CEUS imaging in RT-side 
and non-RT side arteries 
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      ALL PATIENTS        RT-SIDE ONLY  

 

Variable IPN 

N=30 
(%) 

No IPN 

N=19 
(%) 

p value  IPN 

N=29 
(%) 

No IPN 

N=7 
(%) 

p value 

        

Male Gender 23 (77) 11 (58) 0.17  22 (76) 4 (57) 0.58 

        

Smoking 18 (60) 8 (42) 0.22  18 (62) 2 (29) 0.13 

        

Aspirin use 9 (30) 4 (21) 0.49  8 (28) 2 (29) 0.95 

        

Statin use 7 (23) 4 (21) 0.85  6 (21) 4 (57) 0.05 

        

BMI >25kg/m2 17 (57) 6 (32) 0.80  19 (66) 5 (71) 0.77 

        

RT >5yrs 17 (57) 6 (32) 0.09  17 (59) 3 (33) 0.15 

        

Chemotherapy 13 (43) 9 (47) 0.78  12 (41) 2 (29) 0.53 

 

All comparisons made using chi-squared tests 

 

Table 7.4: Relationship between presence or absence of IPN and patient variables in all 

patients (n=49, left side of table) and RT-side only plaques (n=36, right side of table) 
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We examined the impact of patient variables on presence or absence of IPN, both in all patients 

and the patients with IPN on the RT side plaques only (see table 7.4). In summary, there was 

no statistical relationship between presence or absence of IPN and any clinical variable. There 

was a trend towards greater IPN presence in those with a smoking history and those with RT 

>5yrs previously, but these did not reach statistical significance (possibly due to the small 

numbers of patients).  

 

 

Figure 7.3: Graphs illustrating the differences between RT (blue) and non RT (red) carotid 

arteries. Panel A (top) shows the difference in incidence of plaques and IPN on a per-patient 

basis, whereas panel B (bottom) illustrates these differences on a per-plaque basis. 
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Figure 7.4: Long axis examples of plaques with grade 0 IPN (left), grade 1 IPN (centre) 

and grade 2 IPN (right). Contrast bubbles within plaques (P) are indicated by 

arrows.  

 

Variability Assessments 

Intra-observer agreement and inter-observer agreement between the first author and another 

cardiologist familiar with the CEUS technique were both excellent (100% agreement, kappa = 

1.0). Inter-observer agreement between the first author and a CEUS novice reader was good 

(80% agreement, kappa = 0.60). This level of agreement is comparable with reports from other 

CEUS research studies.76 The tables showing agreement between observers are listed in 

Appendix 3. 

 

7.5 DISCUSSION 

 

This is the first study to assess the impact of RT upon plaque neovascularization. Our results 

show that IPN is significantly increased in plaques within arteries exposed to RT compared to 

arteries that did not receive RT. On a per-patient and per-plaque basis, IPN was more common 

in RT-side plaques and extensive IPN – Grade 2 – was also significantly more frequent on the 

RT side than non-RT side. These findings were independent of all clinical variables – indeed, 

the only variable associated with presence of IPN was RT laterality. 
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The pathophysiology of radiation vasculopathy is poorly understood, in large part due to the 

lack of a definitive clinicopathologic study in humans. Three mechanisms have been proposed 

– ischemic necrosis (due to occlusion of the vasa vasorum), adventitial fibrosis (leading to 

external arterial compression) and accelerated atherosclerosis.172 Animal studies have given an 

insight into the changes seen in arterial walls with time following RT, progressing from initial 

endothelial damage and then thickening to adventitial fibrosis and necrosis of the media. 

 

It is widely believed that the initial injury to the vasa vasorum is a key feature of RT-related 

arterial disease (radiation vasculopathy), though it has remained unclear whether this process 

is predominantly inflammatory or ischemic in nature.172 However, our results show that the 

vasa vasorum have proliferated markedly into the plaques (IPN), rather than being reduced, 

favouring an inflammatory process. In ‘conventional’ (i.e. non-RT related) atherosclerosis, 

proliferation of the adventitial vasa vasorum is triggered by increased production of hypoxia 

inducible factor (HIF-α), a response to reduced local oxygen tension due to increased thickness 

of the intima-media complex. As RT is known to cause increased IMT – as we also observed 

in this study – it is not surprising that a greater degree of IPN was observed on the RT side. 

 

Limitations of Current Evidence 

 

Many groups have investigated the effects of head and/or neck RT upon carotid arteries 

(imaging studies) and future CVE (outcome studies), which have recently been 

comprehensively reviewed.119 However, for multiple reasons, the literature displays marked 

heterogeneity in this field with a number of problems associated with these studies. First, 

studies that have reported an increased relative risk of CVE after RT have either used non-

matched control groups or have matched their HNC patients to geographically distinct and 
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distant population data.120, 121 Studies have not always reported upon stroke sub-type (ischemic 

or haemorrhagic)122 and information on CVE has not always been judged by a clinician or by 

brain imaging, but by patient questionnaires.123 Finally, and possibly most importantly, the 

majority of these studies did not provide data on the laterality of the stroke. For example, if the 

right carotid artery has been exposed to RT, a clinically ischemic event would – in almost all 

but the rarest cases – be expected in the right cerebral hemisphere and thus produce left sided 

signs. However, this level of detail is not available in most papers;120, 122, 123 thus, although one 

might assume that an ischemic CVE must be related to the RT-side carotid artery, the data 

confirming this are absent.    

 

Consequently, several questions regarding radiation vasculopathy remain unanswered, most 

prominent of which is the mechanism by which RT affects the arterial wall and subsequently 

increases stroke risk. The increased frequency of IPN we observed strongly implicates an 

inflammatory reaction, in keeping with conventional models of atherosclerosis. Indeed, IPN is 

one of several initial defence mechanisms in response to atherosclerosis.173 Of the three layers 

of the arterial wall, the tunica media and adventitia receive blood supply from the vasa 

vasorum, whereas the tunica intima is dependent upon diffusion of oxygen directly from the 

lumen. With development of an atherosclerotic plaque within the intima, the distance between 

the deeper intimal layers and the luminal surface increases, producing hypoxia within the 

plaque. This stimulates release of pro-angiogenic factors that induces proliferation of the 

adventitial vasa vasorum and growth of neo-vessels in an attempt to restore normal oxygen 

tension. Eventually, the plaque is enveloped in extensive vasa vasorum and IPN, a hallmark of 

atherosclerosis.39  
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Finally, it should be acknowledged that an association has been made between intra-plaque 

neovascularization, intra-plaque haemorrhage and adverse cardiovascular outcomes. This 

association has arisen from observational data. However, association does not imply 

causation – we hypothesize that intra-plaque haemorrhage is secondary to IPN rupture and 

the cause of increased stroke risk. However, there are no studies to date in vivo of carotid 

plaques in which increased IPN has been detected and with prospective longitudinal follow-

up to determine the exact contribution of plaque haemorrhage to plaque vulnerability. Such 

studies in the future would be of considerable value, in particular to help determine if 

outcomes (i.e. clinical events) can be prevented by (earlier) treatment (e.g. surgical excision) 

of IPN-containing plaques. 

 

Clinical Implications 

 

There is increasing evidence that plaque composition is clinically important – independent of 

stenosis severity – in relation to outcome.174, 175 As a result of large international trials, carotid 

endarterectomy is reserved for patients with symptomatic arterial plaques with stenosis severity 

>70-80% as judged by Doppler ultrasound.173, 176 However, it is not known whether superior 

risk stratification could be achieved by accounting for novel markers of plaque vulnerability, 

such as presence or absence of IPN, rather than stenosis severity alone. 

 

Our results demonstrate that patients with RT-related carotid disease have a significant increase 

in IPN, a putative surrogate marker of plaque instability. One could, therefore, hypothesize that 

these patients with increased IPN are at increased risk of CVE. It is unknown whether surgical 

removal of these plaques, even if only causing mild or moderate stenosis, is preferable to 

medical therapy alone. Intuitively, one may conclude that the mere increased presence of 
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plaques on the RT side could account for the higher risk of stroke. However, studies published 

to date have already demonstrated an independent association between IPN and symptomatic 

plaques and cardiovascular events including stroke; thus, a randomized controlled trial 

examining whether surgical plaque removal should be based upon plaque composition would 

be the logical next step on the basis of our findings. 

 

Our data implies that radiation increases neo-angiogenesis, though prior studies have shown 

RT to be anti-angiogenic. However, the literature is heterogeneous on this issue. Prior research 

in animal models revealed that irradiation dose-dependently induces the activation of the pro-

angiogenic nitric oxide pathway in endothelial cells through increases in endothelial nitric 

oxide synthase activity.124 Furthermore, the survival and subsequent recurrence of neovessels 

after RT has been postulated as a possible mechanism to explain tumour recurrence.125 

 

Multiple prior studies have shown that RT increases plaque formation and thus one may have 

expected a greater plaque burden on the RT-side. There was a non-significant trend towards 

greater plaque burden on the RT side (39.1mm2 vs. 28.5mm2, p=0.25). A possible explanation 

for this concerns methodology; discrete plaques can have their circumference traced to derive 

an area, but diffuse thickening of (the IMT of) an entire segment may preclude tracing an area. 

We were unable to calculate areas for 12 such segments – which were then excluded from the 

comparison between RT and non-RT sides – all of which were from the RT-side vessel. It is 

possible that, had it been possible to measure a plaque area in these cases, the difference 

between RT and non-RT side plaque burdens may have increased.   

 

Finally, the high levels of intra- and inter-observer reproducibility are not surprising given the 

excellent spatial resolution achieved during CEUS. We believe this is largely explained by our 
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use of a continuous infusion of contrast, as opposed to bolus injections, as an infusion provides 

a steady-state concentration of contrast in the artery and thus reduces swirling artefacts that can 

increase difficulty of IPN assessment.  The subsequent clarity of image obtained, together with 

the clear distinction between the moving white appearances of a contrast bubble against the 

black background of a plaque, is likely to explain the high reproducibility of the technique. 

However, this was in a small study and larger studies, using different ultrasound systems and/or 

alternative methods of contrast delivery may yield different results. 

 

Strengths and Limitations 

 

Our study has certain strengths and limitations. Strengths include a well-defined patient 

population, blinding of the carotid scanner from side of RT treatment, use of the contra-lateral 

artery as an ‘internal’ self-control and, uniquely, use of a continuous intravenous infusion of 

contrast which, unlike multiple bolus injections, produces a constant concentration of 

microbubbles within the bloodstream.  

 

Limitations include a small sample size, lack of another imaging modality for comparison, the 

lack of histology for verification and lack of baseline carotid data (prior to RT).  Regarding 

imaging, CEUS has been shown as an accurate technique and carotid MRI, for example, has 

not been shown to be superior for identification of IPN. Carotid MRI can assess more features 

of a plaque’s composition than CEUS, including size of the lipid core and thickness of the 

fibrous cap. However, these aspects of plaque composition were not the primary focus of this 

research. Further studies using multi-modality imaging (e.g. both carotid MRI and CEUS) 

would be of scientific benefit. Regarding histology, these patients had no clinical indication for 

carotid surgery. Thus, histology was impossible to obtain, though previous studies have 
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verified the accuracy of CEUS for identification of presence and extent of IPN. With regard to 

baseline carotid data, this was unavailable as patients were recruited following RT and, for 

many patients, RT had been administered several years previously. Thus, data on IPN (and 

plaque) prevalence prior to RT was not available, though prior to RT one might have expected 

to detect far fewer plaques (and thus less IPN). 

 

Conclusions 

 

Plaque neovascularization – a putative surrogate marker for plaque instability – is significantly 

increased in arteries exposed to RT during treatment of HNC, including age, gender and 

previous treatment with chemotherapy. This effect of RT upon IPN is independent of all other 

clinical variables. These results suggest that the atherosclerotic plaques of radiation 

vasculopathy may demonstrate increased vulnerability and this may help to explain the greater 

risk of CVE in this patient population.  
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CHAPTER 8: CEUS Quantification 

 

Development of a novel software package for quantitative analysis of intra-

plaque neovascularization during contrast-enhanced ultrasound (CEUS) imaging 

 

8.1 ABSTRACT 

 

Background 

Contrast-enhanced ultrasound (CEUS) has emerged as a promising technique for detection of 

intra-plaque neovascularization (IPN), a surrogate marker of plaque vulnerability. 

Quantification of CEUS images has proven challenging and a widely-available, reliable and 

accurate quantification algorithm is still required. 

 

Methods 

This collaborative study aimed to develop a novel and reproducible tool for quantitative 

analysis of CEUS images. Attenuation correction, motion compensation and bubble contrast 

detection were identified as key steps in development of the algorithm. Validation of this 

algorithm would be against histology, obtained by recruiting patients with significant carotid 

arterial plaques that were scheduled to undergo carotid endarterectomy. Neovessel density on 

quantitative CEUS analysis would be compared against histological neovessel density using 

Bland-Altman agreement methods.  

 

Results 

An algorithm was developed incorporating methods for attenuation correction, motion 

compensation and bubble detection. Over a 9 month period, 10 patients with significant carotid 
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stenosis were recruited, of whom 9 underwent CEA. CEUS image analysis was considerably 

limited by attenuation from heavily calcified plaques and proved impossible to analyse using 

the novel quantification software tool.    

 

Conclusions 

 

It did not prove possible to analyse CEUS images obtained from patients with significant 

stenosis awaiting CEA in view of extensive calcification in all subjects. Furthermore, it did not 

prove possible to recruit a sufficient number of patients within the study time period.  
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8.2 INTRODUCTION 

 

Technological advances in medical imaging over the past quarter century have facilitated 

significant improvements in our abilities to confirm diagnoses, estimate disease burden, 

perform risk stratification and even estimate prognosis by non-invasive methods. A number of 

these imaging techniques – whether using ultrasound or cross-sectional modalities such as 

computed tomography (CT) and magnetic resonance imaging (MRI) – rely upon the use of 

contrast agents to enhance the diagnostic yield of imaging.  

 

Iodine-based (x-ray angiography and CT) and gadolinium-based (MRI) contrast agents are 

widely used in daily practice and, over the past two decades, ultrasound contrast agents (UCAs) 

have also been used in clinical cardiology and, more recently, in diagnostic radiology 

laboratories as well. UCAs are most frequently used in echocardiography to improve 

endocardial border definition and thus allow accurate assessment of global and regional 

systolic function.177 However, their presence within myocardial capillaries permits assessment 

of myocardial perfusion.178 Whilst this can be done by visual or qualitative analysis, 

quantification of myocardial perfusion is also feasible179 and has been reported in numerous 

prior research publications.180-182 

 

To date, the use of contrast has permitted visual – that is, qualitative – assessment of carotid 

plaques but a more objective – that is, quantitative – measure is preferable to improve accuracy 

and reproducibility and reduce the intra- and inter-observer variability of these imaging 

techniques. Consequently, much research effort of late has focussed upon the ability to quantify 

contrast images in cardiovascular imaging. 
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CEUS has emerged in the past decade as a research tool of significant interest, permitting 

visualization of IPN and adventitial vasa vasorum and thus allowing insights into plaque 

composition. This is especially true in view of our ability to study the human carotid artery 

(owing to its superficial location that facilitates imaging) and then confirm these findings with 

histological specimens, given that such plaques are frequently excised during endarterectomy 

procedures. Although several in-house quantification attempts have been published (see table 

3.1 on page 62), none of these software algorithms have been proven or validated external to 

their centre of development and none are available for widespread use. 

 

In view of the above, we collaborated with biophysicists at Imperial College, led by Dr 

Mengxing Tang, to develop quantification software with the specific aim of improving the 

objectivity of CEUS. Dr Tang and his group agreed to assist in the development of computer 

image analysis tools for reliable quantification of contrast enhancement within plaques and the 

vessel wall. Specifically, we aimed to develop techniques for computer assisted image 

segmentation of regions of interest (e.g. plaques, vessel wall, lumen etc.), automatic imaging 

artefact removal including attenuation and nonlinear artefacts (which are common in CEUS 

images) and automatic quantification of perfusion within regions of interest. Therefore, a cross-

sectional study was designed to validate the novel quantification software against plaque 

histology obtained from patients scheduled to undergo carotid endarterectomy (CEA) for 

clinical reasons. 
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8.3 METHODS 

 

Development of Quantification Software 

A number of steps were identified that would need to be addressed in order to create a reliable 

quantification tool. These included addressing attenuation artefacts, motion artefacts and non-

linear imaging artefacts, followed by development of the microbubble detection & 

quantification software. In this section, the steps taken to address each of these will be briefly 

discussed. 

 

Attenuation Correction 

Ultrasound images are affected by attenuation, the reduction in an ultrasound beam’s intensity 

as it passes through a medium. Reflection, refraction, absorption and scatter all contribute to 

attenuation. If this attenuation is not corrected for, it would have a significant impact upon the 

reliability of techniques developed to quantify a contrast-enhanced image.  The degree of 

attenuation depends upon the medium through which sound waves are travelling, as shown in 

table 8.1: 

 

Medium Attenuation Coefficient 

Bone 5.0 

Muscle 1.5-3.5 

Fat 0.65 

Blood 0.18 

Water 0.002 

 

Table 8.1: Attenuation coefficient of different tissues at a frequency of 1MHz (these values 
should be multiplied for different transducer frequencies – e.g. for 5MHz multiply by 5). 
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Time gain compensation (TGC) is commonly used for correcting attenuation (where echo 

signals are amplified as a function of time, so the further the echoes come from, the higher the 

signal gain is). However, TGC cannot account for spatially heterogeneous attenuation caused 

by either heterogeneous tissue distribution or non-uniform contact between the probe and 

skin.183 It is also difficult for TGC to account for variations in tissue attenuating properties 

across patient populations. Consequently, it is quite common to see firstly, shadowing in 

vascular ultrasound images a manifestation of spatially heterogeneous attenuation; and 

secondly, variations in image intensity between patients, a manifestation of population 

variation.183 It is important to note that attenuation may not necessarily be visually identifiable 

because of image compression at the point of image display, but could still be the cause of 

major errors in quantification based upon image intensity and this would subsequently limit 

the clinical utility of CEUS quantification. 

 

Therefore, an attenuation correction algorithm for CEUS carotid artery images was developed. 

An assumption was made that, since the contrast was to be administered by a continuous 

intravenous infusion, the image intensity within the vessel lumen should be homogeneous. On 

the basis of this assumption, the algorithm initially estimates and corrects for the attenuation 

within the carotid lumen and then extends the correction at the lumen boundary to the vessel 

wall next to the lumen.183 Furthermore, the images are normalised so that quantification of 

contrast enhancement is less affected by variations in the dose of contrast agent or patient 

variations. A block matching (rigid) algorithm was developed. 

 

The first step of linear data conversion was performed by taking the exponential of log-

compressed data. Using the lumen as a reference, a 2-D Gaussian filter was applied to estimate 

the attenuation profile within the lumen. Once the attenuation profile had been estimated, 
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attenuation correction was achieved by performing a numerical division of the original image 

and the estimated attenuation profile within the lumen. If the attenuation effect is corrected 

within lumen, the intensity of lumen should be more homogenous. The compensated image 

was then converted back to compressed data by taking the logarithm of the corrected image. 

To avoid the problem of division by zero, a regulariser was added to each pixel of the corrected 

image. The value of the regulariser was estimated by minimising the normalised intensity 

fluctuation within corrected lumen. Finally, the intensity of the compensated image was 

rescaled in such a way that the peak intensity within the lumen was located at exactly one (1.0). 

 

Analysis of CEUS video sequences was performed off-line using in-house software developed 

using MATLAB (The MathWorks, Natick, USA). Regions of interest (ROIs) were selected 

manually, one to segment the lumen and the others to include regions within plaques, within 

which quantitative analysis was desired. 

 

Motion Compensation 

 

There are two main sources of motion artefacts:  

(1) Inherent arterial wall movement caused by the pumping motion of the heart  

(2) Human motion of the ultrasound probe  

 

In order to correct these motion artefacts, a block-matching algorithm was employed. Firstly, 

a region-of-interest (ROI) was defined (by the clinician) in the first frame. Then, the algorithm 

was set to search the position of a block of the reference ROI from the second frame to the last 

frame to determine accurate ROI movement (figure 8.1). The block was referred to as an image 

template. The image template was shifted over the search region and a similarity measure 
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calculated for each possible shift. The shift where the largest similarity measure was achieved 

was the position where the template was most likely to be in the subsequent frame. 

 

 

Figure 8.1: Regions of interest drawn on a CEUS image within the lumen (red), a plaque 

(yellow) and the adventitia (green). The pixel intensity, after correction algorithms were 

applied, was used to help determine the threshold used to differentiate bubbles from tissue in 

the algorithm. 

 

Non-rigid motion compensation was used to compensate for movement of the carotid artery 

and comprises global and local motion models. The global model described the overall motion 

of carotid artery and an affine transformation was adapted to calculate the scaling and shearing 

of the artery. An affine transformation is any transformation that preserves co-linearity (i.e. all 

points lying on a line initially still lie on a line after transformation) and ratios of distances (e.g. 

http://mathworld.wolfram.com/Transformation.html
http://mathworld.wolfram.com/Collinear.html
http://mathworld.wolfram.com/Line.html
http://mathworld.wolfram.com/Line.html
http://mathworld.wolfram.com/Transformation.html
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the midpoint of a line segment remains the midpoint after transformation).184 For local motion 

correction, a spline-based free form model was chosen. The principle was to deform an object 

by manipulating an underlying mesh of control points.  

 
The physicists’ with whom we collaborated on this project validated these algorithms firstly in 

a phantom model and then against visual interpretation of previous CEUS images, the results 

of which have recently been published.183 In summary, the results demonstrated that the overall 

image quality was improved by the attenuation correction algorithm, in particular the vessel 

lumen appeared brighter and more homogenous throughout its length in terms of pixel 

intensity. 

 

Bubble Detection 

 

In order to distinguish a bubble from tissue from ‘noise’ (i.e. artefact), thresholds of pixel 

intensity needed to be determined. Histograms were plotted to identify pixel intensities typical 

of microbubbles (from the lumen) and of tissue (e.g. from the vessel wall and adjacent tissues). 

The average and peak intensity and normalized variance were calculated at each pixel location 

to quantify tissue activity and noise. Consequently, the number of pixels due to bubbles in any 

given ROI was calculated as the number of pixels in the ROI less the number of pixels assigned 

to tissue and assigned to noise. For each CEUS data set, a ROI was drawn within the plaque 

and contrast variation over time (CVOT) was calculated for each pixel within the ROI. The 

number of pixels displaying CVOT was expressed relative to the total number of pixels in the 

ROI, giving a ratio termed the relative active area, a surrogate marker for plaque 

neovascularization.  

We planned to assess the accuracy of the novel quantification software, which would use 

attenuation correction and motion correction algorithms to optimize image quality before 
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analysing pixel intensities within the lumen and ROI (i.e. plaque), by comparison against the 

histological neovessel density.  

 

Patient identification and consent 

 

Patients were identified and initially approached either in the Vascular Surgery Outpatient 

Clinic at Northwick Park Hospital – by their responsible doctor – or, more frequently, on the 

hospital stroke ward if awaiting CEA as an in-patient. If agreeable to discussing participation, 

the purpose of the study, aims and objectives and what enrolment would involve were all 

discussed. Consent to enter the study was sought from each participant only after a full 

explanation was given, an information leaflet offered and sufficient time allowed for 

consideration.  Written and signed participant consent forms were obtained for all subjects that 

enrolled in the study.  The right of the participant to refuse to participate without giving reasons 

was respected.  Entry into the study did not hinder the responsible clinicians from 

recommending alternative treatment to that specified in the protocol at any stage if he/she felt 

it was in the participant’s best interests. All participants were free to withdraw at any time from 

the protocol treatment without giving reasons and without prejudicing further treatment. 

 

Patient specific data / variables were collected from the medical notes as well as by consulting 

the electronic patient records of the hospital and, where necessary, primary care databases also. 

These were collated on a pre-designed specific Case Report Form (CRF). The following data 

were documented on each patient’s CRF: 

 

Cardiovascular risk factors 

- Known diagnosis of hypertension 
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- Known diagnosis of hyperlipidaemia 

- Known diagnosis of Type I or Type II diabetes mellitus 

- Family history of premature cardiovascular disease (defined as a myocardial 

infarction or ischaemic stroke in a male first degree relative <55yrs or a female first 

degree relative <65yrs) & smoking status 

 

Medication history 

- Use of cardiovascular drugs (e.g. aspirin, statins, ACE inhibitors, beta-adrenoceptor 

antagonists and diuretics) as well as anti-diabetic medications were all documented 

 

Past medical history 

- Previous myocardial infarction or stroke 

- Previous percutaneous coronary intervention (PCI) or bypass surgery (CABG) 

- Other medical illnesses / conditions 

 

Body mass index 

- Height (in metres) 

- Weight (in kilograms) 

 

Blood results 

- Full blood count 

- Serum biochemistry (including renal and liver function) 

- Fasting lipid profile 

 

 



~ 135 ~ 
 

Study procedures 

 

Following informed written consent, patients underwent carotid ultrasonography (with and 

without Sonovue ultrasound contrast agent) prior to their scheduled date of surgical carotid 

endarterectomy. All ultrasound studies were undertaken in a standardized fashion using a 

commercially available ultrasound system (Vivid 7, GE Healthcare).  The total time for the 

carotid ultrasound scan was approximately 30-45 minutes. In order to give the contrast agent, 

an intravenous cannula was inserted prior to imaging (the majority of in-patients already had a 

cannula in situ). 

 

Carotid ultrasonography (B-mode and CEUS imaging)  

 

Carotid duplex scans were all performed by myself in the echocardiography department at 

Northwick Park hospital. All patients had blood pressure measured by an automated 

sphygmomanometer prior to commencing the scan and had ECG monitoring throughout the 

scan. The common carotid (CCA), internal carotid (ICA) and external carotid (ECA) arteries 

on both left and right sides of the neck were examined with the patient supine on an 

examination couch during both B-mode and CEUS carotid imaging, which were both 

performed as described in previous Chapters.  

 

Histological Analysis 

 

Specimens were collected from General Theatres in Northwick Park Hospital at the time of 

endarterectomy. Excised plaques were placed in specimen jars containing formalin and 

immediately taken to the Pathology department for processing, which was performed by a 
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pathologist, blinded to the CEUS findings, experienced in plaque analysis.  In brief, CEA 

specimens were fixed in formalin, sliced into 5µm longitudinal sections, embedded in paraffin 

and stained with Movat’s pentachrome. Immunohistochemical staining, with CD31 and CD34 

markers for endothelial cells of neo-vessels, were used to identify IPN. The proposed 

methodology for this aspect of the study was to derive a ratio of the neovascularisation area to 

total plaque area by dividing the IPN areas by the mean plaque area on each cardiac cycle, as 

previously described129, which would allow expression of IPN as a ratio of neo-vessel area to 

total plaque area. The degree of agreement between these ratios on CEUS and corresponding 

findings on histology would thus be compared using Bland-Altman plots to assess agreement. 

 

Statistics – Sample Size Calculation 

 

The prevalence of IPN was estimated to be very high in these patients. Hoogi et al129 found 

that 86% patients undergoing CEA had IPN, whereas Giannoni et al73 found IPN in 100% of 

patients. A prevalence of IPN of 90% amongst these patients was therefore assumed.  

 

The sensitivity and specificity of CEUS to detect IPN were estimated at 85% and 90% 

respectively (values used in a multi-centre CEUS study using Optison, sponsored by GE 

Healthcare). The degree of agreement between the ratios of neovessels area: total plaque area 

obtained by CEUS and histology (gold standard) would be judged by Bland-Atman analysis.  

 

Bland-Altman analysis is an estimation problem; it estimates a prediction interval for a 

difference between two measurements by different methods – the limits of agreement. If one 

knows how accurately one wants to estimate the limits of agreement, this can be used to work 

out the sample size. However, in order to do this for our study, we would need to know the 

standard deviation of the measurements made by the quantification software, which is unknown 
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as this is currently in development. Consequently, the advice from the medical statistician was 

to make the sample size calculation on the basis of the expected correlation coefficient that 

might be obtained between the two parameters.  

 

Using a 2-sided alpha of 0.05 and beta 0.1 (i.e. 90% power), the table below illustrates the 

sample sizes we would need (Stata 10.0, StataCorp LP, Texas, USA):    

 

Alternate Rho (r) [Null Rho = 0] Sample size (N) 

0.80 12 

0.75 15 

0.70 17 

0.65 21 

0.60 25 

0.55 31 

0.50 38 

 

Table 8.2: Sample sizes with corresponding strengths of correlation   

 

 

The study thus aimed to recruit at least 25 patients to this study, to allow detection of a 

correlation of 0.60 and higher with sufficient confidence. 

 

8.4 RESULTS 

 

Over an eight month period (April-December 2013), ten patients consented to participate in the 

study. All ten patients had been hospitalized following either TIA or CVA, had a significant 

carotid stenosis identified on clinically-requested carotid ultrasonography and had been 

referred to the vascular surgeons for consideration of CEA.  

The baseline characteristics of these 10 patients are shown in table 8.3: 
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Patient Characteristic N (%) 

Mean Age ±SD (yrs) 72 ± 8 

Male Gender 7 (70%) 

Hypertension 8 (80%) 

Hyperlipidaemia 7 (70%) 

Diabetes Mellitus 5 (50%) 

Smoker 2 (20%) 

Positive Family History 1 (10%) 

Known Ischaemic Heart Disease 2 (20%) 

Mean Body Mass Index (kg/m2) 24.2 ± 4.4 

 

Table 8.3: Baseline patient characteristics 

 

All patients underwent carotid imaging, although one patient changed his mind following B-

mode imaging, stating that he did not wish to continue with CEUS imaging or remain in the 

study and so contrast imaging was not performed and a surgical specimen was thus also not 

collected from theatres, as there would be no comparison possible in this patient between CEUS 

images and histology. B-mode and CEUS images were stored for off-line analysis for the 

remaining 9 patients and the plaques were collected from theatres and promptly delivered to 

the Pathology department for these patients also. 

 

Imaging revealed large, calcified plaques in all 9 patients, most frequently in the carotid bulb 

or at the origin of the internal carotid artery (see figure 8.2). Figures 8.3 and 8.4 show B-mode 

and CEUS images of large plaques, which created significant shadowing artefacts in the far 
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wall and which made image analysis for IPN detection very challenging. Image analysis was 

further hindered by motion artefact and excessive plaque calcifications. 

 

 

Figure 8.2: Long-axis (left) and short axis (right) B-mode images from a right carotid artery 

showing a large flow-limiting plaque (PLQ) in the carotid bulb. 

 

 

Figure 8.3: Long axis B-mode (left) and CEUS (right) images of a large plaque. Note the 

significant shadowing artefact seen in the CEUS image as a result of the echo-bright calcium 

in the near wall. This shadowing obscures the remainder of the plaque. 
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Figure 8.4: An example of significant attenuation / shadowing artefact (outlined between white 

dotted lines) caused by a near wall plaque (single arrow) which obscured a far wall plaque 

which extended into the ICA also (two white arrows). 

 

It did not prove feasible to analyse any of the CEUS data obtained in this study using the novel 

quantification software for the above reasons. It had also proven impossible to recruit the 

required number of patients as per the sample size calculation and therefore, in combination 

with the inability of our quantification software to analyse the data, the decision was taken not 

to analyse the histological samples obtained (as no comparisons would be feasible with CEUS 

data). 
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8.5 DISCUSSION 

 

In this study, the intended objective of validating novel quantification software for future use 

in quantitative analysis of CEUS images from human carotid arteries was not fulfilled. This 

arose from challenges in obtaining tissue specimens, challenges in analysing the CEUS images 

and challenges also with the quantification software itself. Each of these merits further 

discussion in turn. 

 

Challenges in obtaining sufficient numbers of patients 

As clinical medicine has evolved over time, the practice of elective excision of carotid plaques 

in asymptomatic individuals has declined, such that the majority of CEA procedures are now 

confined to patients hospitalized following acute neurological events. This reduced the number 

of potential study participants and, in fact, during the study period of 8 months there were no 

CEA operations performed on elective outpatients in this large centre, one of only 8 designated 

hyper-acute stroke units in Greater London. 

 

Additionally, there was the predictable but nevertheless challenging issue of obtaining 

informed consent from patients that had recently suffered a stroke. There were some patients 

that clearly lacked capacity to consent to participate in the study and therefore could not be 

enrolled. There were also other patients who, even if able to consent, were unlikely to be 

capable of laying supine for 30-40 minutes to enable high quality images to be obtained with 

minimal motion and respiratory artefact. 

 

Thirdly, there were a number of patients hospitalized with acute stroke who were thought to 

have significant stenosis on clinical Duplex scanning but who in fact, upon CT imaging, were 
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shown to have complete ICA occlusion and these patients were managed conservatively. As a 

result, after one such patient had been entered into this study but then subsequently not had 

surgery, none of these subsequent patients could be enrolled into the study as obtaining 

histology would not be possible (as surgery was not planned). 

 

Each of the above factors combined to reduce the number of patients available to consent for 

the study and thus contributed to the small number of patients recruited. Previous studies have 

also reported low patient numbers across lengthy time periods, for example Müller et al133 

required 3 years (2008-2011) to recruit 33 patients for their study, a rate of recruitment 

consistent with the present study. 

 

Challenges in CEUS image interpretation 

 

Unlike the asymptomatic patients that had been scanned in the cardio-oncological collaborative 

study reported on in Chapter 7, the images obtained from these symptomatic patients were 

significantly different. The most striking and important difference related to the degree of 

calcification seen in the plaques in the present study. The large echo-bright masses seen in 

these patients unfortunately created large shadowing ultrasound artefacts, such that heavily 

calcified plaques in the near wall – and thus near field on imaging – cast a shadow over the far 

wall of the vessel, thus obscuring plaques that been identified on the B-mode scan and therefore 

preventing image analysis.  This was true in almost all the CEUS images obtained, in both long 

axis and short axis views.  

 

Furthermore, the heavily calcified plaques, which were echo-bright on the B-mode scan, 

became less clearly seen during CEUS imaging – an example of this is provided in figure 8.5. 
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During B-mode imaging, the echo-bright nature of calcium contrasts sharply with the black 

appearance of the vessel lumen (i.e. bloodpool signal) resulting in very easy identification of 

calcium. However, during contrast imaging, the echo-bright signal of calcium can become 

obscured by the white appearance of contrast bubbles within the vessel lumen, making such 

plaques harder to see and indeed, in some cases, almost making very large, calcific plaques 

virtually impossible to detect (see figure 8.5). This problem thus precluded close inspection of 

the plaques for IPN assessment.          

 

 

Figure 8.5: A large plaque was seen on B-mode imaging (arrow, left panel) in the carotid bulb 

but this became less clearly seen on CEUS imaging (arrow, right panel) as the calcified regions 

of plaque were seemingly washed out by the contrast opacification in the lumen. 

 

Challenges with the Quantification Software 

 

A literature search suggests that this is the first study to attempt quantification of CEUS using 

only CEUS images without simultaneous B-mode data. All other studies in this field to date 

have used dual-mode imaging systems, which permit side-by-side simultaneous display of B-

mode and CEUS images (see figure 8.6). This significantly increases the difficulty for 
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designing the software, as the simultaneous B-mode data is used to determine if changes in 

intensity of a pixel are due to motion and to help distinguish between tissue and a contrast 

bubble. As it happened, without the simultaneous B-mode data, it turned out to be considerably 

more challenging to develop and write algorithms that could compensate for the lack of B-

mode data.  

 

 

 

Figure 8.6: Simultaneous side-by-side CEUS (left) and B-mode (right) imaging, acquired using 

a radiology (rather than cardiology) ultrasound system [Philips iu22]. Image courtesy of Dr 

Mengxing Tang, Imperial College, London. 

 

We were aware of the preference of our collaborating physicists’ to have simultaneous B-mode 

data; however, this was not possible on the ultrasound system available to us. Many of the 

published studies using dual-screen images have been performed on a radiological (rather than 

cardiological) ultrasound system (e.g. Philips iu22 system rather than ie33 system) and 

therefore we had to accept CEUS images without simultaneous grey-scale images. The 

challenges in developing the quantification software against this backdrop affected our ability 

to analyse the CEUS images obtained from the patients enrolled in this study. 
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Future Work 

 

In the absence of our ability to test our novel quantification software against histology, the true 

gold standard, the carotid CEUS images obtained from the radiotherapy patient cohort 

(described in Chapter 7) were analysed by the quantification software and compared against 

visual interpretation of IPN presence. This would allow some assessment of the feasibility and 

accuracy of the novel quantification tool. This further study forms the basis of Chapter 9. 

 

Future work in this field will need to overcome the problems created by heavy calcification 

within plaques, although this may prove challenging as the artefacts generated by calcium are 

frequently large and difficult to eliminate completely.  

 

Conclusions 

 

In this study, a combination of challenges with patient recruitment, with CEUS image quality 

and with the quantification software culminated in an inability to validate novel software for 

the quantitative analysis of plaque neovascularization. As outlined above, several hurdles 

would need to be overcome to achieve this objective.  

 

As a result of the above, a separate study was undertaken to compare the accuracy of the novel 

quantification software against the accuracy of visual analysis and this is described in the 

following section (Chapter 9).    
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CHAPTER 9 

 

Assessment of Quantitative Analysis of Plaque Neovascularization During 

Contrast-Enhanced Ultrasound – A Comparison with Visual Assessment. 

 

9.1 ABSTRACT 

 

Background 

Quantification of contrast signal within plaques is a desirable scientific goal for optimizing 

accuracy of detection of intraplaque neovascularization (IPN), a pre-cursor of plaque 

haemorrhage and putative surrogate marker of plaque instability. Novel quantification software 

can be compared against visual analysis in cases where direct histological comparison is not 

feasible.    

 

Methods 

Images obtained from the cardio-oncological collaborative study (described in Chapter 7) were 

analysed using the novel quantification software, described in Chapter 8. Quantification was 

performed by a biophysicist blinded to the visual interpretation results. Visual assessment of 

IPN was based upon a semi-quantitative scale – Grade 0 (no neovessels), Grade 1 (neovessels 

confined to plaque base) and grade 2 (extensive neovessels or vessels running through plaque 

body). Contrast variation over time (CVOT) and the percentage relative active area (RAA) 

were quantitative markers of plaque neovascularization. Agreement was assessed between 

visual analysis and quantitative analysis.  
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Results 

CEUS images of 31 plaques, from 23 patients, were analysed using the newly-developed 

quantification software. The mean age of these patients was 58 ± 7yrs and 57% were male. 

Although there was a numerical increase in CVOT and RAA between plaques in Grades 0, 1 

and 2 IPN categories, this failed to reach statistical significance. Additionally, there was a broad 

range of values obtained within each category, such that no clear range could be identified that 

discriminated between plaques containing and those not containing neovessels. 

 

Conclusions 

The novel quantification software has shown only moderate ability to detect IPN, as seen on 

visual analysis. Additionally, at present this quantification algorithm cannot be used to reliably 

identify the presence and extent of IPN. Further work is required to improve the accuracy of 

this software before it is suitable for use in a large research study.   
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9.2 INTRODUCTION 

 

Quantification of contrast-enhanced ultrasound images is a desirable goal, in order to improve 

the diagnostic accuracy as well as reproducibility of the technique. In the last Chapter, the 

project whose purpose was to assist in development – and subsequent validation – of novel 

quantification software was presented. As a result of challenges in patient recruitment, CEUS 

imaging and quantification of the obtained images, this project did not achieve its desired 

objectives. 

 

Although quantification of contrast remains the gold standard, qualitative (i.e. visual) 

assessment of contrast images can still yield important and clinically meaningful results. 

Qualitative interpretation of contrast images is widely used, for example, in contrast-enhanced 

cardiac MRI scans for determining presence or absence of myocardial viability, based upon 

<50% or >50% thickness of contrast (reflecting scar tissue) signal within the myocardium.185 

Qualitative assessment of contrast signal within the myocardium during stress 

echocardiography, denoting myocardial perfusion, has also been widely reported upon and is 

also used clinically.186 

 

Several studies reporting upon the accuracy of newly developed (in-house) quantification 

packages for CEUS imaging have ‘validated’ their software by comparison against visual 

analysis.133 Although this is not a true gold standard, it does permit some assessment of the 

software’s accuracy. Comparison of CEUS images against visual interpretation was not an 

original goal of this research thesis; however in view of the inability to validate against 

histology, this present study was undertaken with the aim of providing some insights into the 
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accuracy of the novel quantification software as it was anticipated that this might provide 

valuable data on the performance of the quantification software. 

 

9.3 METHODS 

 

The CEUS images obtained from the pre-endarterectomy in-patients (in Northwick Park 

Hospital) proved unsuitable for quantitative analysis in view of very heavy calcification. As a 

result, we decided to use the CEUS images obtained from the radiotherapy patient cohort that 

were described in Chapter 7. The majority of these patients did not have heavy calcification 

and thus the hypothesis was that it would prove more feasible to analyse using the 

quantification software. The methods for carotid imaging, by B-mode and CEUS techniques, 

for these patients are detailed in the Methods section (7.3) of Chapter 7.  

 

Carotid plaques may be small or large in size and this can affect the ability of the software to 

detect IPN. Prior studies have restricted validation of their quantification software packages to 

arterial plaques of a certain size or height (e.g. although one part of the Mannheim consensus 

defines plaques as an area of IMT >1.5mm in thickness,26 Hjelmgren et al required a plaque 

height of >2.5mm for inclusion in their study assessing a novel contrast quantification 

program).131  Accordingly, in this study, only plaques of height >2.0mm were selected, in order 

to minimise the chances of errors with the quantification program due to an excessively small 

ROI for analysis. Preliminary data from such a study would, it was anticipated, be used to 

improve the robustness of the software in the future, thus allowing quantification of IPN in 

plaques of all sizes.  
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The CEUS cine loops were loaded into the quantification software. Regions of interest (ROIs) 

were drawn within the lumen, within the plaque and within the adventitia to denote these 

segments and then followed through the entire cine-loop, with manual adjustment of the ROIs 

where necessary in order to ensure that no areas of the lumen were within the plaque ROI and 

vice-versa. As outlined in the previous Chapter, the software produces a value for contrast 

variation over time (CVOT) of each pixel within the ROI, which ought to be zero – or close to 

zero – in a ROI in which there is no contrast seen, such as a plaque without IPN. Conversely, 

CVOT will be high in a ROI in which a large amount of contrast is seen, such as a ROI within 

a plaque with dense IPN. The number of pixels showing contrast variation is normalized by 

dividing by the total number of pixels within the ROI to produce the relative active area (RAA), 

a measure directly reflecting the extent of IPN within the ROI (i.e. the plaque). 

 

9.4 RESULTS 

The CEUS cine images of 31 carotid plaques, from 23 patients, were analysed using the 

quantification software. There were 13 (57%) men and the mean age was 58 ± 7yrs. Overall, 

visual analysis of these plaques graded IPN as follows: 

 

Grade 0 IPN  13 plaques 

Grade 1 IPN  13 plaques 

Grade 2 IPN  5 plaques 

 

In the 13 plaques with no IPN by visual analysis (Grade 0), the mean and median CVOT values 

obtained were 296 and 19, respectively (range 0-2276). Only 4 plaques (31%) had a CVOT 

value of 0. In the 13 plaques with Grade 1 IPN, the mean and median CVOT values were 532 

and 63, respectively (range 0-2417). Finally, in the 5 plaques with Grade 2 IPN, the mean and 
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median CVOT values were 1363 and 864, respectively (range 280-3051). Thus, there was a 

stepwise increase in both mean and median CVOT values with increasing IPN. However, there 

was also considerable overlap between the CVOT values obtained. A CVOT value of zero was 

detected in both Grade 0 and Grade 1 IPN plaques.  A similar trend as observed with the RAA, 

as shown below:  

 

IPN Grade CVOT RAA (%) RAA Range 

    

Grade 0  296 4.8 0 - 42 

Grade 1  532 6.3 0 - 44 

Grade 2  1363 18.1 1.8 - 51 

 

Table 9.1: Mean CVOT and % RAA values stratified by IPN Grade (judged by visual analysis) 

 

However, there was not a statistically significant difference in CVOT or RAA values between 

the 3 grades of IPN (p=0.46 [CVOT] and p=0.76 [RAA]). As the grading of IPN presence 

between grade 1 and grade 2 is subjective, the data for grades 1 and 2 IPN were also combined, 

creating just two categories (i.e. IPN absent [Grade 0] or IPN present [Grades 1 & 2]). 

However, again, there was not a statistically significant difference between these two groups 

for either mean CVOT values (296 vs. 763, p=0.16) or mean % RAA values (4.8 vs. 9.6, 

p=0.35). 

 

There was also considerable overlap between values obtained across all 3 groups, as illustrated 

in figure 9.1: 
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Figure 9.1: Scatter plots showing distribution of CVOT values (above) and % RAA (below) by 

visual IPN grade, illustrating significant overlap between each category.  
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Figure 9.2: Quantification algorithm output in which a grade 0 plaque is correctly identified 

as containing no IPN. [Top left: the region of interest as it appears during CEUS; top right: 

non-bubble pixels (tissue + noise) are masked with white, coloured pixels (if present) represent 

bubble; bottom left: noise pixels are masked with white (coloured pixel means a non-noise (i.e. 

bubble or tissue) pixel; bottom right: tissue is masked with white pixels (coloured pixel means 

non-tissue pixel – in this case, the bottom right panel is also white only, meaning the algorithm 

has not detected any IPN).  
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Figure 9.3: Snapshot from quantification algorithm in which a grade 0 plaque is incorrectly 

identified as containing IPN. [Top left: contrast image with selected region of interest; top 

right: identified bubble, non-bubble pixels (tissue + noise) masked with white, coloured pixels 

(if present) represent bubble; bottom left: noise masked with white (coloured pixel means non-

noise (i.e. bubble or tissue) pixel; bottom right: tissue masked with white pixel (coloured pixel 

means non-tissue pixel – in this case, the bottom right panel is mostly white but there are 

coloured pixels (arrow), indicating that the algorithm has detected IPN, which did not match 

with the visual assessment).  
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Figure 9.4: Snapshot from quantification algorithm in which a grade 2 plaque is correctly 

identified as containing IPN (arrows). [Top left: contrast image with selected region of 

interest; top right: identified bubble, non-bubble pixels (tissue + noise) masked with white, 

coloured pixels (if present) represent bubble; bottom left: noise masked with white (coloured 

pixel means non-noise (i.e. bubble or tissue) pixel; bottom right: tissue masked with white pixel 

(coloured pixel means non-tissue pixel – in this case, the bottom right panel is mostly white but 

there are coloured pixels (arrow), indicating that the algorithm has detected IPN, which did 

match with the visual assessment). 
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9.5 DISCUSSION 

 

This study comparing the performance of the novel quantification software with visual 

assessment of IPN has found a moderate ability of the algorithm to identify presence or absence 

of IPN correctly. However, there was considerable overlap between values across the three 

groups, such that no clear cut-off values could be suggested, from which the algorithm could 

accurately distinguish between presence and absence of IPN. 

 

There are several factors that may account for this. As already stated in the previous Chapter, 

the lack of simultaneous B-mode data for use in motion correction was a significant 

disadvantage in our study, in comparison with other groups also working on CEUS 

quantification techniques. Plaque motion within each cardiac cycle is inevitable and must be 

accounted (corrected) for. This is most easily achieved by having simultaneous B-mode data, 

which can be used to inform plaque motion directly. In the absence of this data, a separate and 

more complicated motion correction algorithm needed to be written. However, this has not 

performed as well as initially hoped, given that a number of plaques without IPN present 

visually had high CVOT / RAA values, suggesting inadequate motion compensation as one 

possible causative factor. Patients were not asked to suspend respiration for image acquisition 

and this could also help reduce motion of the vessel wall (and thus plaque) through the cycle. 

 

There are also technical modifications required within the algorithm to improve the ability to 

distinguish between tissue, artefact (noise) and contrast bubble signal. This will require 

adjustments that can improve both the attenuation correction and motion compensation 

algorithms. Furthermore, adjustments to the bubble detection and quantification algorithms are 

required – in this study, signals from within the plaque were all summed, on the assumption 
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that non-bubble signals had been excluded. However, our results demonstrated that this was 

not the case. Improvements to the method by which contrast signal is initially detected and then 

tracked through the plaque will help to improve the accuracy of the algorithm. Work on these 

issues has already commenced and the biophysicists hope to have an improved algorithm for 

repeat testing imminently. Finally, it is acknowledged that this quantification algorithm, as with 

most previously reported algorithms, has only been tested on selected plaques of a certain size 

and is thus not applicable to all plaques – further studies are required – an no doubt 

improvements to the quantification algorithms – to allow quantitative analysis on carotid 

plaques of all shapes and sizes.  

 

Conclusion 

 

The novel quantification software has moderate ability to detect IPN on comparison with visual 

analysis of carotid plaques. Further work is required to improve the accuracy of the software. 

Changes in image acquisition – specifically the use of dual-mode imaging (permitting 

simultaneous side-by-side CEUS and B-mode images) is likely to be a crucial factor in the 

improvement of the quantification algorithm. 
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PART III 

 

CONCLUSIONS 
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CHAPTER 10 

 

Future Directions 

 

Over the past decade, a large amount of basic and clinical research data has been accumulated 

with respect to plaque vulnerability. The data suggests that plaque composition plays a major 

role in plaque stability and that intra-plaque haemorrhage, thought to be secondary to rupture 

of leaky neovessels, is a pre-cursor to the unstable/vulnerable plaque. Contrast-enhanced 

ultrasound (CEUS) has emerged as a safe, painless and non-ionizing method of visualizing 

plaque neovascularisation. In this Thesis, several studies have been undertaken using CEUS to 

assess plaque neovessels.  

 

The study of asymptomatic individuals from the LOLIPOP study found an overall incidence 

of IPN of approximately 50%, generating the further question of why some plaques develop 

IPN whilst others do not. The answer to this question is currently unknown. Furthermore, this 

study has identified, for the first time, a potential mechanism for the increased CVD risk 

amongst South Asian individuals, namely a greater incidence of IPN when compared to a 

European White population. This intriguing finding merits larger studies to confirm them but 

also throws up new questions, including the possible reasons for ethnic differences in 

neoangiogenesis within arterial plaques. A greater understanding of these mechanisms may 

help elucidate the reasons for greater CVD burden amongst South Asian individuals. 

 

The collaborative cardio-oncological study with researchers from the Institute for Cancer 

Research at The Royal Marsden Hospital has, for the first time, explored differences in plaque 

composition between irradiated and un-irradiated carotid arteries amongst survivors of head & 
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neck malignancies. The results revealed a significantly increased incidence of neovessels 

within irradiated plaques, even though conventional thinking suggests radiation inhibits 

neoangiogenesis. These results suggest that radiotherapy may not simply increase IMT and 

plaque formation but also impact plaque composition and, thus, plaque vulnerability. 

 

The ambition to design and validate a novel algorithm for quantitative analysis of CEUS 

images did not reach its desired conclusion. A secondary project comparing the algorithm 

against visual accuracy of IPN detection showed some promise but only moderate agreement 

overall and requires fine-tuning before use in larger studies. However, the attenuation and 

motion correction algorithms show promise and further refinements to the bubble detection 

algorithm should provide more robust software, which will require further validation. 

 

Finally, analysis of the CEUS images from the LOLIPOP data-set also allowed study of the 

effect of contrast upon IMT visualization and plaque detection. CEUS was found to improve 

significantly the IMT visualization in the near wall and also all segments in the CCA and ICA. 

Furthermore, this did lead to a significant increase in plaque detection by CEUS. The clinical 

significance of this finding is yet to be determined but may have implications for primary 

prevention strategies, as greater interest in sub-clinical atherosclerosis yields new research 

studies. 

 

The ‘hypothesis’ generated by considering IPN as a key component of the unstable (or 

potentially unstable) plaque is that plaque composition should be take into account during 

clinical decision-making. Thus, an intriguing question that is raised by the plaque 

neovascularisation hypothesis is whether plaque composition rather than stenosis severity 

should dictate treatment strategy (e.g. surgical endarterectomy versus no surgery). There are 
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no randomised trials that have compared such management options, but there is growing 

awareness of the importance of plaque content with regards to likelihood of plaque erosion +/- 

rupture and thus likelihood of major CV events such as myocardial infarction and stroke. The 

results of these studies have demonstrated that not all plaques contain IPN and follow-up of 

such patient cohorts will hopefully allow further light to be shed on plaque neovascularisation 

as a potential novel imaging risk marker, not just in research studies but also in clinical practice. 
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APPENDIX 1 – LOLIPOP IPN STUDY 

 

Inter-observer variability between a cardiologist familiar with the CEUS technique (observer 

2) in comparison with myself (observer 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inter-observer agreement was 17/20 = 85%. 

 

This yielded a kappa statistic (k) of 0.85. 
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Observer 1 

1 Yes Yes 
2 No No 
3 Yes No 
4 No No 
5 Yes Yes 
6 Yes Yes 
7 Yes No 
8 No No 
9 Yes Yes 
10 No No 
11 Yes Yes 
12 No No 
13 Yes Yes 
14 No No 
15 Yes Yes 
16 No No 
17 No No 
18 Yes Yes 
19 Yes Yes 
20 No Yes 
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Intra-observer variability performed by myself by re-analysing the 20 scans, in a random 

order, more than one month after initial analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intra-observer agreement was 19/20 = 95%. 

 

This yielded a kappa statistic (k) of 0.95 
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APPENDIX 2 

 

The following eight diagrams all illustrate the carotid tree divided into the segments that were 

analysed as described in the main text. There are five segments in each near and each far wall, 

thus making 10 segments in each artery [each wall had the proximal, mid and distal sections of 

the CCA, the carotid bulb and the internal carotid artery]. As both the left and right arteries 

were scanned, this means there were 20 segments analysed in each patient. 

 

The numbers adjacent to each segment (with a maximum of 20) represent the instances of 

agreement (intra-observer and inter-observer) observed in the reproducibility analyses – for 

example, 18/20 means that in 18 of the 20 instances that that particular segment was assessed, 

there was agreement (i.e. 90% agreement). 

 

Cohen’s kappa statistic was calculated for each of these scores. In summary, moderate-

excellent agreement was observed in all segments, with higher values obtained for CEUS 

images in comparison with B-mode images, particularly in the near wall segments. 
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Intra-Observer Agreement on IMT Visualization Score – B-mode Imaging 

 

 

 

Intra-Observer Agreement on IMT Visualization Score – CEUS Imaging 
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Intra-Observer Agreement on Plaque Presence / Absence – B-Mode Imaging  

 

 

Intra-Observer Agreement on Plaque Presence / Absence – CEUS Imaging  
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Inter-Observer Agreement on IMT Visualization Score – B-mode Imaging 

 

 

 

Inter-Observer Agreement on IMT Visualization Score – CEUS Imaging 
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Inter-Observer Agreement on Plaque Presence / Absence – B-Mode Imaging  

 

 

 

Inter-Observer Agreement on Plaque Presence / Absence – CEUS Imaging  
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APPENDIX 3 

 

Inter-observer variability between a second observer (observer 2), familiar with the CEUS 

technique, in comparison with myself (observer 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inter-observer agreement was 20/20 = 100%. 

 

This yielded a kappa statistic (k) of 1.0 
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20 Yes Yes 
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Inter-observer variability between an independent observer, new to the CEUS technique 

(observer 3), in comparison with myself (observer 1). 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Inter-observer agreement was 16/20 = 80%. 

 

This yielded a kappa statistic (k) of 0.60. 
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Intra-observer variability performed by myself by re-analysing the 20 scans, in a random 

order, one month after initial analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intra-observer agreement was 20/20 = 100%. 

 

This yielded a kappa statistic (k) of 1.0. 
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