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1.0 Abstract

Introduction

The aims of this thesis were to identify if carotid endarterectomy was cost-effective
and affordable in the United Kingdom and secondly to explore the potential of contrast
enhanced ultrasound and plaque texture analysis for risk stratification in asymptomatic

patients with carotid atherosclerosis.

Methods

A cost-utility analysis based on results from the Asymptomatic Carotid Surgery Trial

was performed using a Markov transition state model.

Three cross-sectional studies of symptomatic and asymptomatic individuals with 50-
99% carotid stenosis were performed for late phase and dynamic phase contrast enhanced

ultrasound, followed by plaque texture analysis.

Results

There was a high probability of surgical endarterectomy lying under the £20-30, 000
per quality adjusted life year National Institute for Health and Clinical Excellence
acceptability threshold in the United Kingdom. In men under 75 years of age, the cost per
quality adjusted life year gained was lower and in women there was improved effectiveness

with reduced long-term costs.

Late phase contrast enhanced ultrasound imaging of carotid atherosclerosis suffered
from a tissue suppression artefact which limited its ability to image microbubble retention.
Quantification of plagque perfusion using low mechanical index imaging demonstrated a
pseudoenhancement phenomenon from non-linear propagation, which artificially increased

far wall intensity, again limiting its use for quantification of plaque perfusion. Semi-
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guantitative grading of plaque perfusion revealed no significant difference in generalised
plague perfusion between symptomatic and asymptomatic individuals, however detection
of ulceration using dynamic contrast enhanced ultrasound showed a trend towards an
association with symptomatic status. Type Il plague showed a significant independent

association with symptomatic status.

Conclusion

Carotid endarterectomy is likely to be cost-effective in those under 75 years of age,
particularly women. However, without further selection, the upfront costs and high number
needed to treat with endarterectomy limit its potential as a large scale strategy.
Improvements in non-linear pulse sequencing are required before quantitative contrast
enhanced ultrasound can reliably be used for functional imaging of carotid atherosclerosis.
Qualitative assessment of plaque perfusion is unlikely to gain widespread use due to its high
subjectivity. However assessment of plagque type and to a lesser extent imaging of
ulceration using contrast enhanced ultrasound are promising and reproducible imaging
biomarkers for further study. Validation of these markers with histology and then
prospective study of individuals with these plaque phenotypes is proposed. In the future
individuals with a recent transient ischaemic attack and moderate (50-69%) stenosis may

prove to be an ideal group for risk stratification.
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LONGITUDINAL SECTION. THE IN-VITRO STUDY USED SONOVUE CONCENTRATIONS OF 0.02, 0.1, 0.5, 1, AND 2 %o
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FIGURE 63: COLOUR DOPPLER IMAGE CAPTURE OF A TYPE V CAROTID PLAQUE. THE ARTERY WAS CAPTURED RUNNING HORIZONTALLY
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OUTLINED USING A COLOUR OR POWER VIDEO CLIP AND STILL IMAGE. BELOW A PARAMETRIC IMAGE (A COLOUR MAPPED
REPRESENTATION OF B-MODE PIXEL INTENSITY, WITH LIGHTER COLOURS REPRESENTING BRIGHT PIXELS) HAS BEEN USED TO AID
MANUAL OUTLINING OF THE JUXTALUMINAL BLACK AREA (48MM?®). SOURCE: ANKUR THAPAR. ......e.vereerreeerrersesseseeneen. 159
FIGURE 66: RECEIVER OPERATOR CHARACTERISTIC (ROC) CURVE FOR LUMINAL STENOSIS IN IDENTIFYING PLAQUE IMAGES FROM
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FIGURE 67: RECEIVER OPERATOR CHARACTERISTIC (ROC) CURVE FOR GREY SCALE MEDIAN (GSM) IN IDENTIFYING PLAQUE IMAGES
FROM SYMPTOMATIC PATIENTS. THE AREA UNDER THE CURVE (C-STATISTIC) WAS 0.57 AND WAS NOT SIGNIFICANTLY BETTER
THAN CHANCE (P=0.21)..1teecuteeitieeeieeesiteeeieeestteestteestteesaaeesaaeensaeessaeessseessseessseassseensseessseasseessaeasseessseesseesssennsees 164
FIGURE 68: RECEIVER OPERATOR CHARACTERISTIC (ROC) CURVE FOR PERCENTAGE TOTAL (UPPER AND LOWER PLAQUE COMPONENTS)
JUXTALUMINAL BLACK AREA IN IDENTIFYING SYMPTOMATIC PATIENTS. THE AREA UNDER THE CURVE (C-STATISTIC WAS 0.53
AND THIS WAS NOT SIGNIFICANTLY BETTER THAN CHANCE P=0.55). ..eiiiitiiieiiiieeeiiiee ettt eetre e e eteee et e e eevaee e eaveeeen 164
FIGURE 69: BREAKDOWN OF PLAQUE TYPES BY SYMPTOMATIC OR ASYMPTOMATIC STATUS. THERE WERE MORE TYPE || AND LESS TYPE
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FIGURE 70: HIGH MECHANICAL INDEX (M 1.3) BUBBLE SPECIFIC LONGITUDINAL IMAGE WITH COMPLETE TISSUE SUBTRACTION (BLACK
BACKGROUND) IN THE HUMAN CAROTID DURING THE LATE PHASE SHOWING TWO RESONATING MICROBUBBLES (ARROW).
TAKEN BY ANKUR THAPAR AND PROFESSOR AVERKIOU USING A CUSTOM PULSE SEQUENCE ON A PHILIPS IU22 MACHINE. NOTE
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FIGURE 71: STATIC THREE DIMENSIONAL MULTI-SLICE LONGITUDINAL CONTRAST ENHANCED IMAGE OF ULCERATED CAROTID
ATHEROMA. TECHNOLOGY SUCH AS THIS COULD BE USED TO IMPROVE THE DETECTION OF ULCERATION (SEEN ON ONE SLICE
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1.2 Abbreviations

ACAS — Asymptomatic Carotid Atherosclerosis Study

ACES — Asymptomatic Carotid Embolisation Study

ACSRS — Asymptomatic Carotid Stenosis and Risk of Stroke study

ACST — Asymptomatic Carotid Surgery Trial

ACST-2 - Asymptomatic Carotid Surgery Trial 2

AHA — American Heart Association

ALIU — arbitrary linear intensity units

BMT —best medical therapy

CAS — carotid artery stenting

CCA — common carotid artery

CEA — carotid endarterectomy

CEUS - contrast enhanced ultrasound

Cl — confidence interval

CREST — Carotid Revascularisation Endarterectomy versus Stenting Trial

CT — computed tomography

CVA - cerebrovascular accident (stroke)

DCE-US — dynamic contrast enhanced ultrasound

DICOM - Digital Information Communication in Medivideo

ECA — external carotid artery

ECST — European Carotid Surgery Trial
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ECST-2 — European Carotid Surgery Trial 2

GSM — grey scale median

HR — hazard ratio

ICA — internal carotid artery

ICER — incremental cost-effectiveness ratio

LP-CEUS — late phase contrast enhanced ultrasound

MI — mechanical index

MRA — magnetic resonance angiography

MRI — magnetic resonance imaging

NASCET — North American Symptomatic Carotid Endarterectomy Trial

NICE — National Institute for Health and Clinical Excellence

OR —odds ratio

PET — positron emission tomography

QALY — quality adjusted life year

ROI — region of interest

SD — standard deviation

SPACE-2 — Stent protected angioplasty in asymptomatic carotid stenosis (trial)

TIA — transient ischaemic attack

TCD —transcranial Doppler

US - ultrasound

USPIO — ultra-small paramagnetic particle of iron oxide
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2.0 Introduction

2.1 Stroke epidemiology

Stroke is defined by the World Health Organisation as a focal neurological deficit
lasting longer than 24 hours from a presumed vascular cause (7). If symptoms resolve

within 24 hours this is referred to as a transient ischaemic attack (TIA) (8).

Stroke is responsible for 11% of global mortality (9), with an incidence of 110-130
000/year in the United Kingdom (10). It is also the leading cause of serious disability in UK
adults (11). The direct cost to the National Health Service is estimated at £2.8 billion per
annum (12), but including the substantial costs of social care, this figure rises to £9 billion
(13). This represents 3% of the total 2010-2011 Department of Health budget of £106
billion (14).

Seventy-eight percent of confirmed strokes are ischaemic in nature and 22% are due to
intracerebral or subarachnoid haemorrhage (15). The causes of first ischaemic stroke can

be broken down further as shown in Figure 1:

B Carotid atherosclerosis
B Cardioembolic

®m Small artery occlusion
B Other known

H Unknown

W Multiple

Figure 1: Subtypes of ischaemic stroke from the South London Stroke Registry. Source: Hajat et al. (16).

The South London Stroke Registry reported that 10% of ischaemic stroke was
attributable to carotid atherosclerosis (16). This risk factor can be safely diagnosed using
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ultrasound, with an 86-90% accuracy and a specificity of 87-94% against a conventional
reference standard of two dimensional contrast arteriography (17, 18). Interestingly in
Europe, a higher incidence (15%) of stroke attributable to carotid atherosclerosis is reported
(19). It is noted that in South London both stroke prediction and asymptomatic carotid

surgery trials have been active during the past 10 years (20) (5).

The prevalence of severe (>70%) carotid atherosclerotic narrowing (stenosis) in the
population is 1-3% in persons over 70 (21) (Figure 2). The mean age of patients with carotid
atherosclerotic stroke in Europe is 62 (SD +8) years and over two-thirds of patients are male
(22). One-third have previously experienced an acute coronary syndrome from advanced
atherosclerosis in the coronary arteries (23). Approximately 100 000 people in the UK are
estimated to have significant asymptomatic carotid stenosis (24), but its management is a

source of contention.

74

E -
£ 5.
3 @ men
§ 4
2 pgwomen
g 3.1
2 34
= 2.1

2 .

1.
: 0.8 0 0.9
0.1 o0 0.2 ¢.1 0.2
0 T L = T T T 1
<50 20-58 60-69 70-79 =80
Age (years)

Figure 2: Prevalence of >70% carotid stenosis from 4 European cohort studies. With permission from de

Weerd et al. 2010 (21).

21



2.2 Diagnosis of carotid atherosclerosis

For sonographers plaque is defined by the Mannheim consensus as “a focal structure
that encroaches into the arterial lumen of at least 0.5mm or 50% of the surrounding intima-

media thickness” (25).

Historically carotid atherosclerosis was assessed using arteriography which carried a
1% risk of stroke, the very disease clinicians were trying to prevent (26). Two dimensional
arteriography measured luminal diameter reduction and therefore severity of stenosis was
the initial measure of disease severity. This was validated as a risk marker in symptomatic
disease in the landmark North American Symptomatic Carotid Endarterectomy Trial
(NASCET) (23) and in the later European Carotid Surgery Trial (ECST) (22). However, for
unknown reasons, stenosis did not provide the same degree of risk prediction in
asymptomatic patients in the Asymptomatic Carotid Atherosclerosis Study (ACAS) (27) or
the Asymptomatic Carotid Surgery Trial (ACST) (5). With the introduction of ultrasonic
Doppler frequency shift to measure stenosis in 1979, a safer, non-invasive method of

examining not only stenosis but the plaque itself became available (Figure 3) (28).
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Figure 3: (A) Duplex ultrasound image of a carotid plaqgue. CCA=common carotid artery, ICA=internal carotid

artery, ECA=external carotid artery, STA=superior thyroid artery. An echolucent ulcerated carotid plaque is

seen on the far wall of the internal carotid (arrow) indenting the colour flow. (B) Endarterectomy specimen

from the same patient in similar orientation. It is apparent that plaques are cylindrical in reality, however as
two dimensional ultrasound is a uniplanar modality, they appear as separate near wall and far wall

components (the latter is only visible in (A)). Source: Ankur Thapar (with permission from patient).

Use of Doppler velocity criteria to approximate angiographic stenosis has an
accuracy of approximately +7% (Table 1) (29). Ultrasound is now accepted as the most cost-
effective first line imaging technique for carotid stenosis in the UK, with more complicated

cases requiring a luminal contrast technique, such as magnetic resonance angiography (30).
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NASCET equivalent stenosis (%) Internal carotid stenosis peak systolic (cm/s)

50-69 125-229

70-89 230-399

90-99 >400
Near occlusion Trickle flow*

Table 1: Conversion from peak systolic velocity using Doppler to NASCET angiographic measurements. Source:

Oates et al. 2009 (31). These criteria are used by our vascular laboratory to grade stenosis.

However as investigators used ultrasound to characterise carotid atheroma, the

following limitations became apparent: inability to measure the thin fibrous cap with

ultrasound resolution at best around 0.2mm (axial resolution = %2 [pulse cycles x speed of

sound / transducer frequency) (32), a sampling error as ultrasound is a uniplanar modality

(33),

an inability to discriminate lipid from other echolucent constituents such as

intraplague haemorrhage and a necrotic core (34) and an inability to image heavily calcified

atheromas.

Therefore, ultrasound to date has focussed on imaging the following

characteristics of carotid atheromas:

Echolucency which reflects lipoidic, haemorrhagic, or necrotic constituents (35, 36)

Juxtaluminal echolucent area thought to represent a juxtaluminal necrotic core (37)

Heterogeneity (38) (39)

Surface irregularity and ulceration thought to represent cap rupture (40, 41)

Plaque area or volume measurement (using a three dimensional transducer)

reflecting local atherosclerotic burden (42) (43)
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The evidence for these putative risk markers is considered in Chapter 5, however none
has yet been incorporated into a UK guideline. The European Society for Vascular Surgery
currently recommends that “plaque morphology should be assessed in all cases before

invasive intervention” in their 2010 guideline without further qualification (44).

Unlike symptomatic individuals, in the asymptomatic population, luminal stenosis is
a weak predictor of future ipsilateral stroke (Figure 4) (45). As such it imparts little risk
stratification information and one could in fact question why it is used at all in
asymptomatic patients. Flow limitation, although important in ischaemic heart disease,
where the coronary arteries are functional end arteries, is compensated for in most
individuals through both autoregulation (46) and collateral supply via the Circle of Willis,

which is truly incomplete in <5% of healthy individuals (47) (48).
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Figure 4: Annual ipsilateral stroke risk versus NASCET stenosis from 32 studies of asymptomatic patients with
carotid atherosclerosis. This demonstrates a weak relationship between stenosis and future stroke risk. With

permission from Naylor et al (45).

This lack of a meaningful relationship between stenosis and future stroke risk was a
feature of the Asymptomatic Carotid Surgery Trial and the earlier Asymptomatic Carotid

Atherosclerosis Study (Table 2).
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NASCET Stenosis (%) | HR for CEAv BMT (ACST) HR for CEA v BMT (ACAS)

Any territory stroke Ipsilateral stroke
<70 0.45
70-79 0.48 0.67
80-89 0.49
90-99 0.65 0.45

Table 2: Data from ACST (5) and ACAS (27) demonstrating no increase in benefit for surgery for increasing
luminal stenosis. HR=hazard ratio for endarterectomy (CEA) versus best medical therapy (BMT). Luminal

stenosis is described according to NASCET criteria.

Why stenosis is predictive of benefit in symptomatic disease but not asymptomatic
disease is unknown. The uncertainty as to what constitutes a high risk asymptomatic

stenosis is reflected in the variation in inclusion criteria for asymptomatic carotid

interventional trials (Table 3).

ACAS ACST CREST SPACE-2 ACT-1 ACST-2
Stenosis range | 60-99% No Varying 70-99% 70-99% No stenosis
for stenosis depending criteria
randomisation criteria on
modality

Table 3: Stenosis selection criteria vary in carotid interventional trials (NASCET equivalent measurements
shown) (27) (5) (49) (50) (51) (52).
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2.3 Mechanism of stroke secondary to carotid atherosclerosis

It was known historically that common carotid ligation could be performed without
stroke in those with an intact Circle of Willis and normal cerebral autoregulation. Indeed
this used to be routine practise to reduce the size of intracranial internal carotid artery
aneurysms (53). This suggested that occlusion of the internal carotid artery, was not, unlike
in the coronary circulation, the principal mechanism for downstream ischaemia. Indeed the
carotid does not need to be occluded for acute stroke to occur and progression of a stenosis
to occlusion was asymptomatic in 20/27 (74%) of patients in one cohort study (54).
Therefore the patency of the extracranial internal carotid artery is not a reliable marker of

symptomatology (55).

In 1954, it was noted that resection of a carotid bifurcation atheroma was associated
with cessation of recurrent attacks of transient hemiplegia, today referred to as TIA (56).
In 1970, a post-mortem study of patients with cerebrovascular disease delineated a
characteristic pattern of thrombus adjacent to carotid atheroma in the internal carotid
artery, with evidence of downstream emboli of different ages, in the anterior and middle
cerebral arteries (57). In 1979, an angiographic study revealed evidence of diffuse
intracranial vascular occlusion in the ophthalmic and middle cerebral artery territory in

patients with acute stroke and carotid atherosclerosis (58).
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Internal Carotid Artery Blood clot forming

on the surface
of the plaque

External Carotid Artery and breaking off

Figure 5: Accepted major mechanism for stroke secondary to carotid atherosclerosis involves carotid atheroma
rupture, resulting in surface thrombosis and embolisation to the ophthalmic or anterior cerebral circulation.

Diagram reproduced with permission from Gayani Jayasooriya .

In 1992 transcranial Doppler ultrasound was able to identify microembolic signals in
the anterior cerebral circulation, supplied by the carotid in patients with recent stroke or TIA
and carotid stenosis at a rate of 4/hour (59). Microembolic signals were absent in healthy
controls. These findings constituted the evidence for an embolic mechanism for carotid
atherosclerotic stroke that remains accepted to this day (Figure 5). It is interesting that
emboli of differing ages are found and post-mortem in those succumbing to stroke
associated with carotid atherosclerosis, suggesting that collateral circulation is important in
determining whether symptoms result (57). Today, the sequelae of these embolic
phenomena can be illustrated on diffusion weighted magnetic resonance cerebral imaging

in acute stroke (Figure 6).
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Figure 6: Diffusion weighted magnetic resonance image of a patient with acute left hemispheric symptoms and
70% left internal carotid stenosis, showing multiple embolic lesions in the left middle cerebral artery territory

(ringed). Source: Ankur Thapar (with permission from patient).

It should be noted that alternative hypotheses are still suggested for stroke
secondary to carotid atherosclerosis including interference with normal vasomotor tone
through an effect on the nearby carotid sinus (60). However these hypotheses currently
lack supporting evidence. Additionally it should be noted that patients with asymptomatic
carotid stenosis can incur lacunar, cardioembolic or aortic arch related strokes in a similar

fashion to the general population (61).

The embolic particle responsible is thought to be a mobile plaque surface thrombus,
caused directly after plaque rupture, through exposure of a necrotic core, which in
symptomatic patients is located close to a macrophage dense, thin fibrous cap of around
70um thickness (62-64). It is noted that rupture is more common, but not exclusive to
patients with ipsilateral symptoms (65, 66), in a similar manner to microembolic signals, but
that the histological findings of erosion found in coronary plaques is uncommon (67). In the
coronary circulation, the precursor lesion most closely resembling a ruptured atheroma is
termed a thin cap fibroatheroma and delineation of this lesion non-invasively is the
currently the focus of international efforts (64, 68). Conveniently carotid atheroma is easier

to image using ultrasound and tissue is more easily available through endarterectomy
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specimens, than coronary atherosclerosis. However preliminary recent evidence from the
Athero-Express study suggests that identification of vulnerable carotid plague may also help

prognosticate for future ischaemic cardiac events (69).

The trigger for rupture is unclear, with some proposing an inside-out mechanism and
others an outside-in mechanism. Proponents of the outside-in theory suggest that focal
elevations in shear stress (through varying focal plaque motion during systole, or cap
weakness) may cause microfractures in the plaque surface allowing entry of luminal blood
(70, 71). Proponents of the inside-out rupture theory, suggest that rupture of thin walled
intraplague microvessels may be responsible for intraplaque haemorrhage and rapid
expansion of the necrotic core through extravasation of erythrocytes and secondary
accumulation of phagocytes (72, 73). Furthermore inflammatory cells in the cap may have a
direct effect on the fibrous cap through production of proteolytic matrix-metalloproteinases

(74-76).

2.4 The vulnerable plaque

To understand the potential targets for imaging, an appreciation of plaque
(atheroma) histology is required. Plaque is defined by the Oxford English Dictionary as “a
small, distinct, typically raised patch on or within the body, caused by local damage or
deposition of material” (77). The American Heart Association (AHA) classify plaques into
types IV (lipid rich with a thick fibrous cap), type V (fibroatheroma), type Vla (surface
defect), type Vlb (intraplaque haemorrhage), type Vic (luminal thrombus), type VII (calcified
plague), or type VIl (fibrous) (78, 79). Earlier types in the classification deal with pre-
atheromatous lesions. Plaques are dynamic structures and can progress or regress, notably
following intraplague haemorrhage or statin therapy (43, 80). It is thus not essential for

plagues to move linearly along the AHA classification as the nomenclature might suggest.

The term “vulnerable plaque” is used hereafter to describe a plaque that is prone to
future thrombosis and embolism from plaque rupture (81). A vulnerable plaque phenotype

has been described as a thin cap fibroatheroma in the coronary arteries (64). The term
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“culprit plaque” is used to describe a plague that has ruptured and caused symptoms (81).
In the coronary circulation culprit plagues have a number of characteristic histological

features (Table 4).

Major criteria for a culprit coronary plaque

Active inflammation (high macrophage activity)

Thin fibrous cap with large lipid core

Superficial thrombus

Fissured surface

>90% stenosis

Table 4: Histological features of culprit coronary plaques from histopathological studies. Source: Naghavi et al.
2003 (81).

Culprit carotid lesions may differ from culprit coronary lesions, as the main
mechanism is thought to be embolic rather than in-situ occlusion. It should be noted that
coronary arteries are around 2-4mm in diameter (82), whereas carotid arteries are around
4-7mm and therefore possibly less prone to occlusion (83). In 2000, Golledge et al.
published a systematic review on the histological characteristics of culprit carotid lesions
(63). This suggested that plaque rupture was the main macroscopic difference between
symptomatic and asymptomatic patients with carotid atherosclerosis. Microscopically the
culprit lesions had a higher macrophage and T-cell density and juxtaluminal necrotic cores

with a thinner fibrous cap (Figure 7).

31



stable plaque

unstable plaque

smc <ZFSEavo

macrophage

i [

Figure 7: Uniplanar representation of the histological features of stable and unstable carotid atheromas that
are targets for imaging. The unstable atheroma (bottom) demonstrates a thinner fibrous cap, with less
smooth muscle and greater numbers of macrophages with a juxtaluminal necrotic core. Adapted with

permission from Golledge et al. (63).

Recently, culprit carotid plaques have been demonstrated to have a significant

increase in the density of intraplaque microvessels (84-86). In the 2010 Athero-Express
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study, an increased density of plaque microvessels at carotid endarterectomy was
associated with a hazard ratio of 1.5 (95% Cl 1.1-2.1) for future acute cardiovascular events

(69). Microvessels may have a threefold role in the development of atherosclerosis (72, 87):

1. To facilitate gas exchange and plaque growth when plaque thickness exceeds

approximately 100um.

2. The immature microvessel wall may facilitate the adhesion and extravasation of

leucocytes into the plaque.
3. Microvessel rupture may lead to intraplague haemorrhage.

An in-vivo method of identifying plaque vulnerability features with ultrasound would
prove extremely useful as a low cost selection tool for endartectomy. Some features such
as rupture are binary, however others such as microvessel density are better measured

guantitatively as they are present in all plaques to differing degrees.

2.5 Medical management of asymptomatic carotid atherosclerosis

Medical management of the asymptomatic patient with carotid disease, of which
there are estimated to be 100, 000 in the UK (24), is an important primary prevention issue.
Preventative therapy has advanced, following the publication of landmark meta-analyses of
intensive lipid and blood pressure lowering regimes, that were unheard of ten years ago
(88, 89). In the 1993 Veterans’ Affairs Trial, aspirin was the only prescribed medical therapy
(90). In the 2010 Carotid Revascularisation Endarterectomy versus Stenting Trial (CREST),
best medical therapy consisted of 1 out of 3 antiplatelet agents, statin therapy, multi-agent

antihypertensive therapy and lifestyle advice (49).

These advances have led to consensus recommendations for primary prevention of
stroke from European and North American bodies which are summarised in Table 5. It must
be emphasised that the leading causes of death in the medical arms of endarterectomy

trials are consistently ischaemic heart disease, cancer and then stroke (5, 23, 27, 90).
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Therefore it is imperative that all patients, whether surgical candidates or not, receive
optimal medical therapy, as carotid endarterectomy does not prevent death from ischaemic
heart disease. Aspirin in particular has an important protective effect in coronary disease
(91) and has now been demonstrated to have an, as yet, unexplained association with a
reduced incidence of cancer (92). Importantly for the surgeon antiplatelet therapy, statins
and control of hypertension improve the rates of stroke seen after carotid endarterectomy

(46, 93, 94).
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ESVS 2010 SVS 2011

atherosclerosis

Guideline Prevention in patients with carotid | Management of patients with
stenosis extracranial carotid artery disease
Focus Symptomatic and asymptomatic carotid | Carotid/vertebral atherosclerosis

High-risk group

Carotid atherosclerosis

Atherosclerotic disease of the carotid or

Level A

definition Multiple cardiovascular risk factors vertebral arteries
Target BP <140/90 <140/90
(mmHg) In diabetes or impaired renal function: | Level A
<130/80
Level A
Target LDL Statin for asymptomatic stenosis >50% All should receive a statin
(mmol/L) LDL<2.6 or <1.8 if multiple risk factors LDL<2.6 or 30% reduction from baseline

Level B

For diabetics, CAD or symptomatic
atherosclerotic disease, or multiple risk

factors* LDL<1.8 is suggested Level B

Antiplatelet therapy

Low dose aspirin for asymptomatic
carotid stenosis >50%

Level of evidence C

Or if CHD risk >10%

Periprocedural aspirin

Aspirin 75-325mg to prevent MI and
other cardiovascular events

Level A

Level A

Adjunctive lipid Fibrates, niacin, selective cholesterol | Bile acid sequestrants, niacin

lowering therapy inhibitors Level B

BP algorithm Unspecified The 7" Joint National Committee on
Preference for calcium channel | prevention, detection, evaluation and
antagonist and ACE inhibitors treatment of high blood pressure

Target HbA1lc (%) Unspecified 7.0

Lifestyle measures

Smoking cessation

Level B

Reduce weight

Level C

Increase physical activity Level C
Reduce alcohol

Level C

Smoking cessation
Diet and exercise for diabetics with
atherosclerosis

Level B

Table 5: Medical therapy recommendations for patients with asymptomatic carotid atherosclerosis from the

European Society for Vascular Surgery (ESVS) (95) and the American Society for Vascular Surgery (SVS) (96).

From collaborative work with Dr Kerry Davies (97).
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A reduction in ipsilateral annual stroke rates has been identified in cohorts on
contemporary medical therapy (Figure 8). In particular, three recent cohort studies have
demonstrated that ipsilateral stroke rates <1% per year have been achieved in the UK (98),
Canada (41) and the Netherlands (99). This has shifted emphasis away from carotid
endarterectomy as a population strategy towards surgery targeted to those with a

vulnerable plaque.

To identify these persons, as we shall see in Chapter 5, a whole host of new methods
of plaque imaging are under development. In the population under consideration,
conventional risk factors such as male gender and hypertension are found in 2/3 of persons
(22) and are therefore not discriminatory enough to distinguish stable from unstable
atheroma in longitudinal study. This represents a conceptual move towards, as Professor
Spence, head of the Stroke Prevention and Atherosclerosis Research Centre in Ontario,
Canada terms: “treating arteries instead of risk factors” — the concept that we can now
obtain direct evidence of plaque structure and activity, rather than relying on surrogates, to

guide therapy (43).
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Figure 8: The reduction in average annual ipsilateral stroke rates in patients with asymptomatic 50-99% carotid
stenosis over the last thirty years from cohort studies and the medical arms of randomised controlled trials.
Bold numbers represents sample size. The results from three more recent studies have been added manually.
WRL=weighted regression line, UCL=95% upper confidence limit for regression line, LCL=lower95% confidence
limit for regression line, UPL=95% upper population limit, LPL=95% lower population limit,
ACAS=Asymptomatic Carotid Atherosclerosis Study (adapted with permission from Abbott 2009) (100).
Studies: 113 Chambers 1986 (101), 121 Johnson 1985 (102), 127 ECST 1995 (22), 185 Cardiovascular Health
Study1998 (103), 202 Asymptomatic Emboli Detection Study 2005 (104), 221 Second Manifestations of Arterial
Disease 2007 (99), 233 Hobson 1993 (90), 357 Asymptomatic Carotid Bruit Study 1997 (105), 834
Asymptomatic Carotid Atherosclerosis Study 1995 (27), 1115 Asymptomatic Carotid Stenosis and Risk of Stroke
1995 (106), 1560 Asymptomatic Carotid Surgery Trial 2010 (5), 101 OXVASC study 2010 (98), 253 Madani 2011
(41).
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The effectiveness of contemporary medical therapy is being tested versus surgical
and endovascular intervention for asymptomatic carotid atherosclerosis in contemporary
trials such as SPACE Il (Stent-Protected Angioplasty in asymptomatic Carotid artery stenosis
vs. Endarterectomy trial Il) (50). If the stroke rates in randomised trials of patients who are
at equipoise for medical or surgical treatment substantiate the results from smaller cohort
studies, it is unlikely that the asymptomatic population would need any form of risk

stratification. Instead effort would be spent on intensively correcting traditional risk factors.

2.6 Surgical management of asymptomatic carotid atherosclerosis

Surgical treatment has become safer since the original carotid bifurcation resection
and reconstruction performed for crescendo TIAs by Eastcott in 1954 at St Mary’s Hospital,
Paddington (56). Modern surgery is performed under general or regional anaesthesia, and
conventionally involves endarterectomy (removal of the diseased intima-media complex)
between clamps to prevent embolisation during the operation (Figure 9). Patch closure of
the vessel prevents restenosis and has robust evidence of long-term lower stroke rates
(107). On occasions, particularly when endarterectomy is challenging, e.g. post

radiotherapy, another procedure such as bypass or interposition can be performed (108).
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Cut in neck over Narrowing (p|aque) g
. Cut in artery and
carotid artery removed by surgeon ki stitcrrz’ed
through a cut in the neck

Figure 9: lllustration of the standard technique of carotid endarterectomy. In this operation, the patient is
heparinised before clamps are applied above and below the carotid bifurcation. A longitudinal arteriotomy is
made and the atheroma gently teased off the adventitial layer. In modern practise a patch is used to close the

vessel to prevent stoke and restenosis. Reproduced with the permission of Dr Gayani Jayasooriya.

The 1993 Veterans’ Affairs study reported a 4.7% 30 day stroke or death rate
following endarterectomy for asymptomatic carotid atherosclerosis. With periprocedural
use of low dose aspirin (109), the use of patch closure (107), duplex replacing arteriography
and extensive audit of outcomes, perioperative stroke or death rates fell to 1.4% in the 2010

CREST study (110) and 3% in the 2011 UK carotid audit (111).

In the largest trial of medical versus surgical therapy in 2010, the Asymptomatic
Carotid Surgery Trial (ACST) randomised 3120 patients with significant carotid stenosis (no
lower limit defined) with clinical equipoise to a strategy of best medical therapy (BMT) with
or without early carotid endarterectomy (CEA) (5). This trial followed patients for a median
of 9 years and during the trial 80% of patients commenced statin therapy. The principle

results are shown in Figure 10.
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Figure 10: Kaplan-Meier life table analysis of 10 year results of immediate endarterectomy versus deferral.
Source ACST 2010 (5). At ten years there was a 4.6% absolute risk reduction in any stroke or perioperative

death in the surgical arm, equating to a number needed to treat of about 1 in 20.

ACST demonstrated an average 4.6% (95% ClI 1.2-7.9) absolute risk reduction for
BMT alone and BMT with CEA over 10 years. Patients incurred a perioperative risk of stroke
or death of 3.0% (95% Cl 2.4-3.9) for a long term stroke free survival advantage. The trial
enrolled few patients over 75 and this subgroup had a high intercurrent mortality.
Therefore ACST did not demonstrate a statistically significant long-term stroke reduction in
patients over 75 (HR 0.81, 95% Cl 0.43-1.51). The annual any territory stroke risk for those
who were treated with medical therapy alone was 1.7% per year. For those taking statins
there was a fall in the cumulative stroke rate from 24% to 13% at 10 years; however these

were unmatched, non-randomised groups. This meant that although surgery was still
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associated with a statistically significant stroke free survival advantage, for those on statins
the absolute risk reduction was two-thirds only 0.5% per annum with statins versus 1.5% per
annum without). Similarly in the first 5 years of ACST the annual stroke rate in the medical
arm was 2.1%, whereas in the last five years it decreased to 1.5% per year, although it is

recognised that this may also represent a survivor effect.

Following ACST, the introduction carotid endarterectomy for those under 75 years of
age who are fit with significant carotid atherosclerosis has been challenged on the grounds
of cost-effectiveness, affordability and a reduction in ipsilateral stroke risk on medical

therapy alone (100).

2.7 Endovascular management of asymptomatic carotid atherosclerosis

In a manner analogous to the coronary circulation, angioplasty and stenting of
carotid atheromas has also been trialled (Figure 11) (49). In symptomatic patients, stenting
involves passage of a guide wire, balloon and stent across a lesion with an eroded cap with
surface thrombus and has had disappointing results, despite the use of proximal or distal
cerebral protection devices (112). However in elective asymptomatic lesions, stenting may
be technically safer. However it is also logical to ask, do these lesions need to be treated at

all?
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Figure 11: Diagram demonstrating the technique of carotid angioplasty and stenting. A transfemoral,
transradial or even transcarotid approach can be undertaken. In modern practise a proximal (common
carotid) or distal (internal carotid) cerebral protection device will be employed to arrest flow or serve as a filter
respectively. Then angioplasty is performed, followed by deployment of a stent. To prevent atheromatous
debris from exuding through the stent, the central portion is often covered, whilst leaving the periphery
uncovered to prevent intimal hyperplasia. Pre and post-procedure cerebral angiography is performed.

Reproduced with permission from Dr Gayani Jayasooriya .

Nevertheless stenting has been compared with surgery in three trials of
asymptomatic patients, however, the number of endpoints is low, making any comparison
at the present time uncertain (113). The data from the largest trial CREST, demonstrate a

trend towards worse outcomes with stenting (Table 6).
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CAS (%) CEA HR (95% Cl)

30 day stroke or death 2.5 (SE 0.6) 1.4 (SE 0.5) 1.88 (0.79-4.42)

30 day stroke, death or | 4.5(SEO0.9) 2.7 (SE 0.8) 1.86 (0.95-3.66)

ipsilateral stroke to 4 years

Table 6: Periprocedural and 4 year outcomes for the 1181 asymptomatic patient subgroup in the 2010 CREST
trial (49). CAS=carotid artery stenting, CEA=carotid endarterectomy, HR-hazard ratio, SE=standard error.

2.8 Physician management preferences

Professional opinion is split equally between medical treatment and
revascularisation as first line therapy for severe asymptomatic carotid atherosclerosis
(Figure 12) (114). The crux of this debate is the affordability of carotid endarterectomy (and
in recent times carotid stenting) over medical therapy alone for the enormous

asymptomatic population which could be treated (45).
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Figure 12: Results of a survey of 4669 healthcare professionals, considering the management of a 67 year old

asymptomatic patient with a 70-80% stenosis of the internal carotid artery. Source Klein et al. 2008 (114).

2.9 Patient management preferences

The following hypothetical scenario was posed to 102 consecutive vascular
outpatients at Imperial College Healthcare NHS Trust in 2011, before they had seen a

surgeon:

“Imagine your doctor informs you that you have a narrowing of one of the internal carotid
arteries picked up on a routine scan. The artery is 70% narrowed. The other arteries to the

brain are working fine and you have never had symptoms of a stroke”
The risks of three treatment options were quoted from recent trials as follows:

e Best medical therapy (BMT): 11% risk of stroke at 5 years from ACST (5)

e Carotid endarterectomy (CEA): perioperative risk of 3% and 5 year stroke rate of 6%
from ACST

e Carotid stenting (CAS): perioperative risk of 3-5% from stenting registries and the
SAPPHIRE trial (115). The patients were informed that the procedure was less

invasive but little was known about its long-term effects.
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Patient treatment choices are shown in Figure 13.

Figure 13: Results of an outpatient vascular clinic patient preference survey conducted at Charing Cross
Hospital, in collaboration with the Academic Section of Vascular Surgery. BMT = best medical therapy, CEA =
carotid endarterectomy, CAS = carotid artery stenting. From collaborative work performed at Imperial College

with Dr Gayani Jayasooriya (55).

Patients were asked to give a reason for their preference. There were broadly two
types of patient: those who gambled on a long-term benefit with endarterectomy and those

who were averse to any short term risk (Figure 14).
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Don't want intervention

Less chance of kidney damage
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Technically advanced

Scar size or position
Reasons for CAS option
Nerve injury with CEA P

Positive experience with stent elsewhere

CAS less invasive than CEA

Number of respondents

Figure 14: Reasons for the 102 survey patients for choosing either best medical therapy (BMT), carotid
endarterectomy (CEA) or carotid artery stenting (CAS). From collaborative work performed at Imperial College

with Dr Gayani Jayasooriya (55).

The survey performed at Charing Cross Hospital demonstrated that patients were
also split equally between medical treatment and revascularisation. Half of patients
accepted the risk of periprocedural stroke or death, whilst the other half felt this was
unacceptable. This sequence of preferences was nearly identical to those of physicians. Yet
in the UK asymptomatic carotid surgery is infrequent, whereas in the US it is common
practice. This cannot be explained by trial results or patient or clinician preference.
However, it has been pointed out that in countries where reimbursement is linked to
numbers of procedures performed, surgeons naturally operate more (116). It would be
useful to both patients and clinicians if an objective risk score for medium term stroke was
available to help in making this decision, similar to the ABCD(2)l model for stroke after
transient ischaemic attack, which has a c-statistic (analogous to predictive accuracy) of 78%
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and is based on clinical symptoms and brain infarction (117). This latter score unfortunately
has limited value in predicting recurrent events in patients with carotid stenosis (116).
However other risk scores, using patient and angiographic characteristics derived from the
European Carotid Surgery Trial are in use in patients with clinical symptoms (118). A similar

score in asymptomatic patients would be useful to both patients and clinicians.

2.10 Aims of thesis

The aims of this thesis were:

1. To determine if asymptomatic carotid surgery could be considered cost-effective in

the United Kingdom.

2. To understand the resource implications and impact of testing for asymptomatic

carotid disease in the United Kingdom.

3. To review the evidence behind current imaging techniques for risk stratification in

asymptomatic carotid atherosclerosis

4. To explore the potential for contrast enhanced ultrasound to identify unstable

carotid atherosclerosis.

5. To explore the potential for quantitative measures of echolucency to identify

unstable carotid atherosclerosis.
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3.0 Cost-effectiveness analysis of asymptomatic carotid

surgery

3.1 Introduction

Health economic analysis represents a transparent, utilitarian approach to approving
surgical technologies for clinical use in the National Health Service. Analyses can be purely
monetary (cost-benefit analysis) or an estimate of cost per unit of health gain (cost-
effectiveness analysis). Cost-benefit analysis requires clinical events, e.g. death and
disability to be expressed monetarily, which is somewhat subjective. Cost-effectiveness
analysis is a more sophisticated approach where there is objective quantitative evidence of
how much a designated comparator (life years, recurrence) changes with the
implementation of several treatment strategies. Cost-utility analysis is a subset of cost-
effectiveness analysis in which the comparator is health, measured in quality adjusted life
years (QALYs). Cost-utility analysis uses the base currency of QALYs, which allow
comparison of diseases with different measures of effect. This is important for those
recommending certain treatments and for commissioners purchasing it. Cost-utility in the
UK is performed according to guidance issued by the National Institute of Health and Clinical
Excellence (NICE), allowing comparison between analyses of disparate conditions (119).
There are several key considerations: accurate costs, accurate estimation of health benefit,

time horizon and perspective of the analysis.

The total costs of a new intervention generally comprise the actual (direct) costs of
treatment, indirect costs (e.g. hospital cleaning costs), overheads (e.g. salaries) and
subsequent formal care, informal care costs and lost productivity years. Costs can be
estimated from local sources (micro-costing) or from reimbursement tariffs based on
average reported spending. In the UK average resource use per procedure is calculated by
the Department of Health and procedure costs listed within Healthcare Resource Group
(HRG) Tariffs. These were created as part of the government’s payment by results

programme in 2002, which aimed to reimburse trusts according to their activity and case
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mix (120). If trusts spend substantially more than the HRG tariff, the activity generally
becomes unsustainable. Although micro-costing figures may be more accurate for an

individual institution, macro-costing figures are more generalizable across a nation.

Costs of living with disability comprise direct costs, e.g. care costs, loss of earnings and
intangible costs, e.g. costs of depression. Cost savings occurring now and many years in the
future are not considered equivalent, because patients are less likely to be alive to
experience their benefits. This is particularly relevant for patients with asymptomatic
carotid atherosclerosis, where approximately half of patients over 75 are dead within ten
years (5). This is taken into account by discounting, i.e. considering £100 of money this year,
equivalent to £96.5 of next year’s money, using NICE guidance. Thus early cost savings are
generally weighted in preference to those many years in the future. Positive inflation can
have the opposite effect and make £100 today, equal to £110 next year. The NHS hospital

and community health service inflation rate specifically reflects this effect in UK healthcare.

Health benefits are conventionally quantified across disparate interventions using a
generic measure such as Quality Adjusted Life Years (QALYs). A QALY represents the
projected number of life years gained multiplied by the quality of life per year (rated from
O=dead or comatose to 1=full health) (121). QALYs are an estimate of how many healthy life
years can be gained as a result of an intervention. QALY changes are commonly derived
from trials or longitudinal questionnaire studies, for example those using the EuroQol EQ5D

quality of life tool (122). An example of the use of QALYs is given below in Figure 15.

Scenario: A new policy of resuscitating patients who have suffered cardiac arrest > 2 hours
previously is introduced. These patients on average live for an extra 2 years but in a persistent
vegetative state (health score 0). The QALY gains for each strategy are shown below:

e Option 1 (do nothing): Life year gain = 0, Health score = 0, QALY gain=0x0=0

e Option 2 (resuscitate): Life year gain = 2 years, Health score =0, QALY gain=2x0=0

Figure 15: An example of the use of quality adjusted life years (QALYs) as the outcome measure for a clinical

scenario.
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With a measure of costs and QALYs gained, the cost-utility of a healthcare
intervention can be expressed as an absolute figure or that relative to standard care (more
useful, if one exists). To do this an incremental cost-effectiveness ratio (ICER) is calculated,
which in effect is a ratio of differences in cost and health benefit over and above standard

care:

ACosts

ICER = 22
AQALYs

ICERs allow a direct comparison of different treatment strategies by converting their
healthcare effects into common units. Treatment strategies can then be plotted on a cost-

effectiveness plane (Figure 16).

A Costs

More costly More costly

Less effective More effective

< vv

> AQALYs

Less costly Less costly

Less effective More effective

v vvv

Figure 16: Schematic of a cost-effectiveness plane. A dominant strategy is one in the bottom right sector, i.e.
more effective and less costly and should be adopted. A dominated strategy is one on the top left sector, i.e.
less effective and more costly and should be avoided. The other two areas of the grid represent strategies
that rely on the resources available in a healthcare system. For example during rationing, a less costly, less
effective treatment may be the only one affordable (bottom left sector), whereas in a private healthcare

system some may be able to afford more costly treatments with additional QALY benefits (top right sector).



In the UK, NICE sets a ceiling of £20 — 30, 000 per QALY gain for new surgical
interventions (123). Treatments which are less effective are excluded a priori. The
remaining ICERs are then compared, as described in the schematic in Figure 9. If any of the
treatments are more effective and less costly than conventional care, they are said to
dominate and become the strategy of choice. However, more likely is the scenario whereby
additional health benefits require additional expenditure. In this case choosing a treatment
strategy takes into account the number of people expected to receive the treatment, the
healthcare budget and strategic health priorities. A strategy which is slightly more effective
may be affordable if the incidence is low and the healthcare budget is large. In this case the
upfront (immediate) direct costs are deemed affordable to the healthcare service.
However, if the same intervention is required for ten times the number of patients per year,
with the same budget, cost-utility remains the same but affordability becomes a limiting
step. In this scenario better selection of patients is required to maintain affordability. In
addition a less costly, less effective scenario may be an alternative if society is not willing to

pay for the added health gain, e.g. during a recession.

The perspective of the analysis varies from provider costs, to the National Health
Service (NHS) and social care (also known as Personal Social Services or PSS) costs. The
latter is important because a saving at a local level (e.g. early discharge from hospital) may
cause increased national costs (readmission to a distant unit). Another important factor is
the time horizon, which should reflect the effects of the intervention. For example the time
horizon of wound healing interventions may be months whereas for interventions on the

unborn child may be a lifetime.

The management of severe asymptomatic carotid atherosclerosis has considerable
economic implications, because it is prevalent in those over 60 years of age (21) and the
strokes that result and operative treatment are both costly (124). To estimate the health
economic implications of asymptomatic carotid surgery in the UK, this chapter modelled
data from the Asymptomatic Carotid Surgery Trial (ACST), a 10 year, European, randomised
controlled trial of best medical therapy with and without a strategy of early endarterectomy
(5). The ACST had several advantages in that it was a pragmatic trial reflecting real world

practice, outcomes were stratified by age and gender, it was the most recent trial to have a
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medical arm, it was the largest trial with the longest follow up period of any asymptomatic

carotid trial and a large proportion of the patients were British.

The ACST demonstrated that individuals under 75 years of age gained a 5.5-5.8%
absolute risk reduction for any stroke following early endarterectomy (endarterectomy
within 1 year of randomisation). For patients above 75 years of age, or in those with less
than 70% carotid stenosis, there was no significant benefit for early endarterectomy. ACST
demonstrated the maximum treatment effect was achieved by five years and persisted for
at least a further five years, sufficient for most of the patients in the trial. The aim of this
chapter was firstly to model the cost-utility of asymptomatic carotid surgery. The next

chapter models its affordability.

3.3 Methods

Markov Model

ACST did not collect patient level costs, therefore a method of estimating costs for
the events incurred in ACST was required. A Markov transition state model was used to
estimate the lifetime costs and QALYs of early endarterectomy compared with medical
therapy (more accurately termed deferral of endarterectomy, as 34.1% of patients
eventually crossed over to endarterectomy). The model represented a probability tree,
based on event rates reported in the ACST for each arm. The model was adapted for the
United Kingdom from an earlier Swedish version (125). Patients entered the model after
they had been randomised to early endarterectomy or deferral and started in the event-free
state. The model comprised the following health states: no event, minor stroke, disabling
stroke, and death (Figure 17). All patients faced a competing risk of intercurrent mortality
(death from other causes) dependent on age and gender. The cycle length was one year.
Those assigned to medical therapy were at a background risk of non-perioperative stroke
(minor, major or fatal). Patients had reduced health related quality of life, higher costs and
an increased mortality risk following stroke, which was assumed independent of previous

treatment. Those assigned to surgery had a reduced long-term risk of non-perioperative
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stroke (the treatment effect), but had a short-term risk of perioperative stroke or death as
per ACST, i.e. 2.9% in the early endarterectomy arm and 3.6% for crossovers to surgery from
the deferral arm. The perioperative stroke or death rate was higher in the crossover group,
because some procedures were performed urgently following the development of

symptoms.

<«
Short-term outcome of CEA Long-term Markov structure

A AL

BMT
No CEA

Asymptomatic carotid stenosis

CEA + BMT 1
- CEA —P

Non-disabling
stroke

Non-perioperative
stroke

Disabling stroke

Figure 17: Structure of model (reproduced with permission from Henriksson (125)).

The outcome of the model was the cost per additional quality of life year
(incremental cost-effectiveness ratio or ICER) for a strategy of early endarterectomy versus
medical therapy alone. The perspective of the analysis included the National Health Service
and Personal Social Services as recommended by the National Institute for Health and
Clinical Excellence (119). This included the formal costs of supporting physically disabled

persons.
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Clinical effectiveness data

The main source of effectiveness data for the primary (base case) analysis was the
ACST. The base case scenario was constructed to compare early endarterectomy versus
medical therapy on average for the patients in the ACST. Table 7 shows the rates of
perioperative stroke, non-perioperative stroke and treatment effects at 10 years from this
trial. The base case analysis used separate hazard ratios from 0-5 years and 5-10 years from
the ACST. Treatments were defined on an intention to treat basis. It was assumed that
after 10 years there was no further treatment effect, that is, the absolute difference in the
rates of stroke between the treatments was maintained after 10 years but did not continue

to diverge.

Early endarterectomy Deferral of endarterectomy

Non perioperative Events Patient Annual Events Patient Annual HR (95% Cl)
stroke or death (n) yearsat | event years at event rate
(n)

(intention to treat) risk rate (%) risk (%)

0-5 year (a) 56 6540 0.9 140 6553 2.14 0.43 (0.29to
0.62)

5-10 year(a) 43 3042 1.4 48 3003 1.59 0.89 (0.52 to
1.52)

Average 0-10 year (b) 99 9582 1.03 188 9556 1.97 0.54 (0.43 to
0.68).

Table 7: Clinical inputs to the model. Rates of stroke related events and size of treatment effect. Source: ACST
10 Year Data Supplement (5). HR = hazard ratio, Cl = confidence interval. (a) Inputs used in base case analysis
(b) input used in sensitivity analysis
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Quality of life after stroke

Health related quality of life after disabling and non-disabling stroke was taken from
cohort studies by Haacke et al. (126) and Duncan et al. (127). The mean decrement in
health related quality of life for stroke in comparison to the general population was 0 for

non-disabling stroke and 0.35 for disabling stroke.

Unit Costs

The costs of preventative medical therapy were assumed to be identical in both
arms. The reimbursement tariff for carotid endarterectomy (code QZ04Z, £3345) was
obtained from the NHS 2010-2011 healthcare resource group (HRG). This tariff is calculated
by the Department of Health as a national average unit cost for the direct, indirect and
overhead costs related to an admission for this HRG in England over the previous year (128).
As a sensitivity analysis, a higher UK micro-costing estimate was used (£4978) (13). Note
that the derivation of this figure was unclear and it likely included symptomatic patients,
with a higher level of resource use, however is a reasonable higher estimate. Post-stroke
costs were obtained from published UK sources and included hospital, community, social
services and informal care (129) (130) (131). All costs were standardised to January 2010
prices by use of the National Health Service hospital and community health service inflation
index (132) (Table 8). A discount rate of 3.5% per year was used for costs and QALYs as per
NICE guidance (119).
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NHS Tariff

2010-2011
Carotid endarterectomy Per procedure £3345 HRG tariff 2010 — 2011 (133)
(HRG tariff)
Carotid endarterectomy Per procedure £4978 Saka et al. 2009 (13)

(micro-costing)

Disabling stroke Per event, first year £29,312 Wardlaw et al. 2006 (30)
Disabling stroke Per subsequent year | £14,846 Sandercock et al. 2002 (134)
Non-disabling stroke Per event, first year £4938 Wardlaw et al. 2006 (30)
Non disabling stroke Per subsequent year | £1152 Sandercock et al. 2002 (134)
Social services, community | Per year after £3500 Patel et al. 2004 (131)

care and informal care disabling stroke only

Table 8: Unit costs for stroke related procedures and events with data sources.

Intercurrent and stroke related mortality

The rate of intercurrent mortality for men and women at each age in the general
population was estimated from national sources, by deducting stroke related mortality from
all-cause mortality rates (135). National rates of stroke mortality were derived from ICD 10
codes 160 - 164 and 169 (cerebrovascular disease and its sequelae, excluding asymptomatic

disease and unrelated diseases) (136).

Intercurrent mortality was greater in the ACST than the general population. This was
represented in the model by a mortality ratio, calibrated to match survival at 10 years in the

ACST. The increase in the mortality rate post stroke (compared with asymptomatic
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patients) was estimated from the Oxfordshire Community Stroke Project (137) which was

large, British and consistent with a more recent study from Perth, Australia (138).

Base case and subgroup analysis

A base case scenario considered the average patient in the ACST: a person of age 68
years with a mean systolic blood pressure of 153mmHg and total cholesterol of 5.8mmol/L
(Table 9). Published subgroups of men and women above and below 75 years of age in

ACST were also considered (Table 9, Figure 19).

Sensitivity analyses

A series of sensitivity analyses were performed to test the robustness of the model
predictions (Table 9). Probabilistic sensitivity analysis expresses the uncertainty of the ICER
based on a range of plausible values for key cost-effectiveness parameters. Deterministic
sensitivity analysis replaces one value with an alternative plausible value, e.g. for variables
which have no established range. Parameters varied included: hazard ratio (treatment

effect), mortality rate post-stroke and increased costs of surgery (micro-costing figure).

Probabilistic sensitivity analysis was performed using Monte Carlo simulation to
reflect the sampling uncertainty in the model inputs (Figure 18). Monte Carlo simulation is a
method of decision analysis using a probability distribution for each decision made in the
Markov Model. A simulation of 1000 iterations was run using an Excel macro. Confidence
intervals were taken from the ACST data supplement for the trial overall: hazard ratio for
early endarterectomy (95% Cl of 0.43-0.68) and the probability of perioperative stroke (2.1-
3.8% early group and 2.2-5.7% deferral group). HRG costs and non-stroke mortality rates

were derived from national data and were therefore not subject to sampling uncertainty.
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Exploratory analysis 1: Restriction of crossovers for patient or physician preference

In ACST 11.7% of patients allocated to medical therapy required endarterectomy for
new symptoms. However an additional 22.4% chose endarterectomy for other reasons.
Similarly 10.2% of patients allocated early endarterectomy did not receive it by one year.
These crossovers might be expected to reduce the treatment effect. An exploratory analysis
was performed in which crossovers for patient or physician preference were excluded,
illustrating what could be termed a per-protocol (or endarterectomy for new symptoms)

scenario.

Exploratory analysis 2: Contemporary perioperative stroke rates

Improved perioperative safety has been reported since ACST. The perioperative
stroke or death rate was 2.9% in ACST, 2.7% in the asymptomatic subgroup in the 2008
GALA trial (139), 1.6% from 2005-2009 US registry data (140), 1.4% in the 2010 US CREST
trial (141). The 2011 UK carotid audit reported a 30 day stroke or death rate of 3%, however
this data is hard to interpret as it was not stratified by symptom status (142). The range of
1.4-2.7% could thus be considered to reflect a plausible range of contemporary
perioperative stroke or death rates. Similarly, recent any territory stroke rates from non-
surgical, cohort studies vary between 0.8-2.3% per annum (20, 41, 98, 99). The effect of
alternative perioperative stroke or death and background stroke rates is reported

graphically in a two-way sensitivity analysis (Figure 20).

Statistical analysis

Data was analysed using Excel 2007 (Microsoft, California, USA). WinBUGS v1.4
(Medical Research Council, Cambridge, UK) was used to simulate per protocol event rates

(Appendix 1) and figures created using Prism v5 (GraphPad, California, USA).
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3.4 Results

Base case analysis

Results are shown as model predictions of the difference in lifetime discounted costs
and quality adjusted life years (Table 9). For the base-case patient, the additional lifetime
cost of a strategy of early endarterectomy compared with deferral of endarterectomy was
£641 and the difference in lifetime QALYs was 1 additional month of healthy life. The
predicted ICER was £7584 per QALY.

Model output Immediate CEA Deferral of

CEA

10- year probability of any stroke or 0.14 0.20 0.05

perioperative death

10- year probability of any non- 0.12 0.19 0.07

perioperative stroke

Life time cost (£) 8496 7855 641

Life years 9.63 9.54 0.09
Quality adjusted life years (QALY) 7.25 7.17 0.09
ICER (incremental cost per QALY ratio) 7584

Table 9: Base case analysis of a 68 year old hypertensive, hypercholesterolaemic individual. Cost effectiveness
of endarterectomy in all asymptomatic patients following intention to treat analysis. ICER = incremental cost-
effectiveness ratio, QALY=quality adjusted life year, CEA=carotid endarterectomy, A=difference. The cost per
additional QALY gained was £7584. Please note figures in this table are presented with two decimal places,
however exact values have been used for calculation.
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Sensitivity analyses

Deterministic sensitivity analysis was used to explore the effect of increasing the
costs of endarterectomy in real terms by 50%. The increased ICER was £18, 677 per QALY

for early endarterectomy.

The results of Monte Carlo simulation determined the mean difference in costs to be
£942 (95% CI -73 to 1936) and the mean difference in QALYs to be 0.081 (95% CI -0.004 to
0.160) (Table 6). The negative sign indicates that there was a small chance of
endarterectomy being cheaper or less effective than best medical therapy. At a threshold of
£20, 000 per QALY there was a 74% chance of early endarterectomy being cost-effective,
which rose to 84% at a threshold of £30, 000 per QALY (Figure 18).

3000.00

A Costs

-1000.00

A QALYs

Figure 18: Cost-effectiveness plane of 1000 iterations for the base case patient in ACST, calculated through
Monte Carlo simulation, varying the main clinical parameters. The iterations clustered in the upper right
corner of the cost-effectiveness plane, representing increased quality of life at extra cost. There was a 74%
chance of the strategy of early endarterectomy falling under a £20, 000 / QALY threshold and an 84% chance
of early endarterectomy falling under a £30, 000 / QALY threshold.
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Subgroup and exploratory analyses

For men under 75 years of age in ACST, the ICER for early endarterectomy was £3254
per QALY, and for women under 75, early endarterectomy was less costly and more
effective (i.e. a dominant strategy). For men over 75 the ICER was £71, 699 per QALY. For
women over 75, early endarterectomy was more costly and less effective than medical

therapy (Figure 19), i.e. medical therapy was dominant.

Restricting crossovers to those with new symptoms slightly increased the ICER to £10

149 per QALY for early endarterectomy versus per-protocol medical therapy (Table 10).

Using lower perioperative stroke rates of 2.7% as per the 2008 GALA trial, the ICER
for early endarterectomy crossed £20 000 per QALY at any territory stroke rates below 1.5%
per annum. If perioperative stroke rates fell to 1.4%, as per CREST, the ICER for early
endarterectomy crossed the £20 000 per QALY threshold at any territory stroke rates below

1% per annum (Figure 20).
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Figure 19: Cost-effectiveness plane for a strategy of early endarterectomy versus medical therapy. To be
considered effective, an intervention should lie to the right of the y-axis. To be considered less costly an
intervention should lie beneath the x-axis. The NICE £20-£30 000 thresholds are represented by orange and
red lines respectively. To be considered cost-effective, an interventional should lie beneath the respective

threshold line. QALYS = quality adjusted life years.
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Figure 20: Two way sensitivity analysis of the incremental cost-effectiveness ratio versus perioperative stroke
and death and non-perioperative stroke rates. The perioperative stroke or death rates from ACST (2.9%),
GALA (2.7%) and CREST (1.4%) are plotted. The dotted lines indicate the any territory stroke rates below

which a strategy of early endarterectomy crosses the £20, 000 NICE per QALY threshold (orange line) or the
£30, 000 per QALY threshold (red line). To remain cost-effective at low background stroke rates, perioperative

stroke rates should intercept them above the respective line.
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Alternative Cost Difference Incremental Interpretation of results

scenario difference in quality cost-

£3) adjusted effectiveness

life years

ratio (£/QALY)

Men younger | 360 0.12 3254 Early endarterectomy is cost

than 75 years effective compared with
deferral

Women -746 0.17 NC Early endarterectomy is the

younger than dominant strategy

75 years

Men older | 1894 0.03 71, 699 Early endarterectomy is not cost

than 75 years effective compared with
deferral

Women older | 2574 -0.07 NC Deferral of endarterectomy is

than 75 years the dominant strategy

Restriction of | 1326 0.13 10, 149 Early endarterectomy is cost-

crossovers for

symptoms

effective compared with

deferral

Table 10: Results of subgroup and exploratory analyses. NC: Not calculated (a negative cost per QALY ratio).

Note figures in this table have been rounded to two decimal places, however exact figures were used for

3.5 Discussion

calculation.

The principal finding of this analysis was that the ICER for early endarterectomy for

the average patient at the end of the ACST was predicted to fall under the £20-30 000
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threshold set by the UK National Institute for Health and Clinical Excellence. This was clear
for individuals under 75 years of age, who had a larger, more certain treatment effect and
lived longer. Interestingly, it was no less cost-effective to offer early endarterectomy to
women compared with men less than 75 years, a new finding based on the 10 year data.
The model predictions appeared robust if the cost of procedure rose by 50% or if a per-
protocol scenario was simulated but were sensitive to background stroke rates and

operative hazards.

Restricting crossovers for patient preference increased the ICER for early surgery.
This was because the extra 22% of crossovers to surgery in asymptomatic patients occurred
late. The benefits of surgery declined with age, making late crossovers to surgery less

effective than early surgery and more expensive than medical treatment.

In contemporary practice there is evidence for improved operative safety and
reduced background stroke rates. With a safety profile similar to the 2008 GALA trial which
was UK based and included trainee operators, early endarterectomy crossed the £20 000
per QALY threshold at background, any territory stroke rates of 1.5% per annum, similar to
those seen in the final years of ACST (Figure 20). However, if background, any territory
stroke rates fell below 1% per year, endarterectomy would cease to become cost-effective,
even if operative safety improved to the levels seen in CREST (Figure 20). It will be
interesting to see whether these very low stroke rates on medical therapy are replicated in
the on-going randomised interventional trial SPACE-2, which is due to report shortly (50).
Perioperative disabling stroke or death rates of 1% have recently been reported by the

ACST-2 trial, suggesting perioperative safety has also improved in Europe (143).

This is the first UK cost-utility analysis for asymptomatic carotid surgery based on
long-term, European, randomised controlled trial data. Data was taken from the more
recent, European ACST rather than ACAS, for several reasons (27). Firstly, in the earlier
ACAS the incidence of stroke on medical therapy alone was substantially higher (ACAS
medical arm 5 year any stroke or perioperative death rate 17-5% versus 10-9% in ACST),
suggesting the medical therapy was suboptimal. Secondly the follow up period for the ACST
was a median of 9 years in comparison with 2-7 years in ACAS, which is important because

the long-term benefit of endarterectomy was examined in the ACST. Thirdly, the ACST was a
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larger trial of 3120 patients, with a large British population (144). Finally the ACST used the
primary endpoint of all stroke or perioperative death, which accounted for the effects on
other stroke subtypes following carotid revascularisation, which are sometimes ignored, e.g.

contralateral events.

This study has limitations. Firstly, resource use for individual patients was based on
averaged national reimbursement tariffs. Some author shave questioned the accuracy of
these tariffs, in particular in relation to length of stay (145). Secondly, ACST did not include
transient ischaemic attack (TIA) as an endpoint, which is associated with cost of £1339 (HRG
code AA29Z), but no lasting change in quality of life (126, 127). ACAS demonstrated a
reduction in TIA after endarterectomy and therefore excluding TIA may be regarded as a
conservative assumption (27). Thirdly, loss of earnings was not included in this analysis, as
they were not reimbursed by Personal Social Services (PSS). However, as the mean age of
patients in ACST was 68 years, only a minority of patients were, in fact, working. In these
patients there would be additional productivity savings in the surgical arm. Fourthly, this
analysis looked at cost-per-QALY over a lifetime, but did not estimate the affordability of
offering surgery to the population at risk. This will be explored in the next chapter. Finally,
this analysis focussed on the cost-effectiveness of surgery over medical therapy for
established carotid stenosis, not versus a non-investigative approach. This approach is
difficult to model, because to establish event rates the condition must first be diagnosed.
There are many centres which do not test for asymptomatic carotid atherosclerosis and
their patient outcomes remain unknown. In the ACST, the costs of case finding were of pre-

requisite in both arms and would thus cancel for ICER calculation purposes.

These findings are in line with an earlier intention to treat analysis from ACAS which
calculated the average ICER for early endarterectomy to be $8000 (approximately £5000)
(146). The present study estimated lower ICERs for men and women below 75 years of age
than an earlier Swedish cost-utility analysis (125). The main differences between the studies
relate to the choice of inputs. The Swedish study used the 5 year ACST data which showed
little benefit for women, used higher costs for surgery, and excluded the extra costs and
perioperative deaths in the crossovers from medical therapy to surgery. In a systematic

review of health economic studies of symptomatic patients undergoing carotid surgery
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reported ICERs were $434-4100 (approximately £280-2600) per QALY (147). Asymptomatic
carotid-surgery is thus less cost-effective than symptomatic carotid surgery by at least a

factor of three.

Several factors need to be taken into account when allocating resources: strategic
priorities, burden of disease, healthcare budgets and cost-effectiveness. The results of this
analysis suggest that in 2010, it was likely that a strategy of early endarterectomy was cost-
effective in comparison to a strategy of medical therapy for long-term stroke prevention in
individuals under 75 years of age with established asymptomatic carotid stenosis in the UK.
This finding was sensitive to background stroke rates and perioperative hazards, factors
which change with time. If any territory stroke rates on contemporary medical therapy fall
substantially below that seen in the ACST, surgery would cease to be cost-effective. For this
reason, development of low-cost, practical risk stratification tools, specialist surgical training
and audit of operative safety are required. Further information will be gained from

individual patient level costing studies in the future.
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4.0 Testing for asymptomatic carotid atherosclerosis

4.1 Whois the target population?

The previous chapter examined the cost-effectiveness of surgical treatment for
asymptomatic carotid atherosclerosis. The main findings were that in 2010, patients less
than 75 years of age demonstrated an acceptable cost per quality of life year gain for a
strategy of early surgery versus deferral of surgery. However this was noted to be
conditional on background stroke rates and perioperative safety. Both an estimate of the
impact of testing and its affordability are important to understand before adopting such a

strategy.

It was previously observed that in European men aged 60-79 years, moderate to
severe carotid atherosclerosis (50-99% using NASCET measurements) is found in 2.3-6.0%, a
similar prevalence to aortic aneurysmal disease (4.9%) (148) for which a UK National
Screening Programme has recently been introduced for men aged 65. This chapter
considers the costs and benefits of testing high-risk subsets of the population for

asymptomatic carotid atherosclerosis.

Testing the elderly

Neither the United States of America nor the United Kingdom has a national carotid
screening programme. A landmark US cohort study examined the effect of screening the
elderly population in 1998. Importantly this study was performed in the pre-statin era,
where stroke rates were typically higher and therefore the benefits of case finding were

predicted to be greater.

The 1998 Cardiovascular Health Study recruited 5888 American Medicare patients 65
years or over from 4 states (103). These patients had a mean age of 73 years, 41% were

male and they were predominantly Caucasian. The prevalence of those with a peak systolic
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velocity of 150cm/s (=50% NASCET equivalent stenosis) was 3.4% and those above 70%
stenosis (=250cm/s) was 0.5%. In the latter group, the 5 year risk of ipsilateral stroke was

only 5%, half the rate in the Asymptomatic Carotid Atherosclerosis Study (ACAS) (27).

These findings effectively halted proposals for screening of elderly patients in the
USA. It had several messages, firstly that screening the general elderly population was
unlikely to be detect many candidates for surgery and secondly that background stroke
rates were 50% lower than expected. One possible explanation for this discrepancy was
that patients in ACAS may have been tested because of symptomatic disease elsewhere and
were more likely to have a vulnerable plague. Perhaps these persons with symptomatic

arterial elsewhere should be tested instead.

Testing patients with symptomatic arterial disease elsewhere

In patients with symptomatic arterial disease elsewhere, conveniently already within
a vascular service, the prevalence of asymptomatic carotid atherosclerosis is much higher
(Table 11). Opinion is divided as to whether these individuals should be tested with
ultrasound. The American Society for Neuroimaging and the US Society for Vascular Surgery
strongly recommend testing in high prevalence populations, such as those with
symptomatic peripheral arterial disease or those aged >65 years with multiple risk factors
(96, 149). Those with risk factors alone are generally managed in primary care. Therefore a

logical place to start would be those patients already in the vascular service.
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Mean prevalence of 70-99% asymptomatic carotid atherosclerosis in European

populations (%)

Peripheral arterial disease 15 (4)
Abdominal aortic aneurysmal disease 8(6)
Contralateral carotid atherosclerotic stroke <6 (150)

Table 11: Mean prevalence of 70-99% asymptomatic carotid atherosclerosis in arterial patients seen in a
vascular outpatient clinic. It is interesting to note that the prevalence of asymptomatic carotid atherosclerosis
is not highest in those with a contralateral carotid atherosclerotic stroke.

Unlike the United States, the UK Royal College of Physicians draft 4™ National Clinical
Guideline for Stroke does not recommend testing at all (151). A special case is patients
awaiting coronary artery bypass grafting, where further observational data are awaited
(152). The published data so far, excluding patients with occlusion and those with recent
symptoms, suggest the risk of ipsilateral stroke during cardiac surgery with a unilateral
asymptomatic 50-99% stenosis is 2% and but that strokes after cardiac surgery do not

typically fit the territory of the internal carotid artery (153, 154).

Those with contralateral carotid atherosclerotic symptoms already receive
ultrasound assessment of both carotid arteries and thus there are no case finding costs for
these individuals. However around one-quarter of these individuals will be severely

disabled from a major stroke and thus may stand to gain little from surgery (155).

Claudicants (those with mild symptomatic peripheral arterial disease) have the
highest prevalence of carotid atherosclerosis amongst vascular patients and are generally
treated medically as 75% of them will not progress with conservative measures (4, 156).
Hence they are recommended by the American Society of Neuroimaging, the Society for
Vascular Surgery and the US Joint Societies consensus guideline as candidates for testing

(96, 149, 157).
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4.2 The cost of preventing one ipsilateral stroke

The cost of preventing one ipsilateral stroke was calculated as shown in Figure 21.
For the purposes of this estimate the following assumptions were made: the European
surgical intervention threshold of 70% NASCET stenosis (44), a prevalence of 70-99%
asymptomatic carotid stenosis of approximately 15% in those with symptomatic peripheral
arterial disease (4), a number needed to treat of 1 in 20 to prevent one stroke at 10 years
(5) and costs equivalent to NHS reimbursement tariffs 2011-2012, reflecting average
national resource use (3). The results of this analysis are shown in Figure 21 and
approximate £69, 000 for those with contralateral carotid stroke, £76, 000 for claudicants

and £82, 000 for those with aortic aneurysmal disease.

One can compare this with the approximate cost per stroke saved with warfarin for
atrial fibrillation of $28 to $68, 000 (£17, 823 - £44 000) (158). The figure for carotid
atherosclerosis is about double primarily because 20 endarterectomies are required to

prevent one stroke.

Those with contralateral carotid stenosis are picked up at the time of their stroke,

therefore should we proceed with testing claudicants in the vascular service?
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e Prevalence of 270% NASCET stenosis in persons with symptomatic peripheral arterial
disease = 15% (4)

e Number of patients with 270% stenosis that require surgery to prevent one stroke = 1
in 20, allowing for perioperative stroke or death (5)

e Number of claudicants screened to prevent one stroke = 6.7 x 20 = 133 persons

e Cost of preventing one stroke in claudicants = (UK reimbursement tariff for carotid
ultrasound code RA23Z x 133 patients scanned) + (UK reimbursement tariff for
carotid endarterectomy code QZ04Z x 20 patients undergoing operation) = (£49 x
133) + (£3473 x 20) = £6533 + £69, 460 = £75, 993 ($116, 908) (3)

e Prevalence of 270% NASCET stenosis in aortic aneurysmal disease = 8% (6)

e Number of patients with aortic aneurysmal disease screened to prevent one stroke =
12.5x 20 =250 persons

e Cost of preventing one stroke in aortic aneurysmal disease = (UK reimbursement
tariff for carotid ultrasound code RA23Z X 250 patients scanned) + (UK
reimbursement tariff for carotid endarterectomy code Qz04Z x 20 patients
undergoing operation) = (£49 x 250) + (£3473 x 20) = £12, 250 + £69, 469 = £81, 719
(5131, 490)

e Cost of preventing one stroke in those with contralateral carotid stroke = UK
reimbursement tariff for carotid endarterectomy code QZ04Z x 20 patients

undergoing operation = £3473 x 20 = £69, 460 ($111, 880)

Figure 21: The approximate cost per stroke saved through a policy of testing and operating on high risk groups
within the vascular service. The main cost is the resultant surgery, not the testing itself.
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4.3 Large scale testing

There are approximately 3 million claudicants in the UK. To minimise costs and
make such a programme practical a narrow age window for testing is desirable. From the
European Carotid Surgery Trial, the mean age for presentation with carotid territory
symptoms was established as 62 years of age (22). Hence to save at least half of potential

strokes testing should occur beforehand, say at around age 60.

If this strategy was adopted, the number of claudicants that would be eligible in
England and Wales, along with approximate costs and sonographer time required is shown
in Figure 22. The approximate costs would be £17.5m to prevent 231 strokes, by
performing 4613 carotid endarterectomies per annum. This would mean a six fold increase
in the number of carotid endarterectomies performed in the UK in asymptomatic patients
(774 carotid endarterectomies in 2011) (111). The total number of strokes saved would only
be approximately 0.2% of the total number of annual strokes quoted by the National Audit

Office in 2010 (approximately 110 000 strokes per annum) (10).
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e Prevalence of intermittent claudication in the UK = 4.6% (1)

e General population of England and Wales aged 60-64 years in 2010 = 3, 343,
000 persons (2)

e Estimate of number of persons in England and Wales aged 60 years =
3,343,000/ 5 =668, 600 persons

e Estimated number of claudicants in England and Wales aged 60 years = 0.046 x
668, 600 = 30, 756 persons

e Estimated cost of carotid ultrasound = 30, 756 x £49 = £1, 507, 024 (3)

e Estimated time requirement for carotid ultrasound (assuming 15 minutes per
scan) = (30, 756 x 0.25 hours) / 24 = 320 days

e Claudicants with 70-99% stenosis identified = 4613 endarterectomy candidates

e Estimated cost of 4613 endarterectomies performed = 4613 x 3473 =£16, 020,
949 (3)

e Estimated number of strokes prevented at 10 years = 231 strokes

e Estimated total cost = £17, 527, 973 ($26, 956, 826)

Figure 22: Estimated costs of testing and operating on claudicants aged 60 with 70-99% asymptomatic
carotid atherosclerosis in England and Wales.

4.4 Discussion

Should we spend such a sum of money on performing such a large number of
unnecessary endarterectomies and preventing so few strokes? There are several points to
note. Firstly the main cost driver is not ultrasound investigation but resultant surgery. A
better surgical selection tool would make the cost per stroke saved more acceptable.

Secondly, bearing in mind 122 claudicants and 250 patients with aortic aneurysmal disease
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need to be tested to prevent one stroke, it is unlikely to make any meaningful difference to
an individual practitioner. It therefore necessitates a co-ordinated national programme, for
any meaningful impact. Thirdly, there is an inherent prevention paradox, in that more
strokes from carotid atherosclerosis will occur outside of the population selected for testing.

These individuals can only be reached through active risk factor modification.

Some argue that we should restrict asymptomatic surgery to the 6% of persons
found to have an incidental contralateral stenosis when they present with a cerebrovascular
event (150), to minimise the effort and expense associated with extra case finding.
However recent UK data from the OXVASC study demonstrated the annual stroke rate
associated with a 50-99% NASCET stenosis in the territory of the contralateral carotid artery
to the presenting symptom, was only 0.3% (98). This is lower than the 1.9% contralateral
stroke rate found in the ECST trial (22). Other international cohorts on intensive medical
regimes, have also demonstrated ipsilateral stroke rates of <1% per annum and suggest

there is less rationale for testing this group of patients than previously thought (41, 99).

In the two best scenarios, preventing one stroke requires scanning 133 sixty year old
claudicants and operating on 20 of them at a cost of approximately £76, 000 per stroke
saved, or operating on 20 contralateral carotid stenoses at a cost of approximately £69, 000
per stroke saved. The main cost driver is the resultant surgery required to prevent one
stroke. Some argue that the money would be better spent on monitoring compliance with
medical therapy (159). However, others argue risk stratification for surgery is still a

worthwhile endeavour (160). The latter is explored in the next chapter.
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5.0 Review of carotid specificimaging biomarkers

5.1 Introduction

In patients with a recent cerebrovascular event, the degree of luminal stenosis is a
powerful predictor of benefit with carotid endarterectomy to 8 years (161). Asymptomatic
carotid atherosclerosis faces a problem because the link between high-grade stenosis and
future stroke does not, for unknown reasons, provide the strong basis for intervention that
it does for symptomatic disease (45). As a result, the number needed to treat to prevent
one stroke at 5 years has been estimated at between 18-32 in asymptomatic patients, three
times that in symptomatic patients with a similar degree of stenosis (5, 44, 61). A 2005
Cochrane Review suggested that patients who are high-risk for stroke secondary to carotid

atherosclerosis need to be identified to justify endarterectomy in the future (162).

Current recommendations for intervention focus on extrapolating the results of
randomised controlled trials (157). The approach of extrapolating trial subgroups to
individuals has limitations (163). Firstly, data does not exist for real-life situations, e.g.
patients with concurrent atrial fibrillation or post-radiotherapy stenosis. Secondly,
ipsilateral stroke rates on medical therapy have reduced over the last 20 years (100). ACAS
reported a 2.3% annual ipsilateral stroke rate (27), however in ACST this figure was only
0.96% (5). It is clear that we will not be able to extrapolate the benefits of CEA versus
historical medical controls forever. Thirdly, although no certain benefit exists for
endarterectomy in asymptomatic individuals over 75 years of age (5), stroke incidence,
secondary to large artery atherosclerosis, rise markedly with age, especially over 65 years of
age (19) . As the longevity of older individuals increases, we should think carefully whether
we wish to exclude the entire population over 75 on the grounds of age alone, if they are

likely to become disabled by stroke.

An alternative approach is to model risk. Such a model already exists for

symptomatic disease (118) based on patient and atheroma characteristics and efforts are
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underway to validate one for asymptomatic disease (164). Carotid-specific risk factors are
important because most patients with carotid atherosclerosis possess conventional
cardiovascular risk factors. For example in the European Carotid Surgery Trial (22), half the
patients were hypertensive or smokers. These generic cardiovascular risk factors are not
specific enough to select out the 1% of individuals who currently suffer an ipsilateral stroke
each year from plaque rupture (165). Carotid-specific biomarkers are particularly attractive
as they are not confounded by atherosclerosis elsewhere, unlike serum biomarkers.
Development of low cost, practical, non-ionising imaging biomarkers would afford the

following benefits:
1. Areduction in the number needed to treat with surgery or stenting
2. Personalised risk estimates for patients
3. Personalised therapy
4. Reduced surgical costs and complications by reducing unnecessary procedures
5. Identification of high risk carotid lesions in patients with another embolic source
6. A means of monitoring the response to plaque-stabilising therapies
7. New eligibility criteria for interventional trials

8. A move away from a binary symptomatic or asymptomatic classification towards a

continuum of risk, which is closer to reality

The aim of this review was to outline recent developments in structural and

functional imaging biomarkers for asymptomatic carotid atherosclerosis.
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5.2 Cohort studies examining the risk of future ipsilateral stroke

Microembolic signals

A recent meta-analysis by the Asymptomatic Carotid Emboli Study investigators
demonstrated a hazard ratio of 7.46 (95% Cl 2.24 — 24.89, p=0.001) with low heterogeneity
(1’=29%) for the presence of microembolic signals in the ipsilateral middle cerebral artery
and ipsilateral stroke over six cohort studies with follow up ranging from 9 months to 2
years with a range of 21-467 patients with 50-99% stenosis (20). The number of ipsilateral
strokes during follow up was 12/118 (10%) in patients with microemboli versus 8/559 (1%)
in those without, giving an approximate sensitivity of 60%, specificity of 84%, positive

predictive value (PPV) of 10% and negative predictive value (NPV) of 99%.

Microemboli detection was for 40-60 minutes, with 5/6 studies following protocols
described in a 1998 consensus paper (Figure 23). Inter-reader agreement was reported in
one of these studies with a k=0.93 (166). This provides the strongest evidence (level 2a) to

date for any risk stratification modality.

A single centre reported reduced microemboli prevalence in a cohort of patients on
intensive medical therapy since 2003 which was associated with reduced stroke rates over
the same period (167). It is unknown, without a control group, whether this reflects co-
incidence or the effects of a new treatment regime. However transcranial Doppler has not
translated into clinical practice for several reasons (168), including the need for a skilled
operator, a one hour time period for the examination, a temporal sampling error (i.e. a
negative result may be a result of inadequate examination time), lack of assessment of the
ophthalmic, anterior cerebral or posterior communicating artery which also originate from
the intracranial internal carotid artery, and lack of carotid specificity . Prior selection of
patients for TCD, miniaturization and automation allowing overnight monitoring would help,
as embolic signals are rare and the agreement for positivity over two consecutive one hour
recordings is only fair (k=0.49) (169). However in acute stroke research, where emboli
counts are higher, microemboli detection has proved a valuable surrogate endpoint for

proof of concept studies (170).
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Figure 23: 2 MHz multi-gated transcranial Doppler recording from a 65 year old asymptomatic patient with
70% carotid stenosis through a trans-temporal window. Two gates, 4mm apart are triggered in succession by a
discrete embolic particle. Image on the left is the spectral Doppler trace at 58mm (top) and 54mm (bottom)
depth from the pterion. Image on the right is an amplitude measurement in dB, demonstrating an audible
>10dB chirp coinciding with a discrete transient signal on both spectra. Source: Ankur Thapar (with

permission from patient).

Plaque echolucency

Echolucency is the intensity of ultrasound echo from a plaque, coded as the
brightness function on B-mode (brightness mode) ultrasound. Several large cohort studies
have examined the relationship between echolucency and risk of future stroke (171, 172).
In these, plaques were categorised as echolucent (representing lipoidic, haemorrhagic or
necrotic constituents [Figure 24]) or echogenic (fibrous or calcified). Alternatively,
echolucency has been categorised into plaque types (173, 174): type | (echolucent), type Il
(echolucent and heterogeneous), type Il (echogenic and heterogeneous), type IV
(echogenic) and type V (calcified with acoustic shadow). Finally, others have quantified
echolucency using the pixel grey scale median (GSM), a continuous linear scale with O
representing a pixel intensity similar to blood (black) and 190 representing a pixel intensity

similar to vessel adventitia (white) (175).
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The Cardiovascular Health Study reported in 1985 and followed 4,886 individuals
(out of a total of 5888 recruited) aged over 65 for an average of 3.3 years (176). After
controlling for cardiovascular risk factors, the adjusted Cox hazard ratio for ipsilateral non-
fatal stroke was 2.78 (95% ClI 1.36-5.69) for echolucent plaque, in comparison to those
without carotid stenosis (note the comparator group was not other plaque types). The
hazard ratios for isoechoic and echogenic plaques were not significant. In the echolucent
group 30/856 (4%) of patients experienced a carotid territory stroke, versus 53/2382 (2%) of

other plaque types.

The Tromso study reported in 2001 and as part of a larger cohort study followed 237
patients with >50% carotid stenosis for 3 years (171). The adjusted hazard ratio (adjusted
for stenosis and cardiovascular risk factors) for ipsilateral cerebrovascular events in those
with echolucent plaques was 4.56 (95% Cl 1.10-18.93) and in those with predominantly
echolucent plaques was 3.56 (95% ClI 1.02-12.52), in comparison to an age-sex matched
control group without carotid stenosis. Hazard ratios for the echogenic or predominantly
echogenic groups were again non-significant. In the echolucent or predominantly
echolucent groups, 18/130 (14%) of patients experienced an ipsilateral cerebrovascular
event, versus 4/93 (4%) of patients in the echogenic and predominantly echogenic group.
Inter-sonographer agreement regarding plaque type was moderate (k=0.56, 95% CI 0.38-
0.74). The Tromso investigators also found that total plaque area in the common and
internal carotid artery was predictive of ischaemic stroke, however these variables did not

add to a prognostic model based on clinical risk factors alone (c-statistic 0.75) (42).

After this point three groups directly compared echolucent and echogenic plaques.
Hashimoto et al. reported in 2009 and followed 250 patients for a mean of 22 months (177).
Normalized grey scale median values were measured in carotid plaques by a single observer
at baseline and plaques grouped into thirds based on grey scale median and percentage of
echolucent pixels. Kaplan-Meier analysis showed no significant difference in stroke free
survival between grey scale median tertiles. However percentage of echolucent pixels was
found to be a better discriminator (HR 3.4, 95% Cl 1.2-10.0, p=0.026 after adjustment for
stenosis). The plaques with the largest echolucent area had 7/8 strokes, however no details

on group sizes were reported.
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The Asymptomatic Carotid Stenosis and Risk of Stroke investigators reported in 2010
and followed 1,121 individuals with 12-99% NASCET stenosis for a mean of 48 months (164).
Image normalisation allowed compensation for differences in B-mode gain, unlike earlier
studies. Before normalisation, in echolucent plaques 24/419 (6%) of patients experienced
an ipsilateral stroke versus 27/673 (4%) of other plaque types (178).  After image
normalisation, 28/409 (7%) of those with type | and Il plaques experienced an ipsilateral

stroke versus 23/683 (3%) with other plaque types, i.e. approximately the same.

Using grey scale median, plaque area, discrete white areas within an echolucent
plaque (reflecting heterogeneity) and history of a contralateral cerebrovascular event, their
predictive model gave an area under the curve (concordance or c-statistic) of 0.80 (95% ClI
0.74-0.87). Inter-reader reproducibility was moderate (k=0.61) for plaque type and for GSM
the inter-reader intra-class correlation coefficient was 0.93. However no details on inter-
sonographer reproducibility were given, the most important reproducibility parameter for
real world practice. The ACSRS investigators proposed that plaque texture analysis could
form part of a non-invasive risk stratification model, taking into account patient and plaque
characteristics, requiring external validation in other cohorts or medical arms of randomised
trials. This is the most recent prospectively derived model for asymptomatic disease and is

being examined in the medical arm of the ECST-2 trial.

The ACES investigators reported in 2011 and followed 435 individuals with 70-99%
stenosis without recent cerebrovascular symptoms for a mean of 1.8 years (179). Plaque
images were graded visually by consensus and therefore no reproducibility statistic was
available. Plaque types | and Il demonstrated a Cox hazard ratio of 6.43 (95% Cl 1.36—-30.44)
for future ipsilateral stroke. This finding was independent of cardiovascular risk factors and
co-existent microembolic signals. The combination of microembolic signals and echolucent
plague was a strong predictor of future ipsilateral stroke, even after adjustment for
cardiovascular risk factors (HR 10.61, 95% Cl 2.98—-37.82). In those with type | and Il plaque,
8/162 (5%) experienced an ipsilateral stroke versus 2/266 (1%). This improved to 4/27
(15%) with ipsilateral stroke versus 6/401 (1%) when echolucency and microembolic signals
were present together. The investigators suggested that these two variables could be used

in combination in future studies.
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Some studies have not found the same association between echolucent plagues and
future stroke. Gronholdt et al. found echolucency (defined as GSM <75, the average value
in their cohort) to predict future stroke in 135 symptomatic patients followed for 4.4 years
but not in their smaller 111 asymptomatic patient cohort (Cox hazard ratio 1.0, 95% Cl 0.4-
2.8) (172). This may have been a real finding, or alternatively their subgroup may have been
underpowered, the GSM threshold chosen may have been too high, or plaque
heterogeneity may have been an issue. Similarly the ACST investigators followed 1,560
patients for a median of 9 years in the medical arm of a randomised trial (5). Plaque
echolucency was assessed visually in a proportion of patients (defined as 225% of plaque
area echolucent, rather than the 50% used in ACSRS and ACES). Echogenic plaques had
identical stroke rates to those with echolucent plaques (1.8% per annum). However many
patients were excluded from plaque analysis, which was additionally performed and

interpreted at each centre, rather than in a core laboratory.

In summary, four large cohort studies have found an increased risk of future
ipsilateral stroke with echolucent or predominantly echolucent plaques, with two
disagreeing and one showing uncertainty. Two recent independent longitudinal studies
agree that type | and Il plaques present a higher risk for cerebrovascular events.
Importantly, echolucency can be combined with clinical and/or other radiological markers to
develop useful prognostic models. Because estimation of plaque echolucency is quick, safe
and low cost, it may prove to be a useful gatekeeper examination for more advanced

techniques and form part of a risk stratification algorithm.
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Figure 24: Echolucent plaque in the internal carotid artery of a 72 year old asymptomatic man. Image analysis
is performed using images normalised to blood and adventitia to provide a relative quantitative grey scale
value. This helps overcome the subjectivity of different gain settings. This is a type | plaque (uniformly

echogenic) with a grey scale median value of 6. Source: Ankur Thapar (with permission from patient).

Progression of stenosis on duplex

Whilst baseline stenosis appears only weakly related to future stroke, one study
examined whether progression of stenosis was an independent risk factor for stroke using
data from the medical arm of the ACST (180). Data from 1,469 patients with a mean follow
up of 5 years was included. Carotid stenosis was graded locally (with varying criteria) into
the following categories: 0-49%, 50-69%, 70-89%, 90-99% and occlusion. Fifty patients
(3.4%) progressed through two categories and ten (0.7%) progressed through three
categories. The adjusted hazard ratios for progression through two categories (seen in 50
patients, 3.4%) were 4.03 (95% Cl 1.82 — 8.93) and through 3-4 categories 7.56 (95% Cl
1.81-31.56). The confidence intervals were wide due to the small number of events. In
patients who progressed through 2 or more groups 11/60 (18%) experienced an ipsilateral
stroke, versus 197/2201 (9%) with progression through 1 category, no change, or regression

of stenosis.

There are some important limitations to this study. Firstly, stenosis was not graded

in a uniform manner in the ACST, e.g. what may be considered progression according to
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ECST equivalent velocity measurements may be considered the same stenosis according to
NASCET (161). Secondly, progression of stenosis through 2 categories identified a very small
proportion (5%) of ipsilateral ischaemic strokes. Finally, this method of risk stratification
necessitates repeat attendance, something that is less desirable than a single examination
on resource and practicality grounds. For this reason progression of stenosis is unlikely to

translate into clinical practice.

Magnetic resonance imaging

Takaya et al. followed 154 patients with 50-79% carotid stenosis without recent
symptoms for a mean of 38 months (181). A combination of T1, T2 and proton density
weighted 1.5T magnetic resonance images (MRI) was used to image structural vulnerability
features of carotid plaques, with a slice thickness of 2mm. The unadjusted hazard ratios
were 17.0 (95% Cl 2.2-132.0) for a thin or disrupted fibrous cap and 5.2 (95% Cl 1.6-17.3) for
intraplague haemorrhage in predicting any ipsilateral ischaemic cerebrovascular event.
Adjusted hazard ratios were not calculated in this study, which was a limitation due to the
small number of endpoints. The small number of artery-years meant that the confidence

intervals were wide. No reproducibility statistics were quoted in this study.

The Sunnybrook group identified 90 men with 50-99% stenosis without recent
symptoms retrospectively who had been followed for a mean of 24 months (182). A T1 fat
suppression sequence, with a 1.5T magnet and 2mm slice thickness was used to subjectively
characterise intraplaque haemorrhage, with an inter-reader k=0.75. The Cox unadjusted

hazard ratio for future ipsilateral stroke or TIA was 3.6 (95% Cl 2.5-4.7).

MRI appears to allow in-vivo identification of gross plaque rupture and intraplaque
haemorrhage, with promising results. However, along with ultrasound, current clinical
scanners do not yet have the resolution to image the thin cap that Virmani et al. propose is
the key finding in vulnerable plaques (64). For example, recent publications using a 1.5T
magnet report a resolution of 0.39 — 0.49mm, with a slice thickness of 2-3 mm (183). In
addition it remains unknown, because of the small number of events in these studies,

whether plaque rupture and intraplaque haemorrhage are independent prognostic
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variables. Finally, in many healthcare systems MRI will simply not be affordable or available

on the large scale required to image the asymptomatic population.

Silent cerebral infarction on computed tomography

Unenhanced cerebral computed tomography (CT) has been used to identify silent
brain infarction in the anterior and middle cerebral artery territory that may represent
subclinical thromboembolism (Figure 25). Pattern A infarctions are defined as cortical or
subcortical infarctions in or adjacent to the anterior or middle cerebral artery territory or
basal ganglia/anterior thalamic infarctions and have been demonstrated more frequently in

patients with symptomatic carotid stenosis (184) (185).

Two studies from one group reported the association between silent pattern A
infarction and future ipsilateral stroke. The smaller study was a pilot study of 138 patients
(186). The larger study included 821 European patients followed for a mean of 44 months
(187). This showed an increased risk in individuals with pattern A infarction for developing
future ipsilateral stroke, in comparison to those without. The larger study found an
adjusted hazard ratio of 2.0 (95% ClI 1.1-3.8, p=0.033) for pattern A infarction in predicting
future ipsilateral stroke after stenosis and other confounders were adjusted for. There were
no studies examining the incidence of silent infarction due to a requirement for repeated

irradiation in asymptomatic individuals.

Whether this modest increase in hazard ratio justifies the use of CT imaging for silent
infarction is debateable. It is approximately the same increase in risk conferred by a
previous contralateral carotid atherosclerotic event (164) but certainly less than that
conferred by the presence of microembolic signals (20). To the authors’ knowledge there
are no prospective studies of silent cerebral infarction in patients with carotid stenosis using

MRI.
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Figure 25: Established hypodense left middle cerebral artery infarction on unenhanced computed tomography.

Source: Ankur Thapar (with permission from patient).

Plaque surface irregularity

Irregularities or ulceration thought to correspond to plaque surface rupture
associated have been examined prospectively in three large studies. The North Manhattan
Study examined 1091 asymptomatic patients with carotid plaque using duplex ultrasound
and followed them for a mean of 6.2 years (40). Irregular plaque was an independent but
weak predictor of any territory ischaemic stroke with an adjusted HR versus smooth plaque

surface of 2.3 (95% Cl, 1.0-5.4).

In contrast, the ACSRS investigators examined plaque ulceration using B-mode
ultrasound and found no significant relationship between plaque ulceration and ipsilateral

stoke (unadjusted univariate Cox HR 0.48, 95% Cl, 0.15-1.55). (164)

One of the problems with two dimensional ultrasound is a spatial sampling error due
to its uniplanar nature. Madani and Spence used three dimensional ultrasound to summate
the total number of ulcers present in both carotid arteries (41). Using this technique the
three year risk of stroke was significantly higher in those with 3 or more ulcers (18.2%)
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versus those with less than 3 ulcers (1.7, p=0.02). However there were only six strokes in
the study and it was a univariate analysis. In addition it is unclear how, using 3D B-mode
alone, ulceration within echolucent plaques was assessed, as without luminal contrast
ulcers are missed (188). The role of ulceration in predicting future events is therefore
currently uncertain, but contrast imaging is likely to be the most reliable way to detect it

(Figure 26).
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Figure 26: Large ulcer (yellow arrow) in an echolucent carotid plague on dynamic contrast enhanced
ultrasound. This is a longitudinal image taken on a Philips iu22 machine, using an L9-3 transducer a mechanical

index of 0.06. Source: Ankur Thapar (with permission from patient).

5.3 New modalities under investigation in cross-sectional studies

Many new technologies under development provide additional functional
information regarding neovascularisation, metabolic activity or inflammatory infiltration.
Cross-sectional studies are the initial testing ground for these new modalities. The
discriminatory ability of these modalities can be assessed using the area under a receiver
operator characteristic curve (c-statistic), or for categorical tests, the sensitivity, specificity,
positive and negative predictive value. It must be stressed that cross-sectional studies
retrospectively assess the features of plaque rupture. This is not the same as identifying
vulnerable plaques, the precursors of future stroke. However cross-sectional studies allow
validation of imaging modalities against endarterectomy specimens and are the initial

testing ground for feasibility studies of new carotid plaque imaging technologies. However,
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it should be recognised that ruptured plaques are a more advanced phenotype than the

vulnerable or rupture-prone plaque.

Contrast enhanced carotid ultrasound

Contrast enhanced ultrasound is a hybrid (i.e. structural and functional) imaging
technique that is performed using high-end ultrasound platforms, with the additional of an
intravascular microbubble tracer. The tracer is injected intravenously during the scan and is
commonly a fluorocarbon gas inside a phospholipid membrane. Tiny microbubbles, the size
of an erythrocyte improve the Doppler return from the bloodstream. Non-linear pulse
sequences used to eliminate static tissues are used to create a map of perfusion, based on
change of pulse amplitude or phase inversion. With non-linear pulse sequences, the
asymmetrical oscillation of single microbubbles within vessels can be detected at low
mechanical indices (those at which microbubbles are not disrupted). Further technical

details regarding contrast enhanced ultrasound imaging will be found in the next chapter.

In addition to delineating ulceration and near occlusion (Figure 26), contrast agents
provide real-time visualisation of intraplaque microvessels (Figure 27). These are found in
increased quantities in cross-sectional studies of culprit plagues (69, 84-86). Current
guantification of plague neovascularisation is hampered by an unknown concentration-time
profile of contrast in the carotid lumen and out of plane motion. However qualitative and
guantitative increases in plaque neovascularisation have been shown in a pilot study to be
present in symptomatic patients (189), however the accuracy, reproducibility and predictive
value of the technique have not yet been established. In addition quantification of
ultrasound perfusion is as yet in its infancy and requires a skilled operator to acquire a video
loop. Microbubbles targeted to cell surface receptors upregulated in atherosclerosis such as
P-selectin and VCAM-1 are also currently under study in pre-clinical models (190), however

are not currently approved for human use.

Because contrast enhanced ultrasound can image both the plaque surface and

intraplague perfusion and potentially even inflammation at low cost, with relative safety,
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speed and in the outpatient setting, this technique is currently being trialled for examination

of the carotid.

Figure 27: Longitudinal image from a dynamic contrast enhanced ultrasound examination of a symptomatic 75
year old lady demonstrating microbubble movement throughout plaque (yellow arrow). The intravenous
contrast agent used is SonoVue™ (Bracco, Milan, Italy) at a dose of 2ml and a non-linear imaging mode is

selected with a low mechanical index of 0.06 on a Philips iu22 machine. Source: Ankur Thapar (with

permission from patient).

PET - CT of carotid plaque

Positron emission tomography, using radiolabelled ligands has been used to image
inflammation within carotid plaques semi-quantitatively. Initially the conventional
radioligand 18F-FDG-glucose was used to demonstrate increased glucose metabolism within
symptomatic lesions, in comparison with a contralateral asymptomatic artery (191).
Furthermore lipid rich plaques displayed more uptake than fibrous or calcified lesions (192).
More recently, the radioligand, (11)C-PK11195, targeted to the peripheral benzodiazepine
receptor, found in activated macrophages, was successfully used to identify culprit lesions
(193). Activity within a region of interest was normalised to that in the adjacent jugular
vein. This showed a sensitivity of 78%, specificity of 74%, negative predictive value of 91%
and positive predictive value of 50% in a small study of 32 patients. PET-CT has been used in
one prospective study on cancer patients with an endpoint of coronary and cerebrovascular

events, however there was no carotid or stroke specific analysis (194). Whilst showing good
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discriminatory ability in pilot studies, PET-CT has the disadvantages of radiation, cost and
need for a cyclotron facility. In asymptomatic patients it is likely to remain a research tool

for validation of other, more translational, techniques.

MRI of carotid plaque

Investigators have used a variety of MRI pulse sequences to image carotid plaques in
symptomatic and asymptomatic individuals. Intraplaque iron in animals has been
demonstrated to accelerate atherosclerosis through oxidation of low-density lipoprotein
(195) and has been investigated in a pilot study in humans using T2* MRI, a technique for
imaging intraplaque iron (196). Twenty-eight asymptomatic and eleven symptomatic
patients with carotid atherosclerosis were imaged and operative specimens examined for
iron content. There was a significant shortening of T2* relaxation time to 20.0 ms (SD 1.8)
in symptomatic patients versus 34.4 ms (SD 2.7, p=0.0006) and a corresponding decrease in
histological Fe**. The authors concluded that imaging of reactive iron species is feasible and
may have discriminatory value in the assessment of atherosclerotic plaque, through

identification of areas of intraplaque haemorrhage.

Howarth et al. used the activated macrophage marker Sinerem (an ultra-small
paramagnetic particle of iron oxide or USPIO) to assess macrophage infiltration in
symptomatic and asymptomatic patients in a 1.5T magnet (197). In a pilot study of 10
symptomatic and 10 asymptomatic patients, mean signal drop (representing USPIO
accumulation) was 36% (95% Cl 28.2-44.0%, p<0.001) lower in the symptomatic group.
Signal drop showed a moderate correlation with fibrous cap thickness (r=0.51). The
investigators concluded that USPIO imaging could identify inflamed plaques with a thin cap.
USPIO imaging requires two MRI scans performed 36 hours apart and a proportion of scans

remain difficult to interpret.

It is clear that MRI represents a powerful functional imaging modality, however due

to cost, practicality and expertise has not yet translated into a prognostic study.
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Computed tomography of carotid plaque

Computed tomography (CT) in combination with computed tomographic
angiography (CTA) is widely used in hyperacute stroke and can be used to grade stenosis
and plaque surface and texture characteristics. Several cross-sectional studies have
assessed differences in carotid plaque features ipsilateral to a symptomatic cerebral
hemisphere using the asymptomatic side as a control. In the largest study to date, 673
patients with acute ischaemic stroke were retrospectively analysed (198). In a multivariate
logistic regression model adjusting for age, sex and degree of stenosis, only the presence of
luminal thrombus, predicted the side of the symptomatic artery (OR 3.1, p=0.048).

Extensive calcification predicted the asymptomatic side (OR=0.69, p=0.047).

The presence of increased calcification in asymptomatic arteries was independently
found in another ex-vivo CT study of 48 carotid atheromas which underwent concurrent
histological analysis for calcium content and macrophage staining (199). Mean percentage
area calcification was 48% (SD19%) in the symptomatic group and 24% (SD20%) in the

asymptomatic group (p<0.05).

Serfaty et al. recently quantified attenuation of plagues using Hounsfield units,
finding that plaques of higher attenuation were more likely to be found in asymptomatic
hemispheres (OR 1.54, 95% Cl 1.17 — 2.04, p<0.002) for symptomatic status for each 10

point decrease in Hounsfield units (200).

However not all investigators concur that calcified plaques are stable, with one
group demonstrating an exponential increase in odds of symptomatology with increasing

calcified plaque volume (201).

Plague structural components can also be graded on CT. In a retrospective analysis
of 40 clinically carotid-territory stroke patients, a computer algorithm was used to extract
plague texture features (202). Multivariate logistic regression demonstrated that fibrous
cap thickness (OR 0.11, 95% Cl 0.06-0.16, p<0.013, the number of lipid clusters (OR 1.58,
95% Cl 1.15-2.18, p<0.005) and carotid wall volume (OR 1.58, 95% CI 1.00-2.49, p<0.017)
independently identified the symptomatic artery with a c-statistic of 0.83. The findings of

fissured fibrous cap were also reported to increase the odds of symptomatic status by 3.9,
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p=0.0032 by another group retrospectively studying CT images of 36 symptomatic and 96
asymptomatic patients. Inter-reader agreement for detecting fibrous cap fissuring was good

(k=0.78).

It appears that CT can characterise plaque texture, with preliminary promise,
however again, exposing asymptomatic patients to large disease of ionising radiation
around sensitive structures such as the thyroid, is unlikely to be viewed as a safe endeavour.
In addition the axial resolution of high resolution CT in current clinical use is at best 0.6mm,

rather too large at present to measure the fibrous cap in vulnerable plaques (203).

Juxtaluminal necrotic core

A juxtaluminal necrotic core is a recognised histological feature of culprit carotid
lesions (63). In a recent study of 31 plaques, an echolucent area near the plaque luminal
surface was shown to be associated with histological evidence of a thin fibrous cap (<80um)
and a juxtaluminal necrotic core (37). This juxtaluminal echolucent area was measured in a
cross-sectional study of 139 asymptomatic and 185 symptomatic patients using US with
pixels colour mapped to improve visualisation (204). A juxtaluminal echolucent area of
8mm? provided a sensitivity of 71% and specificity of 67% for symptomatic status. The c-

statistic was 0.73 for juxtaluminal black area >8mm? in this study.

In a further recent study, surface echogenicity was compared in 67 symptomatic and
117 asymptomatic carotid plaques of between 50-99% stenosis (205). Using ROC curve
analysis, surface echogenicity (c-statistic 0.74, 95% Cl 0.67-0.78) appeared marginally more
discriminatory of symptomatic status than GSM (c-statistic 0.69, 95% CI 0.62-0.69).
However the study was underpowered to determine whether this was a significant

difference.
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Plaque surface motion analysis

Plague motion can be tracked with US and is hypothesised to reflect plaque
instability. This again is thought to be important within heterogeneous plaques, whose
components respond differently to shear stress, leading to fissuring, a precursor to rupture.
In a pilot study using 4D (i.e. real-time volumetric) ultrasound, 23 asymptomatic and 22
symptomatic patients were studied with 50-99% carotid stenosis (71). Mean change in
surface velocity was calculated through ECG gated, motion tracking of voxels representing
the plaque surface. The mean differential surface velocity was significantly higher in
symptomatic patients (3.85mm/s [range 2.1-6.3mm/s] versus 0.58mm/s [range 0-1.7mm/s],
p<0.001). Similarly in a pilot study using 2D ultrasound to image 10 symptomatic and 9
asymptomatic patients, plaque surface regions of interest were tracked using two
dimensional ultrasound video loops of carotid plaques (206). A higher mean relative
surface velocity was found in symptomatic patients versus asymptomatic patients: 2.85 (SD
1.69) versus 0.52 (SD 0.53) mm/s, p<0.0003. Plague motion analysis requires 10 cycles of
systole and no movement during the acquisition. In addition analysis can be time

consuming and possibly for this reason has not yet been tested in a prospective study.

5.4 Discussion

A carotid-specific imaging biomarker should have the following ideal prerequisites: a
good sensitivity and specificity for identification of plaques predating future ipsilateral
stroke, safety (i.e. non-ionising), practicality, and capacity for large scale testing at an
acceptable cost. It is clear that no one imaging modality yet fulfils these criteria (Table 12).
The findings of this review are that the most promising modalities to date appear to be
microembolic signals and plaque echolucency. These have been used alone or in
combination to develop predictive models for ipsilateral ischaemic stroke. Combinations of
independent variables derived from these modalities appear to identify patients at highest
risk. This is to be expected, as plaque rupture is a multi-stage process and each variable
adds a single piece of structural or functional information.

93



It is thus possible that an algorithm for investigation may be used in the future,
analogous to testing ABPI first, before duplex, in patients with peripheral arterial disease. It
is likely that carotid ultrasound will be the first line investigation, with either TCD or carotid

MRI as a more specific test, based on the criteria above.

There are some criticisms of the use of imaging biomarkers. Firstly, some argue that
background stroke rates have fallen so low that testing asymptomatic patients for
vulnerable plaque is unlikely to be cost-effective. However, development of risks
stratification tools may also benefit recently symptomatic patients with 50-69% stenosis.
This population is the perfect testing ground for new imaging biomarkers, as clinicians are
uncertain how to select for surgery, the prevalence of future ipsilateral stroke is
approximately 3% per annum (161), patients do not require case finding as they present
with symptoms and plaques are expected to be at a more advanced stage. Secondly, risk
modelling suffers from an accepted paradox. Take the following scenario: a new risk
stratification tool identifies 10% of asymptomatic patients with an annual stroke rate of
10%, whilst the remaining 90% have an annual stroke rate of 2%. Therefore after 5 years of
follow up, 0.1x10x5 = 5 strokes occur in the high risk group and 0.02x90x5 = 9 strokes occur
in the low risk group. Even by operating on all of the high-risk patients successfully, only a
minority of strokes will be saved, because the high-risk group is so small. To prevent the
majority of strokes, primary prevention measures have a greater potential impact in the low
and moderate risk groups. Thirdly, as highlighted by Naylor, selecting higher risk plaques for
surgery, means higher risk operations (207). In fact in the European Carotid Surgery Trial,
two separate risk models were created, the first for background stroke rates and the second
for operative stroke or death (118). Patients and surgeons must be aware that this is an
expected consequence of operating on vulnerable plaques and should be taken as a caveat

to risk modelling.

Carotid imaging biomarkers are still required in the asymptomatic population and those
with moderate symptomatic stenosis. Would we operate on an asymptomatic abdominal
aortic aneurysm without asking about vessel diameter? In the same way, we should

establish which patients will benefit most from carotid revascularisation in the future.

94



Imaging Modality

NHS HRG 2010-

2011 tariff / £

Benefits

Problems

Future direction

already in place

Transcranial Doppler | 66 Level 2a evidence for | Temporal  sampling | Miniaturization,
medium term stroke | error, 1 hour | automation,
risk prediction examination time overnight

recording

Carotid ultrasound 51 Evidence of | Standardization of | Assessment of
echolucency and | examination plaque texture in
increased  risk  of | required, prospective
future stroke from | sonographer training, | cohorts and
four cohort studies | little functional | validation  with
and infrastructure | information gained MRI

Contrast enhanced | 51 + 50 contrast | Low cost, safe, | Non-linear Improvements in
carotid ultrasound =101 outpatient based, | propagation affecting | tissue
hybrid imaging | far carotid wall subtraction, pulse
modality sequencing and
quantification
Computed 129 scan + 21 Accurate Limited  resolution, | ? Stop
tomographic =150 identification of | radiation exposure
angiography calcification and
(plaque) ulceration
Computed 93+21 Quick acquisition Weak relationship to | ? Stop
tomography =114 future stroke,
(brain) Applicable to most | radiation  exposure,
patients non-specific
Magnetic resonance | 230 + 23 Imaging of | Cost Validation of
imaging (plaque) =253 intraplaque ultrasound
haemorrhage, cap | Availability findings
disruption, activated
macrophage Phase Il drug
concentration, non- trials
irradiating
PET-MRI PET 565 + 57 Imaging and | Radiation exposure, | Phase Il drug
MRA 230 + 23 localisation of | cost, availability of | trials, targeted
=875 inflammation Cyclotron ligands

Table 12: NHS reimbursement tariffs 2010-2011 for carotid imaging (3). Costs of CT, MR and PET have additional
reporting fees, shown as an additional cost.
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6.0 Late phase contrast enhanced ultrasound

6.1 Introduction

Contrast enhanced ultrasound is an attractive modality with which to image carotid
atherosclerosis. It has the following advantages: simultaneous structural and functional
imaging, low-cost, relative safety, combination with B-mode imaging, minimal requirement
for new infrastructure and ability to perform it in the outpatient setting, as part of a one
stop service Table (13). It remains relatively unexplored in carotid atherosclerosis and is

considered further in the next few chapters.

Ultrasound imaging can be enhanced by the use of contrast agents (microbubbles) in a

similar way to x-ray, MRl and CT. This provides the following benefits:

1. Improved echo intensity from the lumen. This can improve detection of structural
features such as plaque ulceration and dissection (Figure 28) (208). A further
chapter will be devoted to assessment of ulceration with dynamic contrast enhanced

ultrasound (DCE-US).

2. The ability to image perfusion semi-quantitatively within plaques (Figure 28) (209).
Shah et al. have demonstrated a correlation of 0.6 between ultrasonic
neovascularisation (expressed as an ordinal variable from 1-3) and histological

microvessel density (210).
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Figure 28: Imaging the microcirculation within carotid atheroma using a 2ml intravenous bolus of SonoVue and
a low mechanical index of 0.06 to avoid bubble destruction. The image on the left is a longitudinal, dynamic
contrast enhanced ultrasound image of a near wall carotid plaque and that on the right the corresponding B-

mode image. Individual resonating microbubbles are seen in the echolucent portion of the plaque (larger
yellow arrow) adjacent to an ulcer (smaller red arrowhead). Source: Ankur Thapar (with permission from

patient).

3. Microbubble adherence has been demonstrated to activated leucocytes in-vitro after
3 minutes and phagocytosis after 15 minutes with the phagocytosed microbubbles

remaining detectable with ultrasound (211, 212).

4. The ability of the some lipid coated contrast agents to adhere to activated leucocytes
in-vivo through complement and integrin mediated binding and thus image sites of

inflammation (213).

5. Negatively charged microbubbles have been demonstrated in-vivo to adhere to
damaged endothelium which has shed its negatively charged glycocalyx (a surface

glycoprotein) layer within 30 minutes (214).
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Advantages Disadvantages

Avoidance of radiation Adds time, cost and training for the
sonographers

Quicker examination than TCD / CTA or Requires skilled operator and reader for video

MRA loop acquisition/analysis

Cheaper than cross sectional imaging Requires intravenous cannula

Real-time information regarding perfusion | Inability to image thin fibrous cap

Ideal if follow up scans required, e.g. No targeted microbubble in clinical use, so lack
treatment monitoring of specific binding

Non-nephrotoxic Calcification produces a pronounced artefact
Outpatient clinic based Currently no accepted method of

guantification

Portable Input function unknown, so perfusion

measurements are relative not absolute

Pure intravascular agent Uniplanar

Table 13: Advantages and disadvantages of using contrast enhanced ultrasound for risk stratification.

Contrast agents historically began with agitated saline. This followed from the
observation in 1968 that ultrasound signal intensity was augmented by the injection of
iodinated contrast (215). This was due to the formation of microscopic gas bubbles
(microbubbles) which backscattered ultrasound signal, in a similar fashion to spontaneous
microemboli, improving the signal to noise ratio within blood vessels. This method is still

used to detect right to left cardiac shunts in clinical practice today (Figure 29):
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Figure 29: Four chamber echocardiogram demonstrating the effect of lung filtration on saline-air

microbubbles. Standard B-mode image using 1ml intravenous bolus of agitated saline. Saline is much less
stable across the lungs and therefore the left side of the heart remains black, despite Valsalva to raise intra-
thoracic pressure and detect a shunt. Newer third generation contrast agents cross the lungs and opacify the

systemic arterial circulation. RA=right atrium, RV=right ventricle, LA=left atrium, LV=left ventricle Source:

Ankur Thapar (with permission from patient).

In 1950, Epstein and Plesset demonstrated that air bubbles readily diffuse gas and
collapse within seconds to minutes in water (216). This lead to the development of a
phospholipid shell and use of a high molecular weight gas to improve microbubble stability
by reducing diffusion of gas out of the bubble, e.g. the third generation agent SonoVue
contains sulphur hexafluoride. SonoVue is more stable across the pulmonary vasculature
and appears in the left ventricle, unlike air bubbles which are larger and less stable (Figure
29) and are filtered out almost completely by pulmonary capillaries, which are in the order

of 10um in diameter (217).
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In most patients SonoVue is well tolerated (Table 13):

Frequency >1% Frequency <1%
Headache Chest/abdominal/back
pain
Nausea Rash
Injection site Hyperglycaemia
pain

Transient visual

disturbance

Paraesthesia

Vasodilation

Table 13: Side-effects of SonoVue (from summary of product characteristics).

Contra-indications to SonoVue include previous adverse reaction to sulphur
hexafluoride, recent acute coronary syndrome, recent coronary revascularisation, acute or
severe cardiac failure (New York Heart Association grade llI-1V), arrhythmia, right to left
cardiac shunts, severe pulmonary hypertension, uncontrolled hypertension, adult
respiratory distress syndrome, pregnancy and lactation. There have been three reports in
cardiac patients of transient shock and arrhythmia (218). In animal studies, bubble
disruption does not appear to cause damage to the microcirculation (219). Importantly

there are no reports of SonoVue causing stroke.
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Technical considerations

Microbubbles oscillate in an asymmetrical fashion in response to an incident
ultrasound beam with greater expansion than compression. This is termed a non-linear
response. Tissue is relatively incompressible and returns linear echoes. Developments in
ultrasound signal processing have allowed subtraction of these linear tissue echoes to
produce a non-linear tissue subtraction image depicting perfusion, a similar concept to
digital subtraction angiography but at a capillary level. This is achieved by alternating the
amplitude or phase (positive and negative deflection) of successive waves and subtracting
those that return from those that are sent (220). Waves which return from tissue cancel
completely, whereas those that return from microbubbles are phase and amplitude shifted,

therefore do not cancel, generating a bright pixel.

SonoVue remains within the blood pool and 75% of a 2ml dose is excreted through
the lungs in 11 minutes in healthy persons (221). In a preliminary study the median
duration of useful sonographic enhancement in the dynamic phase was 3.9 minutes (208).
The frequency at which SonoVue microbubbles resonate is around 5MHz and thus a
transducer encompassing this range is required, for the greatest microbubble sensitivity

(222).

Mechanical index (Ml) is defined as the ratio of the peak negative ultrasound
pressure / square root of ultrasound frequency wave (222). At low mechanical indices
microbubbles resonate without rupture, e.g. SonoVue microbubbles resonate around 5-
7Mhz. At high mechanical indices microbubbles burst leading to a highly non-linear signal,
aiding detection of minute concentrations. In the era before low mechanical index imaging,
high mechanical index imaging was used to sweep large organs such as the liver, allowing
adjacent areas to refill as others were scanned, however today is generally delivered as a
short burst, over milliseconds known as “flash” imaging. Imaging can be performed in the
dynamic phase (the first few minutes of imaging, when contrast is flowing through the
carotid, followed by the jugular) or after luminal contrast levels fall to near zero — the late

phase (see later in this chapter).
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Dynamic contrast enhanced ultrasound is performed at low mechanical index and
when microbubble concentration is high, leading to a greater echo (e.g. the first few
minutes in the carotid). It can be performed using bolus injections or a constant infusion, a
technique known as disruption-replenishment (223). The advantage of bolus injections are
that the technique can be performed by one person, no infusion pump is required, the
examination is quicker and visible perfusion is initially entirely arterial. The transducer is
held still over the plane of interest and the resulting DICOM (Digital Information and
Communications in Medivideo) video loop can be quantified, with parameters such as peak
intensity, rise-time and wash-in time derived from the time-intensity curve of a user
selected region of interest (Figures 31 and 34). However because bolus injections vary due
to mixing within a patient’s blood volume and loss through pulmonary transit, a
normalisation process is required to overcome variations in the input function (the bolus

concentration over time).

Normalisation converts an absolute quantity e.g. intensity, into a relative quantity,
e.g. intensity relative to the lumen or adjacent structures. Normalisation is usually done
through comparison with an adjacent healthy tissue at a similar depth. This accounts for
any effects of depth on the incident ultrasound beam intensity and phase. In the carotid,
adventitia returns a strong echo and can have an increase in perfusion itself, making it less
suitable for normalisation. Hence the lumen is sometimes used as a reference point. This
technique also allows a measure of the input function to be known. However there are
problems with using the carotid lumen, in that it is an order of magnitude more intense than
the plaque (Figure 30). This means a small variation in carotid intensity can dramatically
change the denominator for normalisation. Bolus techniques are more suitable in organs
with a dual blood supply (e.g. liver) as isolated arterial perfusion can visualised, instead of

mixed arterial and venous inflow.
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Figure 30: An example of a time-intensity curve of the common carotid lumen (red curve, top) and that from a
predominantly near wall atherosclerotic plaque (blue curve, bottom). The raw intensity of each corresponding
region of interest (red or blue box on the contrast enhanced image (above left) has been plotted against time
in seconds. A thirty second period is depicted (x-axis), to avoid the effects of recirculation, which in effect
would cause a second bolus. Perfusion is measured in the near wall of the carotid and is seen to incur a short
delay, after the common carotid fills. This short delay is the difference in the arrival time of contrast in the
macrocirculation (carotid) and the microcirculation (vasa vasorum) and is the order of a few seconds. Source:

Ankur Thapar (with permission from patient).

Conversely with disruption replenishment, an approximate steady state infusion is
set up (Figure 31) to which a high mechanical index flash is applied to cause microbubble
disruption within the field of view. This allows for refilling (replenishment) of microbubbles
with a near constant input function. This allows several planes to be imaged, unlike bolus
injection which is strictly uniplanar and is important in heterogeneous structures. The
disadvantages of this technique are that it requires an infusion pump which adds time and
cost to the examination. In addition, contrast recirculates around the body and back into
the carotids, causing in effect a slowly rising input function. For this reason it is easiest to

concentrate on the wash in phase of a bolus injection (the upslope and plateau lasting
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approximately 30s), before there is an opportunity for recirculation. These two techniques

are illustrated in Figures 31 and 32.

5 mm

Figure 31: Time-intensity curve of the common carotid using an infusion pump. After 90 seconds steady state
was reached in this example as illustrated by the wash in curve. After this point a high mechanical index flash
pulse can be given to clear the microcirculation of bubbles. This allows them to refill at a constant velocity

from a near steady state input function. Source: Ankur Thapar (with permission from patient).
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Figure 32: Time-intensity curve demonstrating the effect of a 2ml SonoVue intravenous bolus. Recirculation is
seen to occur around 30 seconds after the injection. For this reason analysis of the bolus is performed upto
the end of the first peak. Transducer position and lack of movement is critical during this period. Source:

Ankur Thapar (with permission from patient).

The analysis of contrast perfusion imaging relies on indicator dilution theory (224).
This assumes that the indicator produces a signal proportional to its concentration, there is
minimal microbubble destruction and that the microbubbles themselves do not obstruct
capillaries. The following time-based or intensity based ratios between the plagque and
lumen have been proposed to quantify flow parameters: rise time (reflecting flow velocity),

wash in time (flow velocity) and peak intensity (microvessel density) (Figure 33).
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Figure 33: Example time-intensity curve from the common carotid lumen (red top line) and a carotid
atherosclerotic plaque (yellow bottom line). A lognormal curve has been added to each data set for analysis of
perfusion parameters. The intensity difference at B represents the peak intensity. The time difference
between A (5% peak intensity) and B (95% peak intensity) represent rise time. Source: Ankur Thapar (with

permission from patient).

Developments in technology have led to the newer third generation contrast agents,
of which SonoVue™ (Bracco, Milan, Italy) is one. These agents have the benefits of:
remaining biologically inert, having a size similar to an erythrocyte (90% of microbubbles
have a diameter less than 6um, allowing them to cross capillary beds), improved stability
(due to a phospholipid shell and the low solubility sulphur hexafluoride gas) and lack of

uptake into the extracellular fluid space (225).

One of the key assumptions is that microbubble echo intensity is proportional to
concentration (Figure 34). At concentrations relevant to clinical practise this linear

relationship has been established, however above this saturation occurs (226).
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Figure 34: The linear relationship between contrast agent concentration (ml SonoVue / L deionised water) and

arbitrary linear intensity units. Source Lampaskis et al. 2010 (226).

Sonographic artefacts

An artefact represents an aberrant ultrasound finding which does not correspond to a
real structure. There are several sonographic artefacts associated with the use of contrast

agents.

e Blooming —where enhancement is seen outside of the vessel (Figure 35).

Figure 35: Blooming and saturation of the internal jugular vein (longitudinal section, from dataset). Blooming
(spill of echoes outside of the target vessel is seen around the jugular (J). The returned echoes are so strong
that the carotid (C) in comparison does not enhance as expected. This image also illustrates that contrast does

not visualise calcified plaques well (arrow). Source: Ankur Thapar (with permission from patient).
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e Saturation — where the returned echo intensity is above the maximum of the
detector causing the image to appear white. Avoiding saturation is important for
studies where quantification is used because small increases in returned signal (i.e.

from the microcirculation) cannot be detected.

e Near field artefact due to strong echoes from skin (Figure 36).

Figure 36: Example of acoustic shadowing obscuring plaque. Near field artefact is also seen at the top of the

left hand contrast enhanced image (from dataset). Source: Ankur Thapar (with permission from patient).

e Tissue harmonics at moderate to high mechanical indices caused by incomplete non-

linear subtraction, particularly in areas of calcification (Figure 37).

Figure 37: Artefactual tissue echoes in areas of calcification within plaque generated by high mechanical index

imaging (longitudinal section). Source: Ankur Thapar (with permission from patient).
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Aim of preliminary study

Our group has previously used high mechanical index imaging to image carotid
atherosclerosis showing a significant separation in signal from symptomatic and
asymptomatic individuals (Figure 38) (227). Late phase is the point at which microbubbles
are retained within the capillary bed of interest but not the bloodstream. A high mechanical
index is used to disrupt the tiny quantity of retained microbubbles that are found within

plague, returning a plaque signal which is normalised to the lumen.
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Figure 38: Graph demonstrating separation in normalised plaque signal between symptomatic and

asymptomatic individuals (n=37). Reproduced with permission from Owen et al. (227).

The mechanism of contrast retention at 6 minutes is unlikely to be phagocytosis, as
this takes around 15 minutes in vitro (211). However, negatively charged albumin coated
microbubbles have been shown to adhere to damaged endothelium in-vivo that has shed

the negatively charged surface glycoprotein glycocalyx (214). Additionally, in-vivo,
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microbubbles have demonstrated integrin and complement mediated binding to TNF-a

activated leucocytes adherent to vascular endothelium (213).

The aim of this preliminary study was to check the validity of late-phase contrast
enhanced ultrasound for imaging atherosclerotic plaques at the carotid bifurcation The
hypothesis was that plaques in symptomatic individuals have an increased late phase signal

due to the presence of retained microbubbles at the vascular endothelial surface.
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6.2 Methods

Ethical approval was obtained in advance for this prospective case series (ref
09/H0706/89). Written informed consent was obtained from each participant. No formal
sample size calculation was performed, however the previous study (n=37) was used as a
guide. Forty-nine consecutive patients referred for carotid duplex to a vascular laboratory
were screened between March — December 2010 (Figure 40). Inclusion criteria were: a
discrete 50-99% carotid stenosis (NASCET equivalent by velocity criteria), for symptomatic
patients a recent (<4 weeks) ischaemic stroke, transient ischaemic attack or amaurosis fugax
in the ipsilateral carotid territory with no other obvious clinical source after
electrocardiogram and troponin | were tested. For asymptomatic patients no prior
ipsilateral carotid territory symptoms were permitted. Symptomatic status was assigned by
the referring neurologist, in conjunction with an ophthalmologist for patients with
amaurosis fugax. Exclusion criteria were an established alternative embolic source e.g.
atrial fibrillation, mechanical heart valve, prior endarterectomy, neck radiotherapy, tandem
lesions and contrast contraindication. Nine patients (18%) were excluded for the following
reasons: SonoVue contraindication (n=4, 8%), severe acoustic shadowing (n=2, 4%), atrial
fibrillation (n=1, 2%), prior endarterectomy (n=1, 2%), declined to participate (n=1, 2%).
This left a total of 40 patients, of which 15 were symptomatic (2 had an ipsilateral stroke, 6
had an ipsilateral TIA and 7 had ipsilateral amaurosis fugax) and 25 were asymptomatic

(control group).
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Assessed for eligibility (n=49)

Excluded (n=9, 18%)

+ SonoVue contraindication (n=4)
Severe acoustic shadowing (n=2)
Atrial fibrillation (n=1)

Prior endarterectomy (n=1)
Declined (n=1)

Y

*
*
L4
L4

‘, l

Symptomatic (n=15) Asymptomatic (n=25)
+ Ipsilateral stroke (n=2)

«+ Ipsilateral carotid territory TIA (n=6)
+ Ipsilateral amaurosis fugax TIA (n=7)

Figure 39: Study flow diagram.

A Philips iu22 ultrasound machine was used for imaging with a linear array L9-3
transducer (Figure 40). This has a close frequency range (3-9MHz) to the resonant
frequency of SonoVue (5-7Mhz) (220). B-mode and contrast gain settings were kept
constant at 85%, with a 4cm depth field, temporal and spatial averaging disabled (XRES and
persistence off) and a vertical, zeroed time-gain curve. These were disabled as they would
affect the results of quantification. The internal carotid artery was identified by its higher

end diastolic velocity, lack of branches and lack of response to pre-auricular tap.

A dual screen B-mode / non-linear mode (pulse inversion and power modulation)
display was used. A B-mode and colour acquisition was performed first for orientation. A
baseline, axial, pre-contrast image was taken flashing the plaque at approximately the
lower, middle and upper thirds at a mechanical index of 0.33. A bolus of SonoVue was given
through a 20 gauge cannula (dead space <0.1ml, flow rate 1.1ml/sec) in the right arm. The
lower, middle and upper thirds of the plague were flash imaged as before. After a 15
minute interval to allow contrast elimination this sequence was repeated. Images were

exported as anonymised DICOM for offline analysis.
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Figure 40: Room setup for contrast enhanced ultrasound with single sonographer. A cannula in the right arm

provides easy access for the sonographer to inject and then find the correct plane for imaging.

Image Analysis

Quantification was performed offline by A.T. using QLab v8 software (Philips, Bothel,
USA) on raw, linear DICOM data (utilising the linear relationship between pixel intensity and
contrast concentration) (226). Quantification was performed blind to clinical data at the
end of the study, using images labelled with study ID numbers (Figure 41). Regions of
interest were manually drawn around the axial sections of plague and lumen using the
“spline” tool. Care was taken to avoid areas of saturation artefact, i.e. areas where tissue
calcification did not cancel out completely. These areas were identified by a characteristic
shining white appearance and an intensity which was approximately ten times greater than
that of the lumen and an order of magnitude greater than the surrounding plagque. The
highest mean pixel intensity from the three sections was used for analysis, as there was no
reason for inflammation and stenosis to co-localise. These were entered into Excel 2010
(Microsoft, California, USA) for normalisation. Normalisation was performed through the

formula shown in Figure 42 (227).

113



5 mm

Figure 41: Qlab screenshot depicting axial late phase image (above, left). Plaque has been outlined in red and
lumen in yellow. A saturation artefact is seen (white arrow). This was identified visually and also because of
an intensity typically an order of magnitude greater than the surrounding plaque. In fact the saturated area is
brighter than the lumen, which is highly improbable. The time-intensity curve over 0.28ms is depicted for the

lumen (yellow top line) and plaque (bottom red line). Source: Ankur Thapar (with permission from patient).

NormalisedLP = Ioglo%

Figure 42: Normalisation to the lumen was achieved using the formula above. Pl=plaque intensity, LI=lumen
intensity. Logarithmic units are used as there is an order of magnitude difference between plaque and lumen

intensity.
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The aim of late phase normalisation was to use the lumen as a reference for any
remaining microbubbles in circulation. This was because each 2ml bolus can vary slightly in
the volume of contrast delivered and in elimination kinetics due to individual differences in
cardiorespiratory function and blood volume (see Appendix 2) - hence the concentration of
contrast reaching the carotid may vary as a result. For this reason relative rather than
absolute intensity values were used. This allowed the concentration in the tissues to be

gauged against the local input function in the carotid.

Statistical analysis was performed using Prism v5 (GraphPad software, California,
USA and MedCalc v11, Mariakerke, Belgium). Data were checked for normality, two-tailed
tests used and statistical significance taken as p<0.05. A receiver operator characteristic

(ROC) curve was constructed for the variable late phase signal versus symptom status.

Intra and inter-reader reproducibility were calculated for the normalised late phase

signal from 20 patient images and analysed using the intra-class correlation coefficient.

6.3 Results

The demographic details of the patients in the study are shown in Table 14. The
patients in the symptomatic group had a significantly higher degree of stenosis (88%, IQR
80-95 v 60 %, IQR 53-75, p=0.001).
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Symptomatic Asymptomatic p-value

(n=15) (n=25)

Age 67 (SD 11) 73 (SD 12) 0.58
Male 67% 80% 0.46
Diabetes 13% 24% 0.69
Hypertension 73% 68% 1.00
Parental stroke 7% 32% 0.12
Current Smoker 40% 28% 0.50
Stenosis 88 (IQR 80 —95) 60 (IQR 53- 75) 0.001*
(NASCET)

Statin > 1 week 73% 80% 0.71

Table 14: Demographic details of patients in the clinical study. * indicates a statistically significant
difference between groups. SD=standard deviation, IQR=inter-quartile range.

116



—
o

o
Ul

O
=)

O
U

Log Peak Plaque:Lumen Intensity

-
@)

Asymptomatic Symptomatic

Figure 43: Peak normalised late phase plaque signal ratio (n=25, maximum plaque intensity taken per patient).
There was no statistically significant difference between the symptomatic patients and the asymptomatic

patients, with respect to the peak normalised plaque intensity (p=0.94).

The mean normalised logio plaque signal was -0.54 (SD 0.42) in the asymptomatic
group and -0.55 (SD 0.61) in the symptomatic group (Figure 43). There was no statistically
significant difference between groups using the student’s t-test (p=0.94). Receiver operator

characteristic curve analysis yielded a non-significant c-statistic of 0.55 (p=0.41).

The intra-reader intra-class correlation coefficient was 0.98 and the inter-reader

intra-class correlation coefficient was 0.70 (performed with E.L.).
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Figure 44: Receiver operator characteristic curve for late phase plaque signal in the identification of patients
with ipsilateral symptoms. The area under the curve was no better than chance, (c-statistic or AUC=0.55,

p=0.61, n=40).

6.4 Discussion

The results of this study did not reproduce previous findings that late phase high
mechanical index imaging is a discriminatory imaging biomarker for culprit plaques. The

accuracy of the technique was no better than chance and this was not simply a function of

inter-reader reproducibility.

In both experiments the mean pixel intensities of the plaque and lumen were quantified
and normalised with a similar protocol. However in the present experiment very few
plagues were brighter than the lumen at 6 minutes, a very different finding to the previous
study (Figure 44). Secondly there was no significant difference in the plaque signal between
symptomatic and asymptomatic patients. It is unlikely the difference in stenosis was

responsible for this, as the symptomatic group had a higher average stenosis and was thus

likely to consist of more culprit plaques.
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An alternative explanation is that the areas of focal high signal intensity may have been
found elsewhere in the plaques and were not imaged. However, in the previous

experiment, only one single axial section was quantified, again making this unlikely.

This led to the following questions: firstly was six minutes the optimum time point for
late phase imaging? Secondly, was an Ml of 0.33 the optimum mechanical index for imaging

carotid plaque?

6.5 When is the end of the arterial phase?

The six minute cut-off was based on low mechanical index imaging in the liver,
where Kupffer cells retain contrast, rather than high mechanical index imaging in the
carotid. To establish a reliable time point for the end of the arterial phase, and hence the
start of the late phase, the following experiment was performed. Eight patients with 50-
99% carotid stenosis were administered a 2ml intravenous bolus of SonoVue. Flash imaging
of the lumen was performed at one minute intervals at an Ml of 0.33 for 15 minutes. The
lumen was imaged in an axial orientation at the carotid bifurcation and a luminal time-

intensity curve derived.
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Figure 45: Time-intensity curve for the carotid lumen at a mechanical index of 0.33 (n=8 patients). At 6
minutes the mean lumen intensity was 22.0 (SD 22.6) arbitrary linear intensity units. Error bars=standard

deviation. ALIU=arbitrary linear intensity units.

The high MI washout curve in Figure 45 demonstrated that at 6 minutes (360
seconds) at a high mechanical index the raw lumen intensity was a mean of 22.0 (SD 22.6)
ALIU. To fall close to zero, around 12 minutes or longer was required. This was surprisingly

high and was repeated at a low mechanical index, after a 15 minute interval.
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Figure 46: 2ml dynamic time-intensity curve of carotid lumen over 6 minutes using a mechanical index of 0.06
(n=8 patients). At 6 minutes the mean lumen intensity was 2.3 (SD 1.5). Error bars = standard deviation. ALIU

= arbitrary linear intensity units.

The low MI washout curve in Figure 46 demonstrated that at a low mechanical index
of 0.06, lumen intensity fell to a mean of 2.3 (SD 1.5) linear intensity units at 6 minutes (i.e.
near baseline). This experiment demonstrated that far from 6 minutes being considered
late phase at a high mechanical index, the lumen was still full of visible contrast. A second

guestion now emerged, which was below which Ml should imaging take place?

6.6 Relationship of plaque signal to mechanical index

It was noted qualitatively, with high mechanical index imaging there was an
abundance of saturation artefact in the surrounding tissues (Figure 47). To examine
whether this affected the plague signal the following experiment was performed. 10
patients had flash imaging of the plaque at the point of greatest carotid stenosis with a

mechanical index varying between 0.01 — 1.0. For the MI range used in clinical practice
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results are shown in Figure 48. Further details are available at even higher mechanical

indices in Appendix 2.

Figure 47: Axial image through a common carotid plaque using a non-linear imaging mode before

administration of contrast. Flash imaging at high mechanical index (0.33) created a saturation artefact at
tissue interfaces and in a calcified portion of carotid plaque itself (yellow arrow). Note that this is also visible

in the soft tissues superficial to the carotid. This saturation artefact appears to be caused by incomplete
cancellation of linear echoes at tissue interfaces or in areas of calcification, i.e. in areas with a strong acoustic

impedance mismatch. Source: Ankur Thapar (with permission from patient).
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Figure 48: Increasing mechanical index causes an exponential increase in signal within the plaque before
contrast administration. ALIU=arbitrary linear intensity units. The artefactual signal became visually apparent

above an Ml of 0.19.

To identify whether the saturation artefact was in fact the signal observed, an
additional experiment was performed. Twenty plaques of between 50-99% stenosis were
flash imaged in axial section at the point of greatest stenosis, before and after a 2ml

intravenous injection of SonoVue, at an Ml of 0.33 (Figure 49).
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Figure 49: 20 plaques were flash imaged before and after an intravenous injection of 2ml of SonoVue at a
mechanical index of 0.33. There was no significant difference in normalised plaque intensity, p=0.42. The

three plaques returning the highest intensity signal were all calcified plaques.

There was no significant difference in peak plaque signal before and after
administration of contrast: 2.8 (IQR 1.7-4.3) versus 1.7 (IQR 1.3-3.2), p=0.42, Wilcoxon
matched pairs test. Three plaques with heavy calcification returned the highest signal both

pre and post contrast injection.
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6.7 Conclusion

These experiments demonstrated that:

i. At a high mechanical index an artefactual plaque signal is created by
incomplete cancellation of linear tissue echoes. This is most apparent at
areas where there is a strong acoustic reflector, e.g. calcification within
carotid plague. However it is present even in non-calcified areas.

ii. At a high mechanical index, contrast is still detectable in the lumen at 6
minutes, unlike low mechanical index imaging. This implies that any signal

return from the plague may be perfusion rather than adherent contrast.

The results of this experiment suggest that high mechanical index imaging using the
current non-linear imaging mode was unreliable for use in the human carotid without major
improvements in tissue suppression and bubble detection. From here on, attempts at
performing a cohort study were postponed until a better imaging method could be
developed. Focus now shifted to low mechanical index dynamic imaging of plaque

perfusion.
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7.0 The effect of non-linear propagation on the

quantification of dynamic contrast enhanced ultrasound

7.1 Introduction

Microbubble movement within the microcirculation is visible with dynamic contrast
enhanced ultrasound due to its excellent spatial and temporal resolution (228). Previous
investigators have found an association between peak enhancement within carotid plaque
and histological microvessel density (210, 229), prior cardiovascular events (230) and prior
ipsilateral ischaemic stroke or transient ischaemic attack (231, 232). Proliferation of
intraplague vasa vasorum (neovascularisation) has been linked to recent ipsilateral stroke
(85), intraplague haemorrhage (84), plaque rupture (86) and a higher rate of future
cardiovascular events (69). These studies hypothesised that because increased microvessel
density and intraplague haemorrhage cluster, that the former may be responsible for the

latter and may represent a destabilising pathway in vulnerable plaques.

When considering ultrasound studies, most focus on the far wall, rather than the
near wall of the carotid artery as the impedance mismatch between luminal blood and the
fibrous cap acts a good acoustic reflector. However in studies in other organs, pseudo-
enhancement is noted to cause a bright artefact at depths of 5-6cm (233). This
phenomenon can mimic perfusion, which is important when considering quantification
(234). It is possible that pseudoenhancement complicates quantification of carotid plaque

perfusion, even at depths of 2-4cm, typical of the carotid.

The aim of this study was to establish if pseudo-enhancement in the carotid artery
affected quantification of perfusion in carotid plaques. The primary hypothesis was that
pseudoenhancement would affect the far wall of the carotid artery, which is commonly used

for quantification of neovascularisation and render it invalid.
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7.2 Methods

Clinical study

Ethical approval was obtained prior to commencing the study (ref 09/H0706/89).
Patients gave written informed consent to participate in this prospective case series.
Sample size calculation determined 28 patients were necessary to demonstrate an intensity
difference of 2 linear intensity units, between the near and far wall with a type | error rate

of 5% and power of 90%.

Thirty-five patients were screened for the study from vascular and acute stroke
clinics at Imperial College Healthcare NHS Trust between March 2010 and February 2011
(Figure 50). Thirty-one patients (31/35, 89%) with a discrete (NASCET equivalent (31)) 50-
99% internal carotid artery stenosis were eligible to take part. Patients were excluded if
they were <18 years of age, had NYHA 2lll heart failure (1 patient), had experience an acute
coronary syndrome within 2 weeks (0 patients), had a sulphur allergy (1 patient) or declined

to participate (2 patients) .

One artery per patient was insonated to avoid data clustering. In the case of
bilateral disease, the side with the greatest stenosis was imaged. Patients were defined as
symptomatic if they had experienced an ipsilateral carotid territory stroke, transient
ischaemic attack, amaurosis fugax or retinal infarction within 4 weeks and had a normal 24
hour electrocardiogram and echocardiogram. Patients were defined as asymptomatic if
there were no prior neurological events in the territory of the carotid artery under

examination.
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Eligible patients with 50- 99% carotid atherosclerosis (n=35) Parallel in-vitro phantom study
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Figure 50: Study flow diagram. The diagram on the left depicts the clinical study and that on the right the in-vitro
validation study. The clinical study used a mechanical index of 0.06 to image carotid atheroma in longitudinal
section. The in-vitro study used SonoVue concentrations of 0.02, 0.1, 0.5, 1, and 2 %o sequentially, to cover the
range of contrast concentrations used in clinical practice.

Phantom study

A tissue phantom was used to validate in-vivo findings (Figure 51). A single flow
channel tissue phantom consisting of latex tubing with a diameter of 8 mm, placed at a
depth of 12 mm in a tissue mimicking fluid was used. The fluid was composed of equal
volumes of water and glycerine and had similar attenuation properties to soft tissue
(0.3dB/cm/MHz). The enclosure was made from 10mm thick acrylic and the bottom was
lined with an anechoic material (Aptflex F28, Precision Acoustics, Dorchester, UK) which
reduced reflected ultrasound waves. SonoVue™ microbubbles at concentrations of 0.02,
0.1, 0.5, 1, and 2 %o were injected into a reservoir sequentially. These concentrations were
chosen to cover the range of in vivo contrast use. A peristaltic pump (Cole-Parmer, Vernon

Hills, IL, USA) was used to pump contrast continuously through the flow channel.
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Figure 51: Diagram of flow phantom experiment. A reservoir of agitated contrast agent was pumped through
a rubber based flow phantom. In this experiment only the L9-3 transducer was used. Reproduced with

permission from Averkiou et al. (235).

Ultrasound imaging

A Philips iU22 ultrasound platform and an L9-3 transducer (linear array, 3-9MHz
frequency range) (Philips, Bothel, WA, USA) with a standard power modulation, pulse
inversion non-linear sequence was used. Imaging was performed by A.T. under the
supervision of E.L. for the clinical study and by M.A. and C.M for the in vitro experiment. A
low mechanical index of 0.06 was used to prevent microbubble destruction. The time-gain
compensation curve was kept vertical and centred with dynamic range set at 36 dB, and 2D
gain at 85%. Machine parameters remained unchanged between examinations to avoid the
effect of increasing gain on absolute pixel intensity in body tissues. This was essential
because pixel intensity in this experiment was a non-normalised measurement, comparing

the near and far wall directly.

Each patient received a 2 ml bolus of intravenous SonoVue (Bracco, Milan, Italy) via a
20 gauge cannula in the right antecubital fossa. A one minute uniplanar video loop of the
carotid bifurcation was recorded using the contrast / B-mode side-by-side display, in
longitudinal section at the point of greatest stenosis. In the final 10 patients, a second bolus
of 1 ml of SonoVue was given and the examination repeated. This was performed after 15
minutes, to ensure elimination of the previous dose. Patients were observed for 30 minutes
post-dose. The dose range was chosen to replicate those used in clinical studies previously

(189, 232, 236).
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Tissue phantom imaging was performed by attaching the L9-3 transducer to an
articulated arm such that the transducer surface was 3 mm under the air-fluid interface.
Two video loops were acquired at each concentration, one at 25 ml/min and one with no

flow, to establish whether flow velocity altered the findings.

Quantification

Raw DICOM data was exported to an offline workstation for quantification using
Qlab software v8 (Phillips, Bothel, USA). Quantification was performed by A.T. and
repeated by E.L. for the clinical study and by M.A. for the in vitro study.

The time-intensity curve was analysed from the contrast arrival time in the carotid to
the time at which jugular enhancement overshadowed the near wall adventitia (video loop
cropped to 6 seconds post arrival time). Regions of interest were drawn in the common
carotid lumen, in the common carotid near wall adventitia and in the common carotid far
wall adventitia, directly above and below that of the lumen, using the ‘freeform polygon’
tool (Figure 53 [A]). Regions of interest in the adventitia were placed away from plaque in
order to avoid confusion with neovascularisation. Pre and post peak contrast intensities
were measured from the raw time-intensity data (Figure 52). Similar regions of interest
were then placed on the in vitro video loops. Linear intensity units were used, in order that
pixel intensity was directly proportional to contrast concentration, up to a concentration of

about 1%eo.
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Figure 52: Longitudinal image of the left common carotid bifurcation in an asymptomatic 79 year old male with
a 50% internal carotid artery stenosis. Quantification of intensity was performed using the dual-display mode
with the contrast enhanced image to the left of the screen and the B-mode reference to the right. Adventitia

is seen as an echogenic line on B-mode, aiding identification. Pseudoenhancement mimicking
neovascularisation in the region of the far wall carotid adventitia is seen (white arrow). Plaque is seen as a
filling defect in the internal carotid artery. Regions of interest have been drawn: blue (near wall adventitia);
purple (common carotid lumen); and yellow (far wall adventitia). The time-intensity curves are shown below
in linear units in the same colours as the regions of interest. The lumen and far wall adventitia intensity curves
rose synchronously however the near wall did not follow this pattern. This was unusual because the near and

far wall adventitia are in fact contiguous structures. Source: Ankur Thapar (with permission from patient).

Figure 53: Axial image of the left common carotid artery, demonstrating a far wall artefact in an asymptomatic
33 year old female. Pseudoenhancement is seen as a semicircle under the lumen (white arrow). Regions of
interest have been removed to illustrate the visual appearance of pseudoenhancement. It became apparent
that pseudoenhancement was strongest where there was an echogenic structure on B-mode. Source: Ankur

Thapar (with permission from patient).
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Statistical Analysis

The raw peak intensities of the far and near wall were compared using the Wilcoxon
signed rank test. For the ten patients given varying doses of the contrast, the difference
between the near and far wall was used to determine the multiplication factor by which the
two intensities differed. Additionally, a paired t-test was used to determine whether there
was a significant difference in intensity at increasing contrast doses. Intra and inter-reader
agreement was calculated using the intra-class correlation coefficient for all 31 patients at
the dose of 2ml. Data were analysed using Prism v5 (GraphPad Software, Lalolla, USA) and
MedCalc v11 (MedCalc software Mariakerke, Belgium). Data were checked for normality,

two-tailed tests used and statistical significance was inferred below p<0.05.

7.3 Results

Clinical study

The demographic details of the patients are shown in Table 15 and are typical of
those with carotid stenosis with a mean age of 71 years (SD 11), a predominantly male

demographic and a high prevalence of anti-hypertensive and statin use.
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Demographic variable Number of patients (%) or mean (SD)

Age 71 years (SD 11)
Male gender 24 (77%)
Ipsilateral neurological symptoms 12 (39%)
Statin use 22 (71%)
Anti-hypertensive use 22 (71%)
Diabetes 11 (35%)
Current smoker 9 (29%)
Family history of stroke 7 (23%)

Table 15: Demographic details of the 31 patients enrolled into the clinical study. Of the 12 symptomatic
patients, 3 had amaurosis fugax, 4 had a transient ischaemic attack and 5 had a stroke.

An echogenic strip of adventitia was consistently seen on longitudinal and axial views
of the common carotid artery in the region of the far wall adventitia (Figures 52 and 53).
The time-intensity curve for the far wall adventitia rose synchronously with that of the
lumen, however this was not the case for the near wall, which was consistently darker

(Figure 53). At a dose of 2 ml of SonoVue, the far wall was significantly more echogenic than

the near wall (p<0.0001, n=31) (Table 16).

Near wall Far wall Difference Two - tailed p
intensity intensity (IQR) value
(IQR) (1QR)
Peak intensity / | 1.30(1.16 to 15.16 (5.16 to 13.11 (4.03 to <0.0001
linear units 1.80) 29.49) 28.01)

Table 16: Median near and far wall carotid adventitia peak intensity measurements using 2 ml of SonoVue.
The far wall was significantly more echogenic. All intensity measurements are given in arbitrary linear units.
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In the 10 patients given increasing doses of contrast, the magnitude of the difference
between the near wall and far wall intensities was a factor of 0.91 (SD 0.14) at 0 ml, 4.44 (SD
2.97) at 1ml and 12.68 (SD 10.41) at 2 ml (Table 17, Figure 54). The intensity difference
between near and far walls was significantly higher at 2 ml in comparison to 1 ml (p=0.012,

n=10).

Near wall intensity Far wall intensity Far wall - near  Multiplication factor

Mean (SD) Mean (SD) wall Far wall — near wall
Mean (SD) Mean (SD)
oml 1.25 (0.25) 1.11 (0.11)
1ml 1.76 (0.58) 7.67 (5.59) 5.91 (5.35) 4.44 (2.97)
2ml 1.49 (0.40) 17.94 (14.91) 16.96 (14.27) 12.68 (10.41)

Table 17: Mean near and far wall carotid adventitia peak intensity measurements with increasing doses of
contrast. The difference between the near and far wall rose significantly with dose, up to a multiplication
factor of 12 at a dose of 2ml. All intensity measurements are given in arbitrary linear units.
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Figure 54: Graphical representation of the absolute mean difference between far and near wall peak intensity

with increasing doses of contrast in-vivo (error bars represent standard deviation).
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For intra-reader agreement (A.T.) the intra-class correlation coefficient was 0.54 for
the near wall and 0.92 for the far wall. For inter-observer agreement (A.T. versus E.L.) these

values were 0.49 for the near wall and 0.89 for the far wall.

In vitro study

In the flow phantom, a similar echogenic strip was seen at the far wall of the flow
phantom, in an area devoid of vasa vasorum (Figure 55). With increasing contrast
concentrations, this effect became more pronounced both visually and upon quantification.
The magnitude of the difference between the near and far wall intensity rose from a factor
of 1.47 at a concentration of 0.02 %o to 12.67 at 2 %o at a flow rate of 25 ml/min. With
static contrast, the magnitude of the difference was a factor of 1.40 at a concentration of

0.02 %0 and 15.63 at 2 %eo.
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Figure 55: Longitudinal image in flow phantom using a concentration of 0.2 %o SonoVue. Regions of interest
for quantification have been drawn: red (near wall); yellow (lumen); and blue (far wall). The respective time-
intensity curves are shown below in the same colours. The far wall intensity is seen to rise in parallel with the

lumen. The near wall does not exhibit this phenomenon. Source: Professor Averkiou.
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7.4 Discussion

The results of this study indicate that there is a pronounced intensity difference
between the near and far wall adventitia of the carotid artery during DCE-US examination.
Furthermore, the far wall adventitia and lumen time-intensity curves rise synchronously,
without the time delay one would expect between the macro and microcirculation (237). In
addition, the walls of the latex flow phantom do not contain vasa vasorum and yet the same
pattern of far wall enhancement was observed. This was despite the use of a non-linear
pulsing scheme designed to subtract static linear targets. The magnitude of this
phenomenon is biologically implausible as the near and far wall adventitia are a contiguous
structure, separated only by the contrast filled lumen. In reality, therefore, this is likely to

represent a non-linear propagation artefact.

The artefact we have described is not present before the arrival of contrast and is
dose-dependent. It is visible in both longitudinal and axial planes, and in vitro and in vivo
simulating the appearance of neovascularisation. Static and pulsatile flow conditions both
demonstrate the phenomenon. It affects quantitative more than qualitative visual
assessment because quantification software cannot distinguish moving microbubble

clusters from static pseudo-enhancement.

This artefact limits the use of the far wall of the carotid for assessment of
neovascularisation, as used in previous studies (189, 209, 230-232, 238). This is important
to recognise for those embarking on a quantitative contrast enhanced ultrasound
programme. Measurements from the same patient at the near and far will give quite
different signal intensities. In clinical practise this will lead to inaccurate quantification and
increase the variability of analysis. It should not lead to clinical confusion, particularly when

assessing plaque vulnerability, or considering intervention.

Various strategies may be employed to minimise this problem. Firstly, for visual
assessment, observers may rely on moving microbubble clusters to separate real from
artefactual signal. However in reality, plague perfusion is rarely completely absent or
present, but is a continuum, lending itself to quantitative analysis. Secondly, the near wall

alone can be used for quantification; the limitation is the adjacent jugular vein which can
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overshadow it. This may be reduced by sitting the patient at 45° and applying gentle
pressure with the transducer during the examination. Lower doses of contrast agent may

be considered; however this may affect image quality by lowering signal to noise ratio.

This phenomenon should be considered when interpreting the results of previous
studies utilizing DCE-US of the far wall for risk stratification. Time-based parameters such as
time to peak intensity are expected to encounter a similar problem. This is despite the
utility of identifying if a lag time between plagque and lumen time-intensity curves exists (i.e.

confirming a change from macro- to micro-circulation) (237).

This study is limited in that it was an un-blinded, non-consecutive case series of
patients performed with one ultrasound system. However this phenomenon is important

and can be visualised on other ultrasound platforms (Figure 56).
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Figure 56: Example of non-linear propagation artefact using the General Electric Logiq E9 ultrasound system
(yellow arrows). The intense area of enhancement in the plaque is not perfusion, but non-linear echoes.

Source: Ankur Thapar (with permission from patient).

In conclusion, a dose-dependent artefact caused by non-linear propagation of
ultrasound in contrast filled media causes pseudo-enhancement of the far wall of the
carotid artery. This limits accurate quantitative assessment of neovascularisation at the far
wall of any contrast filled blood vessel and should not be mistaken for neovascularisation.
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The magnitude of this effect on carotid plaques is currently being investigated, however a

similar pattern has been observed in echogenic areas of plaque (Figure 57).

5 mm

Figure 57: Effect of non-linear propagation within far wall carotid plaque using the Philips iu22 ultrasound
system (longitudinal image). The far wall displays a static echogenic strip on both B-mode and contrast
enhanced imaging. The time-intensity curve shows the far wall (purple) peaking at the same time as the lumen
(red) with a peak intensity of 8 linear units. In contrast the near wall plaqgue demonstrated moving
microbubbles with a peak intensity of only 3 linear units (blue). Source: Ankur Thapar (with permission from

patient).
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8.0 Assessment of carotid plaque perfusion and ulceration

8.1 Introduction

Dynamic contrast enhanced ultrasound (DCE-US) is a low cost, safe, clinic-based,
structural and functional imaging modality to assess carotid atherosclerosis (239).
Histological studies of ruptured carotid plaques have demonstrated a number of
characteristic features which may be imaged in real-time using DCE-US: firstly a
proliferation of abnormal, immature, intraplague microvessels, termed neovascularisation
(84-87, 240) and secondly macroscopic plaque surface defects, termed ulcers found in

ruptured lesions (188).

Large ulcers may be visualized with colour Doppler, however DCE-US may have the
potential to visualize small ulcers more easily, analogous to the use of luminal contrast for
angiography. These features may have future potential as risk markers allowing therapy to

be tailored to individual patients.

The aim of this study was to assess the potential benefits of DCE-US in the
assessment of plaque perfusion and ulceration. The primary hypothesis of this study was
that generalised plague perfusion would be found in >50% of recently symptomatic
individuals. The exploratory hypothesis was that ulceration on DCE-US would also represent

a risk factor for symptomatic status.

8.2 Methods

Ethical approval was obtained prior to commencing the study (Ref 09/H0706/89).
Patients gave written informed consent to participate in this prospectively recruited, cross-
sectional study. From a previous study it was anticipated that generalised perfusion plague

would be found in 6% of asymptomatic individuals (209). Sample size calculation
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determined 22 patients per group were required to demonstrate a difference of 50% versus
5% in generalised plaque perfusion, between symptomatic and asymptomatic patients with

90% power and a 5% false positive rate.

Seventy-two consecutive patients with a discrete 50-99% internal carotid artery
stenosis (NASCET equivalent (31)) were recruited from neurovascular clinics between
January 2011 and January 2012 (Figure 58). Inclusion criteria were: male or female patients
aged 18 years or over with a discrete 50-99% internal carotid artery stenosis. Exclusion
criteria were: atrial fibrillation, mechanical heart valve, cardiomyopathy, elevated troponin,
contrast contraindication, NYHA III/IV cardiac failure, myocardial infarction within 3 months
and ischaemic symptoms >4 weeks prior to recruitment (to avoid the effects of remodelling
post rupture) . Sixteen patients (22%) were excluded for the following reasons: 5 declined,
3 severe cardiorespiratory co-morbidity, 3 severe calcification, 2 alternate embolic source, 1
tandem carotid lesions, 1 other contraindication to SonoVue, 1 recurrent stenosis following
endarterectomy, leaving a total of 56 patients (78%) who entered the study. Of the
symptomatic patients, 11/26 (42%) had an ipsilateral carotid territory stroke, 10/26 (38%)
had an ipsilateral carotid territory transient ischaemic attack and 5/26 (19%) had ipsilateral
amaurosis fugax. Of the control patients who had been tested for asymptomatic carotid
disease, 18/30 (47%) were referred from a neurologist, 10/30 (33%) were referred from a
vascular surgeon because of arterial disease in another territory and 2/30 (7%) were
referred because of risk factors. An independent stroke physician assigned the diagnosis of
carotid territory ischaemic symptoms after a workup including intracranial computed
tomography, 24 hour electrocardiogram, troponin | result and for cases of amaurosis fugax,
an ophthalmic opinion. If no history of stroke, transient ischaemic attack or amaurosis fugax

was present, an asymptomatic status was recorded.

An initial colour Doppler scan was performed by an independent vascular scientist
(minimum 2 years of carotid ultrasound experience) where luminal stenosis and plaque
ulceration (>1.5mm discrete surface indentation with pulsating colour fill) were recorded

live at the time of examination.

DCE-US was performed using a Philips iU22 system by A.T. (1 year of carotid DCE-US

experience). An L9-3 transducer and the following standard settings were used: mechanical
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index 0.06, 2D gain 80%, focal depth 4cm, vertical centred time-gain curve, XRES on and
persistence at medium (as quantification was not being performed, these last two served to
improve the image quality). A 2ml bolus of intravenous SonoVue (Bracco, Milan, Italy) was
injected into a 20 gauge cannula in the right antecubital fossa. A dose of 2ml was used,
rather than the 1ml suggested for quantification, as it proved insufficient for the detection
of moving intraplaque microbubbles in very elderly patients, or those on beta-blockers. A
one minute video loop from the point of contrast injection was captured, centred on the
plaque in longitudinal section. After 10 minutes this was repeated. Patients were observed

for 30 minutes post injection for adverse events.

Assessed for eligibility (n=72)

Excluded (n=16, 22%)

+ SonoVue contraindication (n=4)
+ Severe acoustic shadowing (n=3)
+ Alternate embolic source (n=3)
.
.

v

Prior endarterectomy (n=1)
Declined (n=5)

A 4 Y

Symptomatic (n=26) Asymptomatic (n=30)
« Ipsilateral stroke (n=11)

« Ipsilateral carotid territory TIA (n=10)
« Ipsilateral amaurosis fugax TIA (n=5)

Figure 58: Study flow diagram. Seventy-eight percent of those screened were scanned as part of the clinical
study, with approximately a 1:1 symptomatic to asymptomatic breakdown.
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Image analysis

DICOM video loops were exported for blinded, offline analysis by an independent
vascular radiologist (Y.Z. 10 years of vascular carotid ultrasound experience). This was
repeated by the sonographer (A.T.) for inter-reader comparison. Images were graded
acceptable or unacceptable according to whether there was a clear view of the plaque and
adequate enhancement, judged by the presence of moving microspheres in the soft tissue
superficial to the carotid. Randomly moving microspheres were considered as real
perfusion, whereas static enhancement was considered artefact. A training phase where
ten pre-recorded image loops were graded in consensus was performed before the main

study.

The previous chapter identified problems with quantification of signal intensity in
the far wall of the carotid artery. Therefore in this study a simple binary grading system for
perfusion was used: grade 0 representing 0-50% of plaque area containing moving
microspheres and grade 1 representing >50% area of plague area containing moving
microspheres (Figures 59 and 60). Ulceration was recorded if a 21.5mm focal surface
indentation communicating with the vessel lumen was visible on DCE-US (Figure 59). This
depth was chosen because the axial resolution of the system was 1mm and both
investigators were confidently able to agree on the presence of ulceration of 1.5mm. Below
this depth it was difficult to distinguish ulceration from irregularity (analogous to the
situation with plaque and intima-media thickness). It is noted that other investigators have

used a range of 1-2mm to define ulceration with colour Doppler (102, 241).
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istance 1 = 2.43 mm
I

Figure 59: Dynamic contrast enhanced ultrasound image of patient with ipsilateral stroke demonstrating a
2.Amm deep ulcer (red line) and generalised plaque perfusion (yellow arrow). Source: Ankur Thapar (with

permission from patient).

Figure 60: Dynamic contrast enhanced ultrasound image of an asymptomatic patient with smooth plaque and

minimal plaque perfusion. Source: Ankur Thapar (with permission from patient).

Statistical analysis

Sample size calculation was performed using PASSv11 (NCSS, Utah, USA) using a one
degree of freedom chi-squared test, inferring statistical significance below p<0.05.
Statistical analysis was performed using MedCalc vl11l (MedCalc software, Mariakerke,
Belgium). Continuous variables were checked for normality and differences between the

groups assessed using the student’s t-test or the Mann-Whitney test. Differences in
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proportions were assessed using Fisher’s exact test. Intra and inter-observer reproducibility

were assessed using Cohen’s kappa.

8.3 Results

Baseline demographics and univariate analysis

Demographic details of the 56 patients are shown in Table 18. Symptomatic patients
had a higher degree of stenosis (77% SD 16 versus 67% SD 15, p=0.03) and were less likely to
be on antiplatelet therapy (17/26 [65%)] versus 28/30 [93%], p=0.02).
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Symptomatic

Variable Asymptomatic

Number of patients 30 26 -

Age (years) 68 (SD 9) 73 (SD 11) 0.06
Male gender 21 (70%) 15 (58%) 0.41
Ipsilateral NASCET stenosis (%) | 67 (SD 15) 77 (SD 16) 0.03*
Prior ipsilateral symptoms 2 (7%) 4 (15%) 0.40
Prior contralateral symptoms 8 (27%) 2 (8%) 0.09
Diabetes 6 (20%) 6 (23%) 1.00
Antihypertensive therapy 22 (73%) 20 (77%) 1.00
Statin therapy 24 (80%) 18 (69%) 0.38
Antiplatelet therapy 28 (93%) 17 (65%) 0.02*
History of smoking 20 (67%) 12 (46%) 0.18
Parental CVA 8 (27%) 4 (15%) 0.35
PAD 11 (37%) 5 (19%) 0.24
Ml 5 (17%) 1(4%) 0.20

Table 18: Univariate analysis of baseline risk factors. Of the 26 symptomatic patients, 11 (42%) had an
ipsilateral carotid territory stroke, 10 (38%) had an ipsilateral carotid territory transient ischaemic attack and 5
(19%) had ipsilateral amaurosis fugax. *indicates a statistically significant difference between the groups using

a t-test or Fisher’s exact test. Prior symptoms refer to carotid territory events such as stroke, transient

ischaemic attack, amaurosis fugax and retinal infarction.

Generalised plaque perfusion was seen in 9/26 (35%) of symptomatic and 12/30

(40%) of asymptomatic patients (Figure 61). There was no significant difference in the
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proportion of patients with generalised plaque perfusion between the groups (OR 0.79, 95%
C1 0.27 —2.36, p=0.78).

Ulceration was seen in 4/56 (7%) of patients with colour Doppler and 9/56 (16%)
with DCE-US (p=0.24) (Figure 61). The concordance between the two modalities was 47/56
(84%). The sensitivity, specificity, positive predictive value and negative predictive value of
ulceration on colour Doppler for identifying patients with ipsilateral symptoms were 25%,
52%, 4% and 90% respectively. Using colour Doppler there was no significant difference in
ulceration between symptomatic or asymptomatic patients (1/26 v 3/30, p=0.62). With
DCE-US there was a trend towards more ulceration in symptomatic patients (7/26 v 2/30,
OR 5.2, 95% Cl 0.96 — 27.6, p=0.07) (Figure 62). The sensitivity, specificity, positive
predictive value and negative predictive value of ulceration alone with DCE-US for

identifying patients with ipsilateral symptoms were 27%, 93%, 78% and 60% respectively.

50 Hl Generalized perfusion DCE-US
B Ulceration DCE-US
3 Ulceration Doppler

40

n=9

% of patients

Symptomatic Asymptomatic

Figure 61: Proportion (n=absolute number) of patients with generalised perfusion and ulceration on dynamic
contrast enhanced ultrasound and Doppler. There was a trend towards more ulcers in symptomatic patients,

but only with DCE-US (p=0.07).
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Ulceration on DCE-US and generalised perfusion co-localised in 6 patients, of whom

4 were symptomatic and 3 were asymptomatic.

Reproducibility

For plague perfusion intra-reader reproducibility was moderate (k=0.43) and inter-
reader reproducibility was moderate (k=0.49). For ulceration on DCE-US, intra-reader

reproducibility was good (k=0.87) and inter-reader reproducibility was good (k=0.64).

Multivariate analysis

Variables with a p-value <0.1 were checked for collinearity in a correlation matrix
(Table 19). Of particular interest was the relationship between ulceration and other risk
factors such as stenosis and generalised perfusion. Three multivariate models were
constructed to identify if ulceration was an independent predictor of symptomatic status
(Tables 20 and 21). After adjustment for significant confounders (stenosis and lack of
antiplatelet therapy), ulceration showed only a trend towards an increased odds of

predicting symptomatic status (OR 2.77, 95% Cl 0.41-18.94).
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Antiplatelet

Contralateral

event

Generalised

perfusion

Stenosis

Ulceration

Age Correlation Coefficient - 0.013 -0.020 -0.016 0.090 0.016
Significance Level p 0.9219 0.8856 0.9083 0.5081 0.9057
n 56 56 56 56 56
Antiplatelet Correlation Coefficient 0.013 - 0.113 0.104 0.117 -0.151
Significance Level p 0.9219 0.4063 0.4436 0.3891 0.2673
n 56 56 56 56 56
Contralateral Correlation Coefficient -0.020 0.113 - 0.024 0.103 -0.077
Significance Level p 0.8856 0.4063 0.8602 0.4515 0.5723
event
n 56 56 56 56 56
Generalised Correlation Coefficient -0.016 0.104 0.024 - -0.128 0.264
Significance Level p 0.9083 0.4436 0.8602 0.3486 0.0496
perfusion
n 56 56 56 56 56
Stenosis Correlation Coefficient 0.090 0.117 0.103 -0.128 - 0.300
Significance Level p 0.5081 0.3891 0.4515 0.3486 0.0248
n 56 56 56 56 56
Ulceration Correlation Coefficient 0.016 -0.151 -0.077 0.264 0.300 -
Significance Level p 0.9057 0.2673 0.5723 0.0496 0.0248
n 56 56 56 56 56

Table 19: Correlation matrix demonstrating the weak positive correlation between ulceration and stenosis and

between ulceration and generalised perfusion (shaded). All variables with a p<0.1 have been included.

Pearson correlation coefficient for parametric variables.
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Model 1 p 3

5.16 (0.97 — 3.69 (0.65-21.06)
27.56)
NASCET Stenosis (per %) | - 1.03 (0.99-1.07) 1.05 (1.01-1.10)
No prior antiplatelet - - 11.96 (1.85-77.52)
therapy
c-statistic 0.60 (0.46-0.73) | 0.68 (0.55-0.80) | 0.80 (0.67-0.89)

Table 20: Results of logistic regression analysis for the outcome of symptomatic status. Numbers in the table
refer to odds ratios and 95% confidence intervals. Model 1 = univariate analysis using ulceration on DCE-US.
Model 2 = ulceration adjusted for stenosis. Model 3 = ulceration adjusted for stenosis and antiplatelet
therapy. C-statistic = concordance statistic, representing model fit. Ulceration was not an independent
predictor of symptomatic status. Antiplatelet therapy was the most powerful predictor of symptomatic status.

Further details of the coefficients for model 3 are shown in Table 21:

Variable Coefficient Std. Error p
Ulceration 1.02 0.98 0.30
Stenosis per % 0.05 0.02 0.03
Lack of prior antiplatelet 2.48 0.95 0.01
therapy

Table 21: Regression coefficients with standard error and statistical significance level of independent variables
in model 3, consisting of ulceration, stenosis and lack of prior antiplatelet therapy. Note that after adjustment
for confounders, the regression coefficient for ulceration had a large standard error and was non-significant.
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8.4 Discussion

The results of this study demonstrate that visual grading of plaque perfusion
appeared subjective and did not confer any benefits in the identification of culprit carotid
atheroma. DCE-US reported more ulcers than colour Doppler, with improved
reproducibility. This could be expected as the addition of luminal contrast is the basis for
detection of ulcers on angiography. Plaque ulceration on DCE-US was more specific to
patients with ipsilateral symptoms. This requires histological validation. However plaque
ulceration on DCE-US showed only a trend towards increased prevalence in symptomatic
individuals on univariate analysis. Ulceration was not a significant predictor of symptomatic
status on multivariate analysis and was weakly collinear with stenosis and lack of
antiplatelet therapy. Antiplatelet therapy was the major clinical risk factor in this study for

symptomes.

The finding that 7% of asymptomatic persons and 27% of symptomatic patients have
ulcerated plaques is interesting as they roughly represent the number of patients needed to
treat with endarterectomy to prevent one stroke. This may be a coincidence or may reflect
a high risk subset within these two groups, who go on to suffer stroke. In a population with
a high prevalence of ulceration, for example, symptomatic patients with moderate stenosis,
it may be interesting to assess baseline ulceration and ipsilateral neurovascular events in a
prospective fashion. In NASCET, angiographic ulceration was independently been shown to
be prognostic for future events in symptomatic patients and therefore this is a potential
hypothesis for further study (242), perhaps particularly in those with moderate symptomatic

stenosis.

Ulceration on pre-operative angiography has been demonstrated in a large
histopathological study of endarterectomy specimens of patients with cerebrovascular
symptoms, to be strongly associated with the presence of microscopic plaque rupture and
intraplague haemorrhage (188). This supports the argument that ulceration on luminal
contrast imaging is a risk marker for a culprit plague. However it added only borderline
discriminatory information regarding symptom status in the present study, perhaps because

ulceration is less prevalent than microscopic fibrous cap rupture.
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Other investigators have found rates of generalised plaque enhancement in 42-80%
of symptomatic patients in comparison with 5-30% of asymptomatic controls (209, 232).
There may be several reasons why we did not find a difference between these two groups.
Firstly, ultrasound is uniplanar and plaque perfusion may be heterogeneous. Secondly,
other investigators excluded calcified plaques without acoustic shadow, a few of which were
included in this study. Thirdly, there were more smokers in the asymptomatic group and
this may have increased the levels of neovascularisation. Finally the technique itself was

somewhat subjective (intra-reader k=0.43).

The strengths of this study are that it was reader blinded, using DCE-US to examine
risk markers which previously been determined histologically. The limitations of this study
are firstly, that plaque perfusion was graded visually and this system lacked reproducibility.
Other groups have used either a two or three point grading system (209, 230), however it is
difficult in practice to distinguish between absent (grade 0) and low grade (grade 1)
perfusion. Indeed this group now also have switched to a two point system (230).
Quantification was not attempted in this study due to the problem of non-linear
propagation (243). It was noted that 1ml of contrast, although more suitable for
guantification, was insufficient with current settings for visual plaque assessment of
perfusion in those with a lower cardiac output (elderly or beta-blocked). To ensure there
was adequate enhancement 2ml was used, however this much contrast was not required in
most patients. Secondly, DCE-US was unsuccessful in assessing heavily calcified lesions, 3 of
which were excluded in this study. For these lesions, other risk stratification techniques
such as transcranial Doppler may be more appropriate. Thirdly, this study lacked a
histological reference standard for ulceration. When considering whether this should be
macroscopic assessment of ulceration or microscopic assessment of plaque rupture with
luminal thrombus, it should be noted that agreement between visual macroscopic
assessment and angiography for ulceration was poor in NASCET and the same is likely to be
true for contrast enhanced ultrasound (244). If ulcerated plaques do not demonstrate
microscopic plaque rupture on serial sectioning, then there is little biological basis for their
use as a vulnerability marker. Fourthly, the lower stenosis range in asymptomatic patients
may reflect a selection bias, as patients with high grade asymptomatic stenosis are

considered for endarterectomy at our institution. Finally, the reference standard was
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clinical and it may be that some patients were incorrectly classified. For symptomatic
patients this was minimised by excluding those with abnormal clinical, electrocardiogram or
troponin results.  With respect to asymptomatic patients, only a small proportion of
patients with asymptomatic stenosis in the UK (=1% per annum) (165), progress to
symptomatic status and therefore the number of vulnerable plaques in this group was likely

to be low .

The findings of this study are that visual assessment of intraplaque perfusion did not
add significant benefit in identifying patients with ipsilateral hemispheric symptoms.
Ulceration demonstrated a trend towards an increased prevalence in symptomatic
individuals and was reproducible. Future research could focus on the validity and predictive
value of ulceration on DCE-US for future stroke in symptomatic patients with moderate (50-

69%) stenosis.
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9.0 Carotid plaque texture analysis

9.1 Introduction

Practical tests for vulnerable carotid plaque are sought to reduce the number
needed to treat with endarterectomy for asymptomatic carotid stenosis. As the first line
investigation for carotid stenosis in the United Kingdom, carotid ultrasound(30) , is ideally
suited to characterising plaque structural features which are associated with ipsilateral
symptoms. In 2009, the European Society for Vascular Surgery recommended “plaque
morphology should be assessed in all cases before invasive treatment” (44). This is
particularly important in populations where stenosis is not a clinically useful measure of risk,
e.g. symptomatic patients with 50-69% stenosis and asymptomatic patients with 50-99%

stenosis.

Plague morphology analysis began with a binary separation of plagues on B
(brightness) mode images into echolucent, isoechoic and echodense (176), followed by
categorisation into plaque types by Gray-Weale (173) and subsequently Geroulakos (174),
then into a continuous measure grey scale median (175) and recently by measuring the
juxtaluminal echolucent component (204). Investigators are split as to which classification is

the most discriminatory and all are in current use in prognostic trials (164, 179, 245, 246).

The aim of this study was to examine whether echolucency was a stronger

discriminator than stenosis was in the previous chapter.

The primary hypothesis was that grey scale median identifies symptomatic patients
more accurately than stenosis. The exploratory hypothesis was that a spatial measure of
echolucency, percentage juxtaluminal echolucent area would show a better discriminatory
ability than grey scale median for identifying images from symptomatic patients. Total
juxtaluminal echolucent area was chosen as it accounts for 2 component plaques (near and
far wall) and takes into account the overall area of the plaque, unlike largest juxtaluminal

echolucent area used by other authors (204).
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9.2 Methods

Ethical approval was gained in advance to perform this prospectively recruited cross-
sectional study (ref 09/H0706/89). Written informed consent to participate was obtained
from participants. A sample size calculation was performed (MedCalc v11l, MedCalc
software, Mariakerke, Belgium). This determined that 46 patients per group were required
to demonstrate a difference between c-statistic (the area under a receiver operator
characteristic curve) of 0.8 (for grey scale median) and 0.6 (for stenosis, from previous
chapter) with 80% power and a 10% false positive rate. The power and false positive rates
were set in light of the number of patients which were likely to be recruited over one year

from a single centre.

Inclusion criteria were 50-99% haemodynamic (NASCET equivalent) internal carotid
artery stenosis on ultrasound. For symptomatic patients an ipsilateral carotid territory
stroke, transient ischaemic attack, episode of amaurosis fugax or retinal infarction within 28
days of recruitment confirmed by an independent stroke neurologist was required, along
with no evidence an alternative thromboembolic source on 24 hour electrocardiogram, full
blood count, coagulation profile and troponin I. The time point of four weeks was chosen as
a cut-off to avoid substantial plague remodelling (decrease in echolucent constituents such
as intraplague haemorrhage) in symptomatic patients (34). Echocardiography and 24 hour
electrocardiography were performed on those who had a clinical indication: bilateral
cerebral infarcts, palpitations, cardiomegaly, left ventricular hypertrophy or raised troponin
I. For asymptomatic patients no symptoms, signs or history of prior clinical events were

permissible in the ipsilateral carotid territory. A flow diagram is shown in Figure 62.

Exclusion criteria were free floating thrombus, tandem carotid lesions, established
alternative embolic source, recurrent stenosis, prior irradiation, masking neurological

condition and acoustic shadowing concealing >50% of the plaque area due to calcification.

Patients were imaged using a Philips iu22 ultrasound platform and an L9-3 linear
array broadband transducer (A.T.). Anterolateral, lateral and posterolateral scanning angles

were tried to give the best image. Gain settings were maintained between at 30-40%, time-
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gain curve gently sloping to the right at depth, except for the lumen section which was kept
vertical, focus encompassing the plague which was kept horizontal in the centre of the
image. The section of the plaque chosen for capture was the largest area of plaque where
the plaque and intima media thickness was sharply in focus and a colour Doppler signal was
visible through the lumen (Figure 63). Images were anonymised using a study identifier.

One artery per patient was imaged to avoid data clustering.

Screened for eligibility (n=118)

Excluded (n=19)
e Severe acoustic shadowing (n=6)
e Hyperacute endarterectomy (n 2)
Alternative embolic source (n=4)
e Uncertain symptomatic status (n=3)
e Event >6 months previously (n=3)
e Declined (n=1)

A 4
°

A 4 A 4

Symptomatic (n=49) Asymptomatic (n=50)
+ Ipsilateral stroke (n=25)
« Ipsilateral carotid territory TIA (n=18)
« Ipsilateral amaurosis fugax TIA (n=6)

Figure 62: Flow diagram of recruitment for the study. Out of 118 patients screened, 99 (84%) underwent
ultrasound imaging and entered the study whilst 19 (16%) were excluded for reasons shown above. Each
patient underwent ultrasound imaging of one carotid plaque, which was analysed by an independent

radiologist.
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Image analysis

Images were analysed offline by an independent vascular radiologist (Y.Z. — ten
years’ carotid ultrasound experience), who had undergone training in plaque texture
analysis before the study commenced. Plaque was identified as a focal structure
encroaching into the lumen of >50% of the surrounding intima-media complex (25). Where
acoustic shadowing was severe, plagues were excluded. For those where only a small
portion of the plaque was obscured, texture analysis was performed on the calcified cap,
and an estimate of plaque area was made (Figure 3). Images were adjusted for gain settings
by setting the pixel intensity of the lumen as a reference point of 0 arbitrary units and the
brightest adventitial segment as 190 arbitrary units. Images were adjusted for differing
depth settings by manually selecting a 10mm distance on the image and re-pixelating to 20

pixels/mm, enabling standardised area measurements to be calculated.

T—— T G, —

Figure 63: Colour Doppler image capture of a type V carotid plaque. The artery was captured running
horizontally through the field of view. The adventitia is sharply defined as an echogenic stripe, a focal
thickening (plague) with a calcified cap and acoustic shadow is visible (type V plaque). A small near wall
component (small arrow) and a larger far wall component (large arrow) are visible. For calculation of are, both
segments of the plaque was outlined manually. However for calculation of grey scale median only the
echogenic area was used, to avoid inclusion of the acoustic shadow. Source: Ankur Thapar (with permission

from patient).
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Grey scale median measurements were extracted after manual outlining of the
plague, as the normalised median pixel intensity of the plaque. Juxtaluminal echolucent
areas were manually outlined as a black area (normalised pixel intensity of 0-25) on
parametric imaging (Figure 64). In plaques with distinct near and far wall components, the
total juxtaluminal black area and the largest single near or far wall juxtaluminal black area
were also measured. Plaque type was automatically classified using acoustic shadow-free
areas of the plaque (Figure 64): type | plagues had <15% of plaque area comprising pixel
grayscale values >25, type Il plaques had 15-50% of plaque area comprising pixel grayscale
values >25, type Ill plagues had pixel 51-85% of plaque area comprising pixel grayscale
values >25, type IV plaques had 86-100% of plaque area comprising pixel grayscale values
>25. Type V plagues resembled type IV plagues however acoustic shadowing obscured the
base of the plagque. Type 1 and 2 plaque were categorised as echolucent and types lll, IV
and V as echogenic. Plaque area was manually outlined as the sum of any plaques at the
carotid bifurcation using power Doppler still images and video loops as a guide. Stenosis
was calculated as per consensus UK guidelines by the vascular scientist primarily scanning
the patient, using peak systolic velocities, but using velocity ratios or after computed

tomographic angiography if unclear (31). Figure 65 depicts a sample analysis.
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Echolucent plaque, type |

Ultrasound cannot differentiate lipid from necrosis
or intraplague haemmorhage, or measure cap
thickness.

Heterogeneous plaque, type Il

Fibrous plaque, type lll

Ultrasound cannot reliably differentiate fibrous
plaque from fibroatheroma

Calcified plaque type IV

Ultrasound cannot easily image the core of
the plaque due to reflection of sound waves
from echogenic cap

Plaque with acoustic
shadow type V

Far wall plaque component inaccessible to
ultrasound due to acoustic shadow

Figure 64: Pictorial representation of the 5 conventional plaque types using ultrasound (174). Where plaques
are difficult to visualise, colour Doppler images have been used. Note that when actually determining plaque
type only normalised B-mode images are used. This is because the use of colour Doppler artificially lowers the

B-mode gain and decreases B-mode resolution. Source: Ankur Thapar (with permission from patients).
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Figure 65: Example of plaque texture analysis screen from Plaque Texture Analysis software version 4
(lconsoft, UK). An echolucent, type 2 plaque with a single discrete white area is seen (top). The plaque type,
area and grayscale pixel median intensity were automatically calculated after the plaque border was manually
outlined using a colour or power video clip and still image. Below a parametric image (a colour mapped
representation of B-mode pixel intensity, with lighter colours representing bright pixels) has been used to aid

manual outlining of the juxtaluminal black area (48mm?). Source: Ankur Thapar.

Statistical Analysis

Data were checked for normality and appropriate parametric (t-test) or non-
parametric (Man-Whitney) tests used. Statistical significance for univariate analysis was
inferred below p<0.05. The sensitivity, specificity, diagnostic odds ratio and area under the
receiver operator characteristic (ROC) curve were calculated for stenosis, grey scale median,
echolucency and type Il plaque. Inter-sonographer reproducibility was calculated using the

intra-class correlation coefficient and Bland-Altman methodology.
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Candidate imaging variables were checked for collinearity using a correlation matrix.
Independent variables were entered into a logistic regression model manually, starting with
those that were statistically significant on univariate analysis. The output of the models was
the area under a receiver operator characteristic curve (concordance or c-statistic),

estimating the predictive ability of the model for symptomatic status.

9.3 Results

118 consecutive patients were screened for eligibility for this study between May
2011 and May 2012 (Figure 62). After screening 19 (16%) patients were excluded (6 had
severe acoustic shadowing, 2 underwent hyperacute endarterectomy before image capture
could be performed, 2 had concurrent atrial fibrillation and were not anticoagulated, 2 had
tandem carotid lesions, 3 had uncertain symptomatic status, 3 had an ipsilateral stoke >6

months previously and 1 patient declined).

In total, 99 arteries from 99 patients were analysed. The mean age of patients was
71 years (SD 11) and 62/99 (63%) were male. These patients had carotid duplex performed
due to the presence of peripheral arterial or aortic aneurysmal disease (n=30, 30%) or new
neurological symptoms (n=68, 69%) or through private screening (n=1, 1%). Fifty were
asymptomatic and 49 were symptomatic. Of the symptomatic group, 6 (12%) had
amaurosis fugax, 18 (37%) had a transient ischaemic attack and 25 (51%) had ischaemic

stroke. The median time from last symptom was 4 days (IQR 1-18 days).
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Patient demographics

Baseline demographics are shown in Table 22:

Variable Asymptomatic Symptomatic

group group

n=50 n=49
Age 70 (SD 12) 72 (SD 10) 0.28
Male gender 34 (69%) 28 (57%) 0.30
Regular antihypertensive use 42 (84%) 39 (80%) 0.61
Regular statin use 40 (80%) 24 (49%) 0.003*
Regular antiplatelet use 38 (76%) 25 (51%) 0.01*
Diabetes 16 (33%) 8 (16%) 0.10
Parental stroke 11 (22%) 10 (20%) 1.00
Current smoker 8 (16%) 16 (33%) 0.06
Prior ipsilateral 1 (2%) 6 (12%) 0.06
stroke/T1A/amaurosis
Prior myocardial infarction 6 (12%) 4 (8%) 0.74
Peripheral arterial disease 8 (16%) 6 (12%) 0.77
Aortic aneurysm 2 (4%) 1 (2%) 1.00

Table 22: Results of univariate analysis of baseline demographics. Statistically significant differences are

shown in grey with an asterisk.
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Plague texture characteristics

Plaque texture characteristics are shown in Table 23:

Variable Asymptomatic Symptomatic

group group

n=50 n=49
NASCET stenosis (%) 60 (IQR 50-80) 70 (58-90) 0.09
Echolucent plaque type (1 or 2) 18 (36%) 29 (59%) 0.03*
Type Il plaque 14 (28%) 26 (53%) 0.01*
Plaque area at bifurcation (mm?) | 47 (SD 19) 52 (SD 22) 0.21
Grey scale median (0-256) 33 (IQR 22-49) 22 (11-52) 0.21
Juxtaluminal echolucent 17 (6-38) 30 (0-47) 0.55
proportion (%)
Largest juxtaluminal echolucent 7 (2-14) 10 (1-22) 0.17
area (mm?)

Table 23: Results of univariate analysis of plaque texture features. Statistically significant differences are

highlighted with an asterisk.
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Accuracy of grey scale median versus stenosis for identification of symptomatic status

To estimate the accuracy of grey scale median and stenosis for identification of
plaques from symptomatic individuals, a receiver operator characteristic curve was plotted.
The c-statistic for stenosis was 0.60 (95% Cl 0.49-0.71) and for grey scale median 0.57 (95%
Cl 0.46-0.69). Neither was significantly better than chance for identification of symptomatic

status (p=0.09 for stenosis and p=0.21 for grey scale median respectively). Results are

depicted in Figures 66-68.

ROC curve for stenosis and symptomatic status
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Figure 66: Receiver operator characteristic (ROC) curve for luminal stenosis in identifying plaque images from

symptomatic patients. The area under the curve (c-statistic) was 0.60 and was not significantly better than

chance (p=0.09).
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ROC curve for GSM and symptomatic status
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Figure 67: Receiver operator characteristic (ROC) curve for grey scale median (GSM) in identifying plaque
images from symptomatic patients. The area under the curve (c-statistic) was 0.57 and was not significantly

better than chance (p=0.21).
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Figure 68: Receiver operator characteristic (ROC) curve for percentage total (upper and lower plaque
components) juxtaluminal black area in identifying symptomatic patients. The area under the curve (c-statistic

was 0.53 and this was not significantly better than chance p=0.55).
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Breakdown of plaque types by symptomatic status
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Figure 69: Breakdown of plaque types by symptomatic or asymptomatic status. There were more type Il and

less type Ill plaques in the symptomatic group. Plaque type refers to the Geroulakos classification (174).
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For the categorical variables echolucency and proportion of type Il plaques,

diagnostic accuracy statistics were calculated as shown in Table 24:

Echolucency Type Il plaque

Sensitivity 59% 65%
Specificity 64% 61%
Positive predictive value 62% 53%
Negative predictive value 62% 72%
Diagnostic odds ratio (95% CI) | 2.58 (1.15-5.80) | 2.91(1.23-6.70)

Table 24: Test statistics for echolucency and type Il plaque for identifying symptomatic patients.

Reproducibility

To ascertain the inter-separately sonographer reproducibility of plague texture
analysis, 20 random patients were scanned separately by A.T. and the on-duty vascular

scientist. The results were read offline by the same vascular radiologist (Y.Z.).

To ascertain the inter-reader reproducibility of plaque texture analysis, the full 99
images taken by A.T. were analysed separately by Y.Z. and A.T. Results are shown in Tables

25 and 26. Bland-Altman plots for continuous variables are available in Appendix 3.
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Variable Reproducibility Measure

Plague type

Cohen’s kappa with linear

weighting

Statistic

0.65 (95% Cl 0.47-0.83)

Echolucent plaque

Cohen’s kappa

0.60 (95% Cl 0.26-0.94)

Grey scale median

Intra-class correlation
coefficient

0.84 (95% Cl 0.65-0.93)

Plague area

Intra-class correlation
coefficient

0.80 (95% Cl 0.57-0.92)

Largest juxtaluminal
echolucent area

Intra-class correlation
coefficient

0.59 (95% Cl 0.22-0.81)

Percentage juxtaluminal
echolucent area

Intra-class correlation
coefficient

0.67 (95% Cl1 0.33 - 0.85)

Table 25: Inter-sonographer reproducibility statistics. Kappa statistics of 0.41-0.60 correspond to moderate

agreement, 0.61-0.80 to good agreement and 0.81-1.00 to near perfect agreement.
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Variable Reproducibility Measure Statistic

Plaque type Cohen’s kappa with linear | 0.80 (95% CI 0.72 —0.88)
weighting

Echolucent plaque Cohen’s kappa 0.84 (95% Cl1 0.73 - 0.95)

Grey scale median Intra-class correlation 0.91 (95% C1 0.87 —0.94)
coefficient

Plaque area Intra-class correlation 0.75 (95% CI 0.65 — 0.83)
coefficient

Largest juxtaluminal Intra-class correlation 0.77 (95% CI1 0.68 — 0.84)

echolucent area coefficient

Percentage juxtaluminal Intra-class correlation 0.72 (95% CI1 0.61 - 0.80)

echolucent area coefficient

Table 26: Inter-reader reproducibility statistics. Kappa statistics of 0.41-0.60 correspond to moderate
agreement, 0.61-0.80 to good agreement and 0.81-1.00 to near perfect agreement.

Multivariate analysis

Multivariate analysis was undertaken to identify if plaque type was independently
associated with symptomatic status.
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Antiplatelet

Area
)

Largest
echolucent
area (mm?)

Echolucent
plaque

Stenosis (%)

GSM
(ALIU)

Total %

JLEA

Prior

ipsilateral

Statin

Type Il plaque

Antiplatelet Correlation Coefficient . . . . . . .
Significance Level p 0.7727 0.1358 0.2921 0.4682 0.4878 0.3044 0.6606 0.0180 <0.0001 0.8485
99 99 99 99 99 99 99 99 99 99
Area (mm©) Correlation Coefficient -0.029 0.343 0.076 0.214 -0.135 0.047 0.085 0.000 -0.106 0.126
Significance Level p 0.7727 0.0005 0.4566 0.0333 0.1816 0.6446 0.4001 1.0000 0.2943 0.2138
n 99 99 99 99 99 99 99 99 99 99
Largest Correlation Coefficient -0.151 0.343 0.731 0.258 -0.840 0.862 -0.134 0.120 -0.290 0.530
echolucent Significance Level p 0.1358 0.0005 <0.0001 0.0101 <0.0001 <0.0001 0.1860 0.2366 0.0036 <0.0001
area (mm? n 99 99 99 99 99 99 99 99 99 99
Echolucent Correlation Coefficient -0.107 0.076 0.731 0.152 -0.866 0.749 -0.110 0.087 -0.192 0.849
plaque Significance Level p 0.2921 0.4566 <0.0001 0.1341 <0.0001 <0.0001 0.2788 0.3897 0.0567 <0.0001
n 99 99 99 99 99 99 99 99 99 99
Stenosis (%) Correlation Coefficient -0.074 0.214 0.258 0.152 -0.205 0.203 0.055 0.048 -0.101 0.170
Significance Level 0.4682 0.0333 0.0101 0.1341 0.0419 0.0443 0.5891 0.6370 0.3181 0.0925
n 99 99 99 99 99 99 99 99 99 99
GSM Correlation Coefficient 0.071 -0.135 -0.840 -0.866 -0.205 -0.828 0.102 -0.109 0.116 -0.671
Significance Level 0.4878 0.1816 <0.0001 <0.0001 0.0419 <0.0001 0.3148 0.2827 0.2539 <0.0001
(ALIU) n 99 99 99 99 99 99 99 99 99 99
Total % Correlation Coefficient -0.104 0.047 0.862 0.749 0.203 -0.828 -0.142 0.123 -0.178 0.508
Significance Level p 0.3044 0.6446 <0.0001 <0.0001 0.0443 <0.0001 0.1623 0.2259 0.0775 <0.0001
JLEA n 99 929 99 99 99 99 99 99 99 99
Prior Correlation Coefficient 0.045 0.085 -0.134 -0.110 0.055 0.102 -0.142 0.021 0.034 -0.147
i Significance Level p 0.6606 0.4001 0.1860 0.2788 0.5891 0.3148 0.1623 0.8360 0.7418 0.1470
Ipsilateral n 99 99 99 99 99 99 99 99 99 99
event
Smoker Correlation Coefficient -0.237 0.000 0.120 0.087 0.048 -0.109 0.123 0.021 -0.216 0.043
Significance Level p 0.0180 1.0000 0.2366 0.3897 0.6370 0.2827 0.2259 0.8360 0.0317 0.6755
n 99 99 99 99 99 99 99 99 99 99
Statin Correlation Coefficient 0.559 -0.106 -0.290 -0.192 -0.101 0.116 -0.178 0.034 -0.216 -0.141
Significance Level p <0.0001 0.2943 0.0036 0.0567 0.3181 0.2539 0.0775 0.7418 0.0317 0.1626
n 99 99 99 99 99 99 99 99 99 99
Type ll Correlation Coefficient -0.019 0.126 0.530 0.849 0.170 -0.671 0.508 -0.147 0.043 -0.141
Significance Level p 0.8485 0.2138 <0.0001 <0.0001 0.0925 <0.0001 <0.0001 0.1470 0.6755 0.1626
plaque n 99 99 99 99 99 99 99 99 99 99

Table 27: Correlation matrix using the non-parametric Spearman rank correlation to assess the putative independent variables for collinearity. Bold and shaded, cells

indicate moderate to strong, statistically significant collinearity, whereas shaded cells alone represent weak statistically significant collinearity. Where this existed, the

variable with the lowest p-value on univariate analysis was chosen. For example in the case of type Il plaque and echolucent plaque, type Il plague was chosen for
multivariate analysis.
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Stenosis Type Il | Stenosis & | Clinical Best fit
alone plaque variables
type |
plaque
NASCET Stenosis 1.02 - 1.02 - -
(per % increase) (1.00-1.05) (0.99-1.04)
Type Il plaque - 291 2.71 - 3.22
(1.26-6.70) (1.16-6.30) (1.30-7.94)
Lack of statin| - - - 3.72 3.86
therapy
(1.47-9.41) (1.50-9.90)
Current smoker - - - - -
Prior ipsilateral - - - 8.52 11.92
event (0.94-76.90) | (1.28-
111.34)
c-statistic 0.60 0.63 0.66 0.68 0.75
(95% Cl) (0.50-0.70) | (0.52-0.72) (0.56-0.75) | (0.58-0.77) (0.65-0.83)

Table 28: Odds ratios for 5 logistic regression models with symptomatic status as the outcome variable. Model

3illustrates that when type Il plaque is used as a covariate, stenosis ceases to have an effect on outcome.

Model 4 illustrates the best model that could be achieved without plague imaging, whilst model 5 (best fit)

combines clinical and imaging features to give an area under the curve of 0.75.




Variable Coefficient Std. Error

Type Il plaque 1.17 0.46 0.01
Lack of statin therapy | 1.35 0.48 0.005
Prior ipsilateral CORI | 2.48 1.14 0.03

Table 29: Regression coefficients for the main independent variables used in model 5.

9.4 Discussion

The principal results of this study were that neither stenosis nor indeed grey scale
median were clinically useful discriminators in plague images from symptomatic patients.
The use of total juxtaluminal echolucent percentage area did not add useful discriminatory
information. However the presence of echolucent and especially type Il plaque in particular,
significantly increased the odds of symptomatic status, independently of stenosis.
Assessment of plaque type also demonstrated good inter-sonographer reproducibility.
When clinical and imaging variables were combined in a multivariate model, lack of prior
statin therapy, a prior ipsilateral event and type Il plaque were independent predictors of
symptomatic status with reasonable accuracy. The best fit model is exploratory and

requires validation in another population.

As expected stenosis was not a powerful discriminator for symptomatic status. Grey
scale median showed no statistically significant difference between groups because type |l
plagues are not the most echolucent plaque type (type I). The finding that echolucent
plagues increased the risk of future symptoms has been reported by others in prospective
studies (164, 171, 179). However in this study, an increase in the numbers of type Il
(echolucent and heterogeneous) plaque was the main difference between symptomatic and
asymptomatic individuals suggesting that focal areas of heterogeneity may be important.
These may represent areas of old intraplaque haemorrhage, an isoechoic plague with an

accumulation of echolucent surface thrombus, or a boundary between soft and hard
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components where shear stress changes abruptly, leading to areas where rupture may
occur. However as juxtaluminal echolucent area was not discriminatory in the present
study, this argues against surface thrombus adhering to an underlying isoechoic plaque. Or
this may simply represent a chance finding in the data. Investigators are split as to whether
plague heterogeneity increases or decreases risk (38, 164, 177). However, histologically,

little is known about these focal areas of echogenicity.

The strengths of this study are that it was a practical approach to risk stratification,
using a low-technology approach performed on an adequate number of individuals, with
blinded semi-automated analysis. The imaging marker with most promise, plaque type, was

reproducible enough to facilitate clinical translation.

There are several limitations to this study. Overall this study was designed to
identify variables with a strong association with symptomatic status for prospective study.
Therefore it cannot be concluded that type Il plaques are responsible for symptoms, as they
might be the effect of plaque rupture. Secondly an 80% power was chosen to allow a
recruitment to finish within a year. There is therefore a 20% chance of a false negative
result for grey scale median identifying symptomatic patients more accurately than stenosis.
However there was no trend seen towards this in the results. Thirdly, ultrasound is a
uniplanar technique and therefore it was seen that some quantitative variables such as grey
scale median and juxtaluminal hypoechoic area were prone to change with the plane of
image capture. Features such as plaque type are less prone to this problem. The situation
will only change with the advent of volumetric acquisition, which at present is under study.
Fourthly, ultrasound cannot image the intracranial internal carotid artery which may also
have atheroma present. As ultrasound is now the primary imaging technique for internal

carotid stenosis at our institution, only a handful of patients received alternative imaging.

The implications of this study are that echolucency or plague type should be included in
future prospective studies of plaque vulnerability. They represent reproducible and simple
measures that other groups also suggest have prognostic benefit. Plaque morphology
would be complemented by a simple marker of previous rupture or activity, perhaps
ulceration on DCE-US could be considered here. Researchers could consider plaque type or

echolucency a screening tool for further investigation such as transcranial Doppler or MRI.
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For clinicians, it is recommended those with a type Il plaque or a previous ipsilateral event,
receive adequate statin therapy to lower LDL to the high risk target of 1.8mmol/L as per

ESVS guidelines (95).

Conclusion

The results of this study suggest that grey scale median does not add significant
extra discriminatory information for symptomatic status, over and above luminal stenosis.
In this study, lack of statin use, prior event and type Il plague were independent risk factors
for symptomatic status. Further histological study of type Il plagues is required to identify if
histologically they correspond to a thin cap fibroatheroma and to understand the nature of
any echodense segments. Clinicians should ensure that patients with type Il plagues receive

adequate dose statin therapy.
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10.0 Final discussion

10.1 Significance of findings

The premise of this thesis was that there exists a subset of asymptomatic patients
with a vulnerable carotid plaque in whom early endarterectomy is beneficial and that

ultrasound may have a role in their identification.

The findings of this thesis were that if the results of the Asymptomatic Carotid
Surgery Trial were extrapolated to the United Kingdom, carotid endarterectomy was likely
to be cost-effective, according to current thresholds but that this was conditional on
background stroke rates (which are currently falling). Modelling the benefits of testing and
treating claudicants, an easily accessible, high prevalence population, would result in a very
small number of strokes saved, with a high cost per stroke saved due to a high number
needed to treat, relative to symptomatic individuals. This introduced the idea of selection
through imaging plaque vulnerability markers, of which detection of microembolic signals,
imaging of plaque echolucency with ultrasound and imaging intraplaque haemorrhage with
magnetic resonance imaging currently appear to hold promise. However, a low cost
screening modality may be useful as a gatekeeper for more expensive, more accurate

imaging tests.

The use of high mechanical index contrast-enhanced ultrasound was found to have a
problem with tissue suppression and therefore was not used further for plague assessment.
At low mechanical indices, perfusion in the far carotid wall, demonstrated a non-linear
propagation artefact which affect quantification of at least half of the visible atheroma,
which was a problem. Imaging of perfusion, the proposed precursor to intraplaque
haemorrhage, did not appear to show a large difference between symptomatic and
asymptomatic patients and the technique was subjective. Imaging of ulceration with
dynamic contrast enhanced ultrasound was reproducible and was very specific for
symptomatic individuals. However, it was not an independent predictor of risk. Finally a

specific type of echolucent plaque (type IlI) was found to cluster in symptomatic individuals

174



and was an independent risk marker. However it should be noted that simple clinical risk
factors such as prior antiplatelet and statin therapy were probably more important in

predicting symptomatic status than the sonographic appearance of the atheroma.

This thesis added new information regarding the cost-effectiveness of
endarterectomy for asymptomatic carotid atherosclerosis from a UK perspective. It also
added information for those planning vascular services on the cost and impact of testing for
asymptomatic carotid disease. The contrast enhanced ultrasound chapters identified
important issues for ultrasound engineers designing the next generation of non-linear pulse
sequences. An important finding was that the simpler the risk stratification variable, the

more likely it was to be reproducible and also discriminatory.

There were many limitations to this thesis, which are described in the individual
chapters. The main limitations were that the cost-effectiveness analysis relied on inferred
costs and trial data, rather than micro-costing data and real world results, e.g. from the
National Vascular Database. There are limitations with the concept of risk stratification
through carotid specific imaging biomarkers, which should be noted. Firstly, many existing
modalities measure the end product of rupture, e.g. microemboli and ulceration. These are
more likely to be useful in risk prediction in symptomatic patients with moderate carotid
stenosis, who are more likely to have these findings. Imaging the true precursors to
rupture, e.g. inflammation, plaque surface shear stress, intraplaque haemorrhage and
microvessel density are in their infancy and will take time to develop. There is a possibility
that by the time these modalities have been developed and implemented, there may be no
rationale for their use in the vast majority of asymptomatic patients, in whom risk factors
have been intensively treated. However they may add information to patients with
moderate symptomatic stenosis and may be important as surrogate endpoints for testing
novel therapies for atherosclerosis in phase |l trials. An example of this type of is the dal-
PLAQUE trial of cholesteryl ester transfer protein, which raises high density lipoprotein
cholesterol, whose vessel specific effects were monitored using PET-MRI in a randomised
phase Il trial (247), leading on to a larger phase Ill study post-acute coronary syndrome
(248). Thirdly, the small population selected for risk stratification will be dwarfed by the

much larger population who are not selected for testing and who, simply by virtue of their
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increased size will incur more strokes. This population can only be reached through
improved active monitoring of primary prevention, an important consideration for the
preventative vascular specialist. In this respect it is important for the Vascular Society to
work with the Joint British Societies preventative task force, as the European and US Society
for Vascular Surgery already do. Fourthly, once we identify high risk plaque phenotypes, it is
worth noting that they may be associated with a higher risk during endarterectomy. The
perioperative stroke rate in any high risk group requires national audit, to ensure that it

remains low enough to ensure benefit remains.

Moving on and considering the differing results of late phase imaging between
successive students, it is apparent that either the acquisition technique is extremely
subjective, or that without measuring baseline plaque intensity, a false positive was
detected, that was misinterpreted as retained contrast within plaque. This will no doubt be
clarified in future work by other investigators. There were limitations to all of the plaque
ultrasound studies, most importantly that they could have been prospective. This was
originally planned with late phase contrast enhanced ultrasound, however was discontinued
after the preliminary results. The last two chapters could have been combined into one
large study, however there two obstacles to this: firstly not all of the patients suitable for
plague texture analysis were suitable for contrast agents and secondly, the plaque texture
software was only available in the last year of work. A larger sample may have clarified the
role of ulceration on dynamic contrast enhanced ultrasound as a putative risk marker.
Finally, it is apparent that all quantitative or semi-quantitative ultrasound studies suffer
from a sampling error as they are uniplanar. This makes it difficult to reproduce certain
features such as greyscale median and juxtaluminal echolucent area. These static structural
features will only be made truly objective with the use of three-dimensional ultrasound, for
which a linear, electronic array (matrix) transducer suitable for vascular imaging, is being

developed by Philips.

Contrast enhanced ultrasound requires several technological developments before it
can be successfully used for quantification. Firstly, improved tissue suppression and single
microbubble detection at high mechanical indices is required to enable imaging of retained

contrast, following adherence and ingestion by phagocytes. It certainly is possible to detect
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single microbubbles in the carotid and therefore this avenue remains open to exploration

(Figure 74).

FR 20Hz
(35
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Figure 70: High mechanical index (Ml 1.3) bubble specific longitudinal image with complete tissue subtraction
(black background) in the human carotid during the late phase showing two resonating microbubbles (arrow).
Taken by Ankur Thapar and Professor Averkiou using a custom pulse sequence on a Philips iu22 machine. Note

that the microbubbles are not within a plaque (this has not yet been tested).

Secondly, considering low mechanical index techniques, a method of eliminating the
troublesome non-linear propagation artefact that affects perfusion quantification is
required. This is under investigation at the ERASMUS centre in Rotterdam, however there
are no published records of a solution as yet. Finally, a three dimensional assessment of
carotid plague morphology has been performed by our group (Figure 75), which may help

identify ulceration (249).
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Figure 71: Static three dimensional multi-slice longitudinal contrast enhanced image of ulcerated carotid
atheroma. Technology such as this could be used to improve the detection of ulceration (seen on one slice
only - red circle). Taken at a mechanical index of 0.27 at 40 seconds post contrast injection in the carotid on a
GE Logiq E9 ultrasound platform using the L6-16 linear transducer. Source: Ankur Thapar (with permission

from patient) (249).

Overall, although stroke secondary to carotid atherosclerosis will remain a problem,
into the next century, the role of risk stratification and surgery for asymptomatic individuals
is waning. Surgeons of today should become the vascular physicians of tomorrow, treating
their patients with aggressive and novel medical therapy. Quantitative imaging biomarkers
still have a role in phase Il studies of these drugs. However there is still a need for risk
stratification for symptomatic patients with 50-69% stenosis, in whom the prognostic value

of these quantitative imaging biomarkers can be studied.

10.2 Future work

There are a number of interesting possible avenues to explore both with

asymptomatic carotid cohorts and with contrast enhanced ultrasound.  The first question
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is how low is the stroke rate of an unselected European cohort of patients on modern
medical therapy? If it is less than 1% per annum, it is likely that we should stop testing for
the disease and focus on standard clinical risk factors. As alluded to earlier, a more relevant
population in the future for prognostic study is symptomatic patients with 50-69% carotid
stenosis. A cohort study using plaque texture, assessment of ulceration, along with
microembolic signals or intraplaque haemorrhage on MRI may be a worthwhile
international endeavour. Unfortunately because microembolic signals have been
demonstrated to be an independent prognostic risk factor to echolucency (179), there may
a problem in using them as a surrogate endpoint. It is ten years since landmark trials
examined the stroke rates in this group, who have a higher risk than asymptomatic
individuals (161), have readily identifiable vulnerability features (245) and who present to

stroke units in reasonable numbers without the need for extra case finding costs.

Considering the use of contrast enhanced ultrasound in vascular diagnostics, there
are two main avenues to pursue. Firstly a quantitative approach necessitates development
and testing of new high MI tissue suppression imaging modes (Figure 1) and low MI
pseudoenhancement suppression modes in carotid atheroma. These are issues for
ultrasound engineers to work on with industry in collaboration with clinicians. However
imaging the vasa vasorum may have equal benefit in another area: vasculitis. In this group
of conditions, a safe, repeatable vessel specific marker of disease activity is lacking and
could help target an appropriate dose of drug therapy. Secondly there still be a use for
gualitative contrast enhanced imaging in areas where patients are currently exposed to
repeated doses of ionising radiation and nephrotoxic contrast agents, e.g. detection of

occult endoleaks after endovascular aneurysm repair.

Considering echolucency, further work should focus on histological examination of
echolucent plaques in asymptomatic individuals, particularly the type Il plague, to establish
whether it has characteristics similar to the thin cap fibroatheroma. Considering the main
discriminator between stable and unstable plaques is fibrous cap rupture, it would be
interesting to see if either high frequency ultrasound could non-invasively quantify fibrous

cap thickness.
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10.3 Conclusion

Asymptomatic carotid atherosclerosis is becoming a relatively safer condition,
however the absolute numbers of strokes secondary to plaque rupture will increase as the
population ages and the number of years at risk rise. Risk stratification will still be necessary
but may be better targeted, in the future, to patients with moderate symptomatic carotid
stenosis. These new imaging biomarkers are likely to be incorporated into the phase Il
testing of new medical therapies in atherosclerosis. In asymptomatic disease there is likely
to be a role for vascular physicians to diagnose, medicate and monitor patients and to run

clinical trials of new medical therapies.
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Appendix 1: Supplementary information for cost-

effectiveness analysis

Analysis excluding crossovers for patient or physician preference

This supplementary information describes the method used to estimate the rate of

non-perioperative stroke if crossovers for patient or physician preference were excluded.

The ACST study provides rates of non-perioperative stroke from the intention to
treat analysis. The aim of this appendix is to estimate the rates of stroke following surgery
(r_cea_t, measured as events per person-year) and medical management (r_mm_t) at time
points t= 1 (at 5 years) and t=2 (at 10 years), in patients who comply with allocated

treatment.

The ACST found that the treatment effect diminished over time. One reason may be
the gradually increasing number of crossovers, which would be expected to bias the
treatment effect towards the null. At time period t, one can express the observed rate of

events in the intervention arm of the trial (R_1_t) as:
R 1 t=p(cea_1 t)r cea_ t+(1-p(cea_1_t))r_ mm_t

Where p(cea_1_t) is the proportion of patients who have received surgery in the
intervention arm by time t. Similarly, the observed rate of events in the control arm of the

trial at time t (R_2_t) can be expressed as:
R 2 t=p(cea_2 t)r_cea_t+(1-p(cea_2 t))r mm_t

Where p(cea_2 t) is the proportion of patients who have received surgery in the
control arm by time t . This assumes that the rate of events for non-medical crossovers in
the control arm is the same as the rate for those who complied with the allocation of

surgery in the intervention arm.
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At each time point t, there are in effect two simultaneous equations with two

unknown parameters (for a given probability of crossover). The unknown parameters (and

their standard errors) were estimated using WinBUGS 1.4 software. The number of stroke

events in each arm of the trial by each time point was assumed to be generated by a

Poisson process. Log-normal distributions were given to the unknown rate parameters.

The clinical trial provides the following data shown in Table 30.

Parameter Abbreviation Data
Rate of non-perioperative stroke in the intervention arm | R_1 1 56/6540
(with crossovers) per patient-year over the first 5 years (0.021)
Rate of non-perioperative stroke in the control arm (with [ R_2 1 140 / 6553
crossovers) per patient-year over the first 5 years (0.009)
Rate of non-perioperative stroke in the intervention arm | R_1 2 43/3042
(with crossovers) per patient-year at 10 years (0.014)
Rate of non-perioperative stroke in the control arm (with [ R_2 2 48 / 3003
crossovers) per patient-year at 10 years (0.016)
Proportion of elective surgery in the intervention arm at 5 | P(cea_1 1) 89.8%
years (assumed to be the same as at 1 year)
Proportion of elective surgery in the intervention arm at 10 | P(cea_1_2) 89.8%
years (assumed to be the same as at 1 year)
Proportion of elective surgery in the control arm by 5 years | P(cea_2 1) 15.8%
for non-medical reasons
Proportion of elective surgery in the control arm by 10 | P(cea_2 2) 22.4%

years for non-medical reasons

Table 30: Data for per the protocol analysis from the ACST (5).
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Appendix 2: Supplementary information for late phase
contrast enhanced ultrasound

Effect of mechanical index on background peak intensity of carotid atheroma

It was noted qualitatively, that at high mechanical index imaging there was an
abundance of artefact in the tissues surrounding the carotid. To examine the magnitude of
this effect on carotid plaque itself, axial flash images of 1 patient with a heterogeneous
carotid atheroma were captured at increasing mechanical indices, whilst remaining on

approximately the same axial section of plaque.

80+

n=1

Plaque signal/ALIU

1.5

Ml

Figure 72: Graph demonstrating background plaque signal before administration of contrast in a
heterogeneous carotid atheroma (n=1). This illustrates that at high mechanical index, there is incomplete
cancellation of static reflectors within plaque, leading to artefactual signal. Ml=mechanical index,
ALlU=arbitrary linear intensity units. Source: Ankur Thapar.
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Variability in the input function of an intravenous 2ml bolus of SonoVue

The input function of a bolus of intravenous contrast describes its time-intensity
profile, which can be described using a lognormal curve fit function. However the variability
of the input function in the carotid may be important when measuring the time-intensity

profile of a carotid plaque.

To establish the magnitude of the difference between 2 identical boluses in the same
person at the same sitting the following experiment was performed. 10 patients with
carotid atherosclerosis were administered a 2ml bolus of intravenous SonoVue. Imaging of
the carotid bifurcation was performed using standard low mechanical index settings
described in Chapter 7. The common carotid lumen intensity was measured using the
rectangle tool. Offline quantification was performed using linear data, fitted to a lognormal
curve. One further 2ml bolus was administered after 10 minutes to allow lumen intensity at

low MI to return to baseline.

The range of the intensity differences between bolus 1 and bolus 2 was -17.26 to
17.38 ALIU (arbitrary linear intensity units). These are the same order of magnitude as that
of carotid plague. The range of the time to peak intensity between bolus 1 and bolus 2 was

-2.60 to 3.08 seconds. This again is the variation between the lumen and plaque.

The results of this experiment showed that there are clinically relevant differences in
the input function between two identical 2ml boluses. These are important when
quantifying the perfusion characteristics of carotid plaque, as the input function will

determine the contrast density within the carotid during each examination.

This must be taken into account through normalisation of the plaque value to for

example, the corresponding lumen value, i.e. use of a ratio not an absolute number.
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Subject Lumen peak | Lumen WIT Lumen peak Lumen WIT A A

intensity bolus 1 intensity bolus 2 Intensity  WIT
bolus 1 bolus 2
) (ALIU)
(ALIU)

61.56 7.11 59.74 9.71 1.82 -2.60
2 48.26 21.78 51.08 18.7 -2.82 3.08
3 26.60 12.16 39.97 14.31 -13.37 -2.15
4 45.11 5.58 62.37 4.97 -17.26 0.61
5 37.04 6.26 19.66 7.71 17.38 -1.45
6 45.82 11.04 36.07 13.07 9.75 -2.03
7 34.99 10.46 37.05 11.17 -2.06 -0.71
8 29.59 5.51 36.83 5.43 -7.24 0.08
9 80.21 4.79 65.89 5.96 14.32 -1.17
10 72.40 8.80 73.31 8.80 -0.91 0.00

Table 31: Characteristics of a 2ml intravenous bolus of SonoVue in ten patients with carotid atherosclerosis.
ALIU = arbitrary linear intensity units, WIT=wash in time (representing time from a linear intensity of 2,
representing the start of the upslope, to the peak intensity). The difference in the two bolus measurements is
shown in the last 2 columns. These are important because they represent the local input function in the
carotid, from which the microcirculation feed. Because there are important clinical differences with the same
bolus, parameters from the microcirculation need to be normalised to either the lumen or the adjacent

sternocleidomastoid (unfortunately not in view in all images).
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Appendix 3: Supplementary information for plaque texture
analysis

Inter-sonographer error of continuous plaque texture variables

Inter-sonographer reproducibility of GSM
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Figure 73: Bland-Altman plot of inter-sonographer error for carotid plaque grey scale median (GSM) from 20
individuals. The 95% limits of agreement were -45 to +34 pixel intensity units.
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Figure 74: Bland-Altman plot for inter-sonographer error of carotid plaque area from 20 individuals. The 95%
limits of agreement were -26 to +20 mm?>.
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Inter-sonographer reproducibility of juxtaluminal echolucent area
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Figure 75: Bland-Altman plot for inter-sonographer error of carotid plaque juxtaluminal echolucent area from
20 individuals. The 95% limits of agreement were -22 to +17 mm?>.
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Figure 76: Bland-Altman plot for Inter-sonographer error of carotid plaque percentage juxtaluminal echolucent
area from 20 individuals, including both near and far wall components. The 95% limits of agreement were -47
to 43%.
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Inter-reader error of continuous plaque texture variables

Inter-reader reproducibility of plaque area
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Figure 77: Bland-Altman plot for inter-reader error of carotid plaque area from 99 individuals. The 95% limits
of agreement were -31 to 30 mm?>.
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Figure 78: Bland-Altman plot for inter-reader error of carotid plaque grey scale median (GSM) from 99
individuals. The 95% limits of agreement were -20 to +24 pixel intensity units.
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Inter-reader reproducibility of %juxtaluminal echolucent area
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Figure 79: Bland-Altman plot for inter-reader error of carotid plaque juxtaluminal echolucent area from 99
individuals. The 95% limits of agreement were -37 to 48 %.

Inter-reader reproducibility of juxtaluminal echolucent area

40 -
30 = o
20 o0 o +1.96 SD
| 8 o R 19.2
o ¢} ¢}
10 — 0] o
O 80 OO o
1 o o
0 @ 288 o o0 o © Mean
o ©© 5 ® O 0.7
4 0 o o o o o
210 - 00 Oo (0] O o o o o (0]
J -1.96 SD
-20 -t -17.8
-30 -
o J
-40 =
-50 —f
) o
€0 T T T T T T T T T T T T
0 10 20 30 40 50 60

Mean juxtaluminal echolucent area (mm?2)

Figure 80: Bland-Altman plot for inter-reader error of carotid plaque juxtaluminal echolucent area from 99
individuals. The 95% limits of agreement were -18 to +19 mm’.
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Appendix 4: Prizes

European Federation of Societies for Ultrasound in Medicine and Biology Young Investigator

Award 2012

Graham-Dixon Prize for Cardiovascular Surgery 2012

Venous Forum Travelling Fellowship 2011

Royal College of Surgeons England Mary Dunhill Fellowship 2010-2012

The Circulation Foundation Mary Davies Award 2011

London Surgical Symposium 1% Prize 2011

Association of Surgeons Great Britain and Ireland E-poster 1% prize 2011

Rouleaux Club ASIT Prize 2010
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Appendix 5: Publications and Presentations

Scientific publications related to thesis

Thapar A, Garcia-Mochon L, Epstein D, Shalhoub J, Davies A H.
Cost-effectiveness of asymptomatic carotid endarterectomy

Accepted British Journal of Surgery 2012 (in press)

Thapar A, Shalhoub J, Dharmarajah B, Davies A H.
Should we stop testing for asymptomatic carotid atherosclerosis?

Journal of Neurointerventional Surgery Sep 5 2012. [Epub ahead of print]

Thapar A, Shalhoub J, Averkiou M, Mannaris C, Davies A H, Leen E.
Dose dependent non-linear artefact in the far wall of the carotid artery with dynamic
contrast enhanced ultrasound

Radiology 2012 Jan;262(2):672-9

Davies K, Thapar A, Shalhoub J, Davies A H.
Best medical therapy for asymptomatic carotid stenosis

Curr Vasc Pharmacol. 2012 Jun 22. [Epub ahead of print]

Jayasooriya G & Thapar A, Shalhoub J, Davies A H.
Silent cerebral events in asymptomatic carotid stenosis

Journal of Vascular Surgery 2011 Jul;54(1):227-36

Jayasooriya G, Shalhoub J, Thapar A, Davies A H.
Patient preference in the management of asymptomatic carotid stenosis

Journal of Vascular Surgery 2011 Jun;53(6):1466-72

Thapar A, Shalhoub J, Owen D, Davies A H, Leen E L.

3D contrast enhanced ultrasound of carotid atherosclerosis (abstract only)
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International Journal of Surgery 2011:9(7):558

Book chapters

Shalhoub J, Thapar A, Davies A H.
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Thapar A, Shalhoub J, Dharmarajah B, Davies A H.
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Charing Cross Symposium 2013
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To quantify a pseudoenhancement phenomenon observed
during dynamic contrast material-enhanced ultrasonogra-
phy (US) of the carotid artery, both in vitro and in vivo.

Ethical approval was obtained prior to commencing this
prospective case series, and each patient pave written in-
formed consent. Thirty-one patients with 30%-99% inter-
nal carotid artery stenosis underwent dynamic contrast-
enhanced US of the carotid bifurcation with use of 2 mL of
microbubbles, In the final 10 patients, an additional 1 ml.
bolus was administered after 15 minutes. Raw linear dig-
ital imaging and communications in medicine data were
analyzed offline. Regions of interest were drawn within
the commaon carotid artery lumen and immediately adja-
cent to the lumen in the near and far wall adventitia. Peak
intensity was measured. An in vitro experiment with a
single—channel flow phantom was also performed. This ap-
paratus consisted of an 8-mm-diameter latex tube placed
in a tissue-mimicking fluid. Microbubble concentrations of
0.02%, 0.1%, 0.5%, 1%, and 2% were pumped into the
tube. Regions of nterest were drawn in a similar fashion
to the in vive experiments, and peak intensity was mea-
sured. The Wilcoxon sipned rank and paired ¢ tests were
used to compare the diference between the near and far
wall signal intensities at each dose; a multiplication factor
comparing near and far wall signal intensity was derived.

The far wall of the common carotid artery was significanthy
maore echogenic than the near wall at 2 mL contrast agent
doses (P < .0001, n = 31), and the far wall signal inten-
sity increased synchronously with that of the lomen. The
difference in signal intensity between near and far wall
repions was significantly greater at 2 mL than at 1 ml
(P=.M2, n = 10). In vitro, the phantom tubing demon-
strated a similar pattern and magnitude of enhancement
to that seen in vivo.

A dose-dependent, nonlinear propagation artifact known
as pseudoenhancement oceurs in the far wall adventitia of
the carotid artery and should not be mistaken as a marker

of plaque vulnerability.

“RSENA, 2011

raginbgy.ena.og » Hadielogy: Voluma 262 Number 2—February 2012
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ULTRASONOGRAPHY: Dosz-Dependent Artifact in the Far Wall of Carotid Artery

Thapar et al

ynamic contrast material-enhanced

carotid ultrasonography (US) is an

emergng risk-stratification modal-
ity for quantifying neovascularization
in carotid atherosclerosis (1,2). Pro-
liferation of intraplagque and adventitial
vasa vasorum [neovascularizetion) has
been linked to atheroma rupture (3.4),
intraplaque hemorrhage (3), and plagque
progression (6). Enhancement within
the microcirculation is visible with dy-

namic contrast-enhanced US due to s
excellent spatial and temporal resolation
(7). Previous studies have linked peak
enhancement within carotid plague
and adventitia to histologic microvessel
density (8,9), presence or absence of
carotid atherosclerosis (10), prior car-
diovascular events (11) and, more spe-
cifically, ipsilateral ischemic stroke or
transient ischemic attack (12,13).
Most B-mode US studies focus on

the far wall rather than the near wall of
the artery because plaque and adventi-
tin are readily identified due to luminal
blood acting as a sonographic window.
With dynamic contrast-enhanced US,
the far wall i= also more convenient to
image than the near wall because of the
position of the jugular vein, which can
cause shadowing. However, in previous
in vitre and in vive studies, artifactual
pseudoenhancement has been noted to
oceur at depths of 3-6 cm (14,135). This
artifact results from echoes pensrated
through nonlinear propagation of ultra-
sound waves through a region of high
conirast material concentration. The

pulses used for nonlinear imaging are
highly distorted during their passage
through the nmen, resulting in incomplete

B A dose-dependent artifact known
as pseudoenhancement results
from an examination of the far
wall of the carotid artery with
dynamic contrast-enhanced US.

8 Current nonlinear pulse sequences
do not allow distinction between
neovascularization and pseudoen-
hancement caused by nonlinear
propagation of ultrasound waves
through a region of high contrast
material concentration.

cancellation of the linear targets, which
are then misinterpreted as perfusion
(16).

The aim of this study was to qua
tify a psendoenhancement phenomenon
observed during dynamic contrast-en-
hanced US of the carotid artery, both
in vitro and in vivo.

Materials and Methods

Clinical Study

Ethical approval was obtained prior to
commencing the study. Patients gave
written informed consent to participate
in this prospective case series. Sample
size calenlation determined that 28 pa-

tienis were necessary to demonsirate
an intensity difference of 2 linear units

between the near and far wall, with
a type | error rate of 5% and power
of 90%.

Thirty-one patients with a discrete
H0%-99% internal carotid artery ste-
nosis (equivalent to MNorth American
mptomatic Carotid Endarterectomy
Trial criteria) (17) were recruited from
neurovascular  chinics  between March
20010 and February 2001, Ps
ded if they were younger than
18 vears of age, had New York Heart As-
sociation, or NYHA, grade 1T or higher
heart failure class (one patient), and/
or had acute coronary syndromse within
2 weeks or sulfur allergy (one patient)
(18). The overall mean age was 71 years
(range, 46-92 years), with a mean age
of 68 years for men (range, 46-84 years)
and of 78 years for women (range, 69-
92 years). The series was nonconsecu-
tive with respect to those who declined
to participate (two patients as above)
and those who had contrast material
contraindication (two patients).

Implication for Patient Care

B The apparent appearance of neo-
vascularization isolated to the far
will adventitia of the carotid
artery should not be interpreted
as a marker of plaque vulnera-
bility, as the inding may repre-
sent a pseudoenhancement
artifact.

ents were

BxXc
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One artery per patient was in-
sonated to avoid data clustering. In the
case of bilateral disease, the side with
the greatest stenosis was imaged. Pa-
tients were defined as symptomatic if
they had experienced an ipsilateral ca-
rotid territory stroke, transient ische-
mic attack, or amaurosis fugax within
4 weeks of dynamic contrast-enhanced
US and had a normal 24-hour electro-
cardiogram  and echocardiogram. Pa-
tients were delined as asymptomatic if
there were no prior neurologic events
in the territory of the carotid artery un-
der examination.

In Vitro Swdy

A single—channel flow tissue phantom
s made from latex tubing with a di-
ameter of 8 mm and was placed at a
depth of 12 mm in a tissue-mimicking
Muid. The fluid was composed of equal
volumes of water and glyeerine and had
similar attenuation properties as tissue
(0.3 dB/em/MHz). The enclosure was
made of 10-mm-thick acrylic and the
bottom was lined with an anechoic tank-
lining material (Aptilex F28; Precision
Ao ster, UK) that reduced
refle Microbubbles  [SonoVue;
Braceo, Milan, Italy) at concentrations
of 0.02%, 0.1%, 0.5%, 1%, and 2%
were injected sequentially into a reser-
voir. These concentrations were chosen
to correspond to the range of contrast
material used in vivo. In addition, up to
a concentration of 1%, there is an es-

Lull )i

tablished linear relationship between
signal niensity and contrast material
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Figure 1: (a) Longi
carotid artery stenos

wall adventitia {y
The lumen

concentration (19). A peristaltic pump
(Cole-Parmer, Vernon Hills, Ill) was used
to pump contrast material through the
flow channel.

US Imaging
US examination with an 19-3 probe
(Philips iU22; Philips, Bothel, Wash), a
standard power modulation, and non
linear pulse seque

» was performed.
A.T. un
der the supervision of E.L. (19 years

Imaging was performed by

of dynamic contrast-enhanced US ex-
perience) for the clinical study and by

Echo Std Dev

near wall adventitia (blue

s are shown

M.A. (15 years of dynamic contrast
enhanced US experience) and C.M. for
the in vitro experiment. A low mechan
ical index of 0.06 was used to prevent
microbubble destruction. The time-gain
compensation curve was kept vertical
and centered, with dynamic range set
at 36 dB and two-dimensional gain set

at 85%. Machine parameters remained
unchanged between the examinations
and were checked before the imaging
of each patient.

Each patient received intravenously

a 2 ml bolus of microbubbles via a

tudinal image of left common carotid bifurcation in asympéomatic 79-year-old man with 50% internal

Quanfification of signal intensity was performed by using dual-display mode: contrast-enhanced image
(ift) and B-mode reference (right). Adventitia is seen as an echopenic line on B-mods
ancement mimicking neovascularization is seen in the region of far wall carotid adve
defect in the internal carotid artery. Regions of interest are
w). The time-intensity i
d far wall adventitia time—inte
of left common carotid artery far wall ari
under the lumen (arrow). Regions of inter

mage, aiding identification. Pszudoen
fitia {arrow). Plaque is seen as a filling
common carotid lumen (purpi
below in linear units in the same colors as the regions
ity curves increase synchroncusly, however the near wall does not. (b) Axial image
n asymptomatic 33-year-old woman. Pseudoenhancement is seen as a semicircle
est have been removed to illustrate the visual appearance of pseudoenhancement

2), and far
interest.

20-gauge cannula in the right antecubital
fossa. A l-minute uniplanar cine loop of
the carotid bifurcation was recorded by
using the side-by-side display of contrast
enhanced and B-mode images in longi-
tudinal section at the point of greatest
stenosis. In the final 10 patients, a second
holus of 1 ml. of microbubbles was ad
ministered and the examination was re-
peated. This was performed after 135
minutes to ensure elimination of the pre-
vious dose (19). Patients were observed
administration
of the dose. The dose range was chosen

for 30 minutes after the

674
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Figure 2
cation have 1 drawn
below in the same colors

to replicate the range used previously in
clinical studies (20).
Tissue phantom imaging was per

rmed by attaching the probe to an ar
ticulated arm such that the transducer
surface was 3 mm under the air-fluid in-
terface. Two cine loops were acquired for
each concentration, one at 25 ml./min
and one without flow, to establish whether

flow velocity altered the findings.

Quantification

Raw digital imaging and communi
tions in medicine data were exports

to an offline workstation for quantifica
tion by using software (QLab; Philips).

Quantification was performed by A
and was repeated by E.L. for the clin
ical study and by M.A. for the in vitro
study.
The

alyzed from the contrast material ar

time-intensity curve was an
rival time to the time at which jugular
the
wall adventitia (cine loop cropped to

enhancement overshadowed near

Longitudinal image in flow phantom with a 0.

6 seconds after arrival time). Regions of
interest were drawn in the common ca

rotid lumen, the common carotid near

wall adventitia, and the common carotid
far wall adventitia, directly above and
below that of the lumen, by using the
freeform polygon tool (Fi

la). Regions
‘1l

away from plaque to avoid confusion

of interest in the adventitia were pla

with neovascularization. Pre- and post
peak contrast material intensities were
measured from the raw time-intensity
data (Fig l1a). Similar regions of inter-
est were then placed on the in vitro

cine loops (Fig 2). Linear intensity units

were used (ie, logarithmic compression

was reversed).

Statistical Analysis

In the clinical study, for assessing the
2 ml. dose, the intensities of the far and
near wall were compared l.\_\ using the
Wilcoxon signed rank test. For the 10
patients administered varying doses of

the contrast material, the difference

entration of microbubbles. Regions
near wall (red), lumen (yellow), and far wall {green). The respective time-intensity

N WA N rnng

of interest for quantif
€s are shown

between the near and far wall was used
to determine the multiplication f

by which the two intensities diffe
Additionally

determine whether there was a signifi-

1 paired ( test was used to

cant difference in the paired differences
between doses. Intra- and interreader
agreement was calculated by using the
intraclass correlation coefficient for 30
patients at a dose of 2 ml. Data were
analyzed by using Prism v5 (GraphPad,
La Jolla, Calif) and MedCale v11 (Med-
Calc, Mariakerke, Belgium) software.
Data were checked for normality, and
statistical significance was obtained at
P < .05.

Clinical Study
The demographic details of the patients
are shown in Table 1.

An echogenic strip of adventitia was

consistently seen on longitudinal and

Radiol ogy: Volum:
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Table 1 Table 2

Near and Far Wall Carofid Adventitia Peak Intensity Measurements

Demographic Details of

the 31 Patienis

Damographic Fatiant Datum

Apa (vl Hzn

Male sax 2477

Ipsiatera neuralgic 12 (39)
symptoms

Statin use 22(71)

Hypertension 22(m)

Deabetos 11435)

Curment smoker 9(29)

Family history of stroke 7(23)

Note—Unkees othenwise Indicated, data are the nomber
of patients snd data In perenfhesss sre percentages. O
12 symplomatic patients, three [@5%) had amaunsis
fogax, four {38%) hed translent lschemic attaci, and five
(42%) head & stroke.

* Data 2re the mezn age + siandard deviation.

axial views of the common carotid artery
in the region of the far wall adventitia
(Fig 1). The time-intensity curve for the
far wall adventitia increased synchro-
nously with that of the lnmen; however,
this was not apparent for the near wall
(Fig 1a). At a dose of 2 mlL of microbub-
bles, the far wall was sipnificantly more
echogenic (median peak intensity, 15,16
|mterquartile range, or IQR, 3.16-
29.49]) than the near wall (median
peak mtensity, 1.30 [IQR, 1.16-1.80])
{two-tailed P = 0001, n = 31); the me-
dian difference between the far and
near wall was 13.11 (IQR, 4.03-28.01).

In the 10 patients administersd
varying doses of contrast material, the

difference between the near wall and

far wall si intensities was a multi-
plication factor of 0.81 = 0,14 at 0 ml,
44 = 297 at 1 ml, and 12,68 =
10,41 at 2 ml (Table Fig 3). The
sipnal intensity difference betwesn near
and far walls was significantly higher at
2 ml compared with 1 mlL (P = 012,
n = 10).

Thirty scans were analyzed for re-
producibility at the 2 ml dose. For in-
trarcader reprod ility (AT}, the in-
traclass correlation coefficient was 0.54

for the near wall and 0.92 Tor the far
wall. For interreader reproducibility
(AT, and E.L.), the values were 0,49 for
the near wall and 0.89 for the far wall,

with Increasing Doses of Contrast Material

Haar Wall [Far Wall Diffarence batwaan Far Multiplication Facios batwean
Dosa (ml) Intensity* riansiy* and Maar Wall Infensity” Near and Far Wallt
L] 1.5 025 i1 xon —0i4z 0.2 091 =014
1 1.76 £ 0.5 167 £ 5.5 581 £ 535 444 207
2 149 £040 1784 £140 16.06 = 14.27 1268 £ 10,41

Wiote.—The cifference betwesn the near and far wail signal intensity Incresssd significantty with dose.

* Yalues are mezn linear units = standand deviadion.
VValues e mean -+ standand deviafion.

— 4“ -
E]
2 30 -1
m
2
3 20
g ——
g LN
E 104
& -
E u PR, - hi -

=10

0 1 2
Dose of Sonovue (ml)

Figure 3: Graph of the absoluie mean difference between far and near wall

peak signal infensity with increasing doses of contrast matesial Sonovue)

Error bars = standard deviztion.

In Vitro Study

In the flow phantom, a similar echo-
genic strip to that seen at in vivo imag-
ing was seen at the far wall of the flow
phantom {Fig 2). With increasing con-
trast material concentrations, this ef-
fect became more pronounced both vi-
sually and on quantification (Figs 4, 5).

The magnitude of the difference be-

tween the near and far wall signal in-
tensity increased from a factor of 1.47
at a concentration of (L02% to a factor

of 12.67 at a concentration of 2% and
a flow rate of 23 ml/min (Fig 5a). With
static contrast medium, the magnitude
of the difference was a factor of 1.40 at
a concentration of 0.02% and of 15.63
at a concentration of 2% (Fig 3b).
Figure 5c demonstrates the correspond-

ing lumen signal intensities for refer-
ENee puUrposes.

Discussion
The results of this study indicate that
there is a pronounced signal intensity
difference between the near and far wall
adventitia of the carotid artery during
dynamic contrast-enhanced US. Fur-
thermore, the far wall adventitia and
lumen  time-intensity curves increase
synchronously in time, without the time
delay one would expect between the
macro- and microcireulation (16). In ad-
dition, the walls of the latex flow phan-
tom, which do not con
demonstrated the same pattern of far
wall enhancement as that seen clinically.

aln vasa VasSOmm,

ratipigyEna.on = Radiology: Voluma 262 Number 2—February 2012
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[

Figure 4:
tion of microbubbles within the flow phantom. Cont

This

de

latter ohse

VELION WHS ||l'('.‘~('t||

pite the use of & nonlinear pulsing
heme de
i, The magnitude of this phe

ically implausible as
all

contiguous  structure, separated  only

igned to subiract static hn

ear tarpe
nomenon is hiol

the near and far » dventitia are a

by contrast material-filled lumen. In
d

peoudoenhancement, is likely to repre

reality, therefore, this artifact, term

sent nonlinear propagation unrelated

the presence or absence of vasculariz

plagque. Because the artifact HIneCi

dent with the arrival of intrearterial

contrast material, we propose that it is

related to nonlinear propagation of ul

mages with microbubile concentration of (a) 0%, (b) 0.02%

il
) 0.1%, and (d) 2%

artifact

The

described her

udoenhancement
ect the v

may  afl
the carotid artery for

the far wall of

sment  of neovascularization, as
us studies (10-12,20,21).
This 15 imporiant to re L

s

xd In previg
- those
ntrasi
enhanced US pr IrEIments
from the same patient at the near and
far will resuli in different signal mten
se this will lead to

sities. In clinical practi

imaccurate quantification and increase

variability of analysis. It should not lead
n, particularly when
plagque vulnerability is being assessed
or intervention is being cons

to chnical confu

show increasing visual far wall ariifa
si-enhanced image is on the keft and B-mode reference is on the right. The flow rate

ow} with increasing concentra
5 maintained at 25 mLfmin.

hancement artifact in the current

we propose that various strategie \
be used to mimimize it. First, for visual

&l

sment, observers may rely on mov
ing microbubble clusters o separate real
from artifactual s
r, plaque
completely al

al intensity (8,21).

Howeve perfusion is rarely

nt, but

nt or pr 2]

ntinuum, lending itsell to quantitative

analysis. Second, the near wall alone

san be used for quantification, e

pt in
sos where the adjacent jugular vein

causes substantial shadowing. This jugu

lar shadowing may redu
the patient upright and applying gentle

pressure with the transducer during the

bry sitting

trasound waves through a region of high Even though we did not explicitly test  examination. Third, low doses of con
contrast material concentration. strategies to diminish the pseudoen trast material may be considered, but
Rzaiiof ogy: Voluma 262 Number 2—Februzry 2012 = mdinbgy.ena og BT7
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20 . 30 4
@ Mear Wall 25 ml/ min ®Mear Wall O m| / min
. E A
i # Far Wall 25 ml/ min [ & Far wall 0 ml / min
E & 20 4
£ a
=0 * =
E A
£
=
I -
F L ] L ] [ ] [ ] be ™ ®
o . . - . Q
o 05 1 15 2 1] 05 1 15 -4
Conceniration (%) Concentration (%)
a b.

Figure 5 (a, b) Graphs of far and near wall and (¢} lumen signal intensities.
= 300 (@) In the fiow phamtom at clinically relevant concentrations, the far wall-to-
? » : near weall difierence is similar to that seen in the in vivo experiment. Fow ras

is maintained at 25 mL/min. (b) Wi stafic confrast medum in e phantom, a
E simitar pattern of enhancement is seen as in a. (c) Up to 1% concentration,
= 200 ¥ the lumen signal intensity increasess linearly with increasing microbubble
,; concentration and becomes saturated at 2%.

i
-l «Lumen 25! / min
.E W Lumen Omi / min
0 F
[} 0s 1 15 2

Concentration (%)

this lowering of dose may affect image
quality by diminishing signal-to-noise ra-
tios, as compared with higher contrast
material doses. Finally, imaging during
the late phase, after the lumen has
emptiod of contrast material (22), of-
fers an alternative to a perfusion-hased
approach.

This =
was an unblinded, nonconsecutive case
series of patients who were imaged
with one US system. Further, the exact
clinical relevance of our proposed arti-
fact remains unclear, and our proposed
stratepies to reduce the artifact remain
UIprovern.

udy was limited in that it

In conchlision, a dose-dependent ar-
tifact cansed by nonlinear propagation
of ultrasound waves through a region
of high contrast material concentration

causes psendoenhancement of the far
wall of the carotid artery. This limits

of
any contrast material—filled blood ves-

neovascularzation at the far wall

sel and should not be mistaken for

neovascularization.
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Should we stop testing for
asymptomatic carotid

atherosclerosis?

Ankur Thapar, Joseph Shalhoub,
Brahman Dharmarajah, Alun Huw Davies

WHO IS THE TARGET
POPULATION?

In Eumpean men aged 60—
T years, modemte to seeer
PRESS  rctid athemsclemsis (50-99%
RELEASE .y North American Sym-
promatic  Carotid  Endarterectomy  Trial
(MASCET) measurerments) is found in
23600 a similar prevalence to aortic
aneurysmal disease (459%)° for which a UK
Mational Sceening Progmmme has recenthy
been intmduced for men aged 65.

In high-risk populations seen in a vas-
cular clinic, the prevalence of asymptom-
atic 50-99% carotid atherosclerosis is
much higher: 15-25% in periphem] arter-
ial disease® 12% in patients with an
abdominal sortic aneurysm® and 6% in
those with contralateml carotid terribory
cerebml or retinal ischemic events®
Opinion is divided as to whethe these
individuals should be tested for asymp-
tomatic carotid  atherosclerosis,. The
American Society bor Nturdmagingﬁ and
the US Society for Vascular Surgery’
stongly recommend  testing in high
prevalence  populations such as those
with symptomatic  peripheral  arterial
disease and persons aged 60 or ower
with multiple cardiowvascular risk Factors
(table 1). Conversely, the UK Royal
College of Physicians draft 4th MNational
Clinical Guideline for Stmke® does not
recommend testing at all. For cardiac
patients in the UE, further observational
data amre awaited regarding prevalence and
outcomes of synchronous carotid and cor-
onary revascularization befor evidence-
based recommendations can be made *

Fatients with claudication are already
under the cawe of a vascular surgeon, have
a low mte of disease pmgrtseii.u::,m have

Acadermic Sactun of Vexular Bumgary, kmpasal Colage
Londan, Charng Cozs Hospal, londan, UK
Comespondence to Anor Thapar, Acadsmic Sacton
ot Vascular Sumery, bmpedal Caliege london, 4 Narfh,
Chadng Cmszs Hospital, fuham Palace Hoad, Londan
W8 38E LK

a. hapar I Empenal ac.uk

J Newnimerent Surg Month 2012 Vol 0 Mo 0

the highest prevalence of amtid athero-
sclerosis” and 2 19% annual risk of non-
fatal ischemic stroke'' and are themfore
an ideal population in which to consider
testing, Ultrasound represents a low-cost
rwadily-available imaging modality For
these patients with a semsitivity of 56—
0% and specificity of 87-94% in com-
parison with angiography for the detec-
tion of 70-99% carotid stenosis. 2 ™ For
those with =60-70% asymptomatic
carotid stenosis, evidence from three ran-
domized controlled trials has to date sup-
ported carotid endartemctomy For stmbe
prevention' in persons aged <75 years,
However, the number needed to treat is
high at 1 in 20 to prevent one stroke at
10 y\ears.]j

COST OF PREVENTING ONE
IPSILATERAL STROKE IN SUBJECTS
WITH CLAUDICATION

For the purposes of this estimate we have

assumed the recommended European

surgical intervention threshold of 70%
NASCET stenosis,™ a prevalence  of
FO-99% asymptomatic carotid stenosis of
15% in those with symptomatic periph-
eral arterial d.i.tit‘a.‘it,a a number needed to
treat of 1 in 20 to prevent one stroke at
10 years™ and costings derived From NHS
reimbursement tariffs 2011-2012, mefect-

ing awerage national resoume use Y

The msults of this analysis am shown
in box 1 and approximate £76 (0 per
stroke saved. One can compare this with
the approdimate cost per stmoke saved
using warkarin bor atrial Bbrillation of
§28 00068 000 (218 00044 000, conver-
sion rate as of 22 July, 20‘]2].13 The figure
for arotid stenosis is higher primarily
because of the 20 opemtions required to

prevent one stmoke.

COST OF TESTING PATIENTS WITH
CLAUDICATION AGED &0 YEARS

To minimize upfont costs, a narmow age
window bor testing is desirable. From the
Eumpean Carotid Surgery Trial, the mean
age for presentation with camtid terrd-
tory symptoms was  established  as
62 }ftars.]g Hence, to save at least half of
potential strokes, testing should occur
beforehand at around the age of 6.

If this stmbegy was adopted, the
mumber of patients with claudication who
would be eligible together with approxi-
mate oosts and sonographer time requined
is shown in bost 2. The approstimate costs
would be E17.5m to prevent 231 strokes
by performing 2613 @mtd endarterecto-
mits. This cost would be spread over a
mumber of years to minimize the impact

Table 1 Recommendations from the American Society of Neursimaging,® the US Society for
Vascular Surgery’ and the US Joint Societies™ on testing for asymptomatic carotid
aherosclernsis

American Society of Neuraimaging

2007 Society of Vascular Surgery 2011 US Joint Societies 2011
Gmde A recammen dation Gmde 1 moommeandaton Gmde 1 mcommendaion

Symptomatc perpheral arerial dizease
Perzonz >65 years with =3

Sympiomatic paipheral arterial disease -
Personz 85 years old with =1 -

candiovascular rick factors camdiovasculer rick faciom
- Asymptomatc ¢amtd tenitory cerebral -
infamtan
Gmde B mosmmendafion Gmde 2 moommends Son Gmde 2a recommend ation
Patient undargoing comnary anery Patien = undengaing comnary artery Cartid brut
Iypass aged 65 yeam with laft main bypass aged =65 years with baft main
stem diseaze, periphem| arterel diseass,  stem dizessa, penpheml aredal dissasze
carobd brwt, pRvious carotid sungeny of
multiphe camiovasculbr ik fackom
Haad and nack radiation =10 years - Gmde & recommen dation
prviausly
- - Sympiometc paapheral,
comnary of ansurysmal
antenial disaase
- =2 cardiovascular ssk
factos

Orade i o 1 i e stongest meommendston snd Grade B or 2 represents & modedle meommendston. The

lor sy plomabe d Besse are shiwe.
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Box 1 Estimated costs of

preventing one stroke through
testing patients with symptomatic
peripheral arterial disease (figures

are rounded to the nearest whole
number in this box, however exact
values have been used for
calculation)

» FPrevalence of =>70% MASCET
senosis in persons with
symptomatic Emphmll artenal
disease=15%

» Mumber of patients with =70%
stenosis that require surgery to
prevent one stroke=1 in 20, allgwing
for perioperative stroke or death”

» Number of individuals screened to
prevent one stroke =6.7x 20=133
PErSONS

» Cost of preventing one stroke={LK
reimburs ement tanff for canotd
uttrasound code RAZ3Z" 133
patients scanned) -+ UK
reimburs ement tanff for canotd
endarterectomy code (2042 =20
patients undergoing operation) =
(£49x133)+(£3473x 20)=£6533+
FR9 460=£75 993 ($116 908)

on the healthcar budget. As a3 compara-
tor, in the UK 774 carotid endarterecto-
mies were pafnrmu:l in  asymptomatic
patients in 211 The total number of
strokes saved would only be approsi-
mately 02% of the 110 000 in 201 o

D0 THE ENDS JUSTIFY THE MEANS?
Should we spend such a sum of money
on performing such a large number of
unnecessary  endarberectomies and  pre-
venting so few strokes? There are several
points to note. First, the main cost driver
is not investigation but msultant surgery
A better surgical selecton tool would
make the cost per stroke saved mom
acceptable. Second, thew is an inherent
previntion paradox in that more stmbes
from camtid atherosclerosis will occur
outside the population sdected for
testing. These individuals can only be
reached  through  active risk  Factor
modification.

Some argue that we should restrict
asymptomatic  surgery to the 6% of
persons found to have an  incidental
contmlateral stenosis when they present
with 2 cembrovascular event® However,
recent UK data from the OXNVASC study
demonstmted that the anmual stroke rate
associated with a 50-99% NASCET

2

Box 2 Esimated costs of testing
and operating on patients with

Wales (figures are rounded to the
nearest whole number in this box,
however exact values have been
used for calculation)

» Prevalence of intermittent
claudication in the UK=4.6%"

» General population of Enijand and
Wales aged 60-64 years in
2010=3 343 000 pﬂml:rls

» Estimate of number of persons in
England and Wales aged
60 years=3 343 000,5=0668 600
persons

» Estimated number of patients with
claudication in England and Wales aged
60 years=10.046 =668 600=130 756

DEISONS

» Estimated cost of carotid
uttrasound =30 756 £49"=
£1 507 024

» Estimated time requirement for carotid
uttrsound (assuming 15 min per scan)
=(30 756 0.25 h)/24=320 days

» Claudication patients with 70-99%
stenosis identified=4613
endarterectomy candidates

» Estimated cost of 4613
endarterectomies
performed =4613 « £3473=£16 020 949

» Estimated number of stokes
prevented at 10 years=231 strokes

» Estimated total cost=£17 527 973
(826 956 B26)

stenosis in the terrtory of the contralat-
eral carotid artery to rh: pn:st:nl:mg
symptom was only 0.3%.% This is lower
than the 1.9% contralateral stroke mte
found in the European Carotid Surgery
Trial® Other international cohorts on
intensive medical regimes  have  also
demonstrated ipsilatem] stmke rates of
< 1% per annum and suggest there is less
mtionale for surgery than ever before @

In summary, preventing one stmke
requines scanning 133 claudicants, operat-
ing on 20 of them, 19 of whom will
undergo an unnecessary operabion at a
st of approsimately 76 000 per stmbe
saverd. The hazards of overdiagnosis have
weently been highlighted ™ and perhaps
it is time to realize why it has been
ecommended that we stop testing For
asymptomatic carotid athemsclemsis in
the UK.
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