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Studies on carotid plaque vulnerability using
contrast enhanced ultrasound

ABSTRACT

Background and Aim: Contrast-enhanced ultrasound is a method to
examine neovessels that may be present inside the atherosclerotic plaque of
the carotid arteries. These neovessels are believed to be involved in the
process leading to embolic stroke. The aim of this thesis is to: I /Develop
methodology for contrast-enhanced ultrasound examination of carotid
plaques and to develop a software program for quantification of the
examination. II /Investigate the correlation between neovessels and
inflammation in plaques, using PET/CT. III / Investigate the correlation
between neovessels and plaque components using MRI. IV / Comparing
ultrasound and MRI in detecting and measuring of carotid plaques.

Methods: The papers of this thesis are performed on volunteers recruited
through several different databases. The contrast-enhanced ultrasound
method has been developed and optimized within the framework of the
thesis. For comparison, conventional ultrasound, PET / CT and MRI has been
used.

Results: The method we have developed for contrast-enhanced ultrasound is
reproducible and reliable. Increased amount of neovessels is more common in
subjects with a history of stroke or transient ischemic attack and neovessels
are correlated to increased inflammation. Neovessels are less common in
plaques with a large lipid-rich necrotic core. Two dimensional imaging using
ultrasound does not correctly capture the complex 3D plaque anatomy. MRI
is comparable to ultrasound in finding plaque with a height of at least 2.5
mm, but in detection of smaller plaques ultrasound performs better. Multiple
plaques seen on ultrasound are usually a misinterpretation of the true
anatomy that can be better visualized using MRI. Plaque height measured
using ultrasound is slightly more accurate and more feasible than plaque area
to estimate the plaque volume measured using MRI.

Conclusion: Contrast-enhanced ultrasound can be used to measure and
quantify neovessels in carotid plaques. The quantity of neovessels correlates
with the degree of inflammation, a marker for plaque vulnerability. However,
the size of the lipid core, another marker of plaque vulnerability, has an
inverse correlation to neovessels. Future studies should in more detail
examine the exact localization of neovessels in relation to the lipid core.
Also, future studies should examine the quality of neovessels since they can



have different propensity to cause damage. Small plaques can be undetectable
by MRI but in plaques greater than 2.5 mm in height, ultrasound and
magnetic resonance imaging have similar sensitivity to detect plaques. If
using ultrasound, plaque height is the best way to estimate the volume of the
carotid artery plaque.

Keywords: Atherosclerosis, Carotid artery plaque, Contrast-enhanced
ultrasound, Positron-emission tomography, Magnetic resonance imaging
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SAMMANFATTNING PA SVENSKA

Bakgrund: Kontrastforstiarkt ultraljud dr en metod for att undersdka smé
blodkérl (mikrokérl) som kan finnas inuti 4derférkalkningsplack i halskérlen.
Dessa mikrokérl dr troligen inblandade i forloppet som leder till att placket
orsakar stroke. Avhandlingens mal att: I/ Utveckla metodik for att med
kontrastforstarkt ultraljud undersoka halskérlsplack och att utveckla mjukvara
for att analysera undersdkningen. II/ Undersoka sambandet mellan mikrokérl
och inflammation i plack, dir inflammationen méts med ett spdrimne i en
PET/CT-kamera. III/ Unders6ka sambandet mellan mikrokéarl och plackets
ovriga bestdndsdelar. Analysen av bestdndsdelar goérs med magnetkamera.
IV/ Jamfora ultraljud och magnetkamera for att se hur bra teknikerna &r pé att
hitta, avbilda och mita plack i halskérlen.

Metoder: Delarbetena i avhandlingen ar utforda pa frivilliga forsokspersoner
som rekryterats via flera olika databaser och &r vil karaktiriserade. Tekniken
for kontrastultraljud har wutarbetats och optimerats inom ramen for
avhandlingen. For jamforelse har konventionellt ultraljud, PET/CT och
magnetkamera anvénts.

Resultat: Den metod vi utvecklat for kontrastforstirkt ultraljud &ar
reproducerbar och tillforlitlig. Okad mingd mikrokirl 4r vanligare hos de
som tidigare drabbats av stroke eller 6vergdende stroke och mikrokérl &r
kopplat till 6kad inflammation. Okad mingd mikrokirl 4r ocksé kopplat till
en mindre lipidkdrna. Konventionellt ultraljud fngar inte plackets anatomi
som dr komplex och kridver tredimensionell avbildning. Magnetkamera &r
j@mforbart med ultraljud nér det géller att hitta plack som &r minst 2,5 mm
héga men vid mindre plack presterar ultraljud battre. Nar man p4 ultraljud ser
flera plack i ett kérl &r detta oftast en feltolkning av anatomin. Plackhdjd &r
mer anvindbart dn plackarea for att uppskatta plackstorlek med ultraljud.

Slutsatser: Kontrastforstarkt ultraljud kan anvidndas for att méta forekomsten
av mikrokdrl i halskérlsplack. Forekomsten av mikrokérl dr kopplad till
graden av inflammation, en markor for att placket dr eller kan bli farligt och
leda till stroke. Dock é&r lipidkédrnans storlek, en annan markor for farlighet,
mindre ndr antal mikrokérl 6kar. Potentiellt farliga mikrokérl kan finnas pé
speciellt utsatta stéillen i placket och framtida studier bor inriktas pa detta och
pa mikrokérlens kvalitet. Mindre plack kan vara omojliga att uppticka med
magnetkamera men vid plack stérre dn 2,5 mm 4r ultraljud och
magnetkamera jimforbara. Plackhdjd dr det mest anvéndbara séttet att méta
storleken pd halskérlsplack vid ultraljud.
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1 INTRODUCTION

The main aim of this thesis is to study contrast enhanced ultrasound, CEUS,
as a potential method to visualize and quantify neovascularization of carotid
plaques. The basic concept is to detect neovascularization inside the plaques
since presence of such vessels could be a sign of a vulnerable plaque, prone
to cause disease. However, the pathophysiological significance of neovessels
in carotid plaques and their role in the development leading to stroke is not
fully known. There is clearly a need for better imaging methods to study
plaque composition in vivo.

1.1 Atherosclerotic disease

Cardiovascular disease is a leading cause of death and morbidity throughout
the world(1). The most common clinical presentations are myocardial
infarction and stroke and the underlying pathology of both presentations is
the atherosclerotic disease process in the vessel wall. In general, the arterial
vessel wall consists of three layers. The outer layer, tunica adventitia,
consists of connective tissue. In larger vessels the adventitia may have nerve
fibers and small blood vessels (vasa vasorum) for the internal nutrient
support of the vessel wall. The middle layer, tunica media, consists primarily
of circumferential layers of smooth muscle cells. The inner layer, the intima,
has a monolayer of endothelial cells towards the blood. The endothelium is
resting on a basal lamina and a sub endothelial layer of loose connective
tissue(2). The oxygen supply to the intima and media are in the healthy
vessel mainly supplied by oxygen diffusion with very few blood vessels(3).

The development of atherosclerosis is a slow process over several decades
and the steps of the process, in particular the early steps, are difficult to study
in humans.

In the response-to-retention hypothesis(4), the atherosclerotic process starts
with retention and accumulation of small lipoprotein inside the intima. These
small lipoproteins, like low density lipoprotein (LDL), can cross an intact
endothelium and the majority of LDL diffuses through the arterial wall, only
a minority is trapped, or retained. The retention mainly occurs because
lipoproteins are bound to proteoglycans in the extra cellular matrix(4).
Oxidation of the retained lipids induces local cytokine release and the
cytokines attract monocytes to enter the intima, differentiate into



macrophages and start taking up the oxidated lipids. After doing this, the
macrophages are called foam cells(5).

Foam cells also work as inflammatory activators through a number of
different pathways. T-cells are recruited and can promote apoptosis of
smooth muscle cells, endothelial cells and macrophages. If the
atherosclerotic process continues, a lipid-rich necrotic core (LRNC) develops
in the intima. The LRNC is an accumulation of acellular material containing
lipid rich material and cholesterol crystals. This material is derived from
foam cells and smooth muscle cells. Apoptosis of foam cells and smooth
muscle cells can be seen in the margins of the LRNC. Since the remnants are
not removed by phagocytes, the lipid rich cargo deposited in the tissues
increase the size of the LRNC(6,7).

Smooth muscle cells are rarely found in the normal intima but as the lesion
grows, their number increases (8). Smooth muscle cells migrate from the
media layer into the intima were they divide and expand the extracellular
matrix of collagen and proteoglycan. The connective tissue gradually
changes from normal, loose tissue into a collagen-rich fibrous tissue(9).

With increasing age, parts of the plaque can be calcified. The process can
begin with microscopic calcium granule that form and gradually expand into
larger lumps and plates, more often seen at the base of the LRNC close to the
media(10). The mechanisms behind calcification is poorly understood(11)
and the predictive value of calcification is debated(12).

As the plaque grows, diffusion distances for oxygen and nutrients increase
and the plaque develops its own microcirculation, the neovascularization of
the plaque(13). The neovessels may allow further growth of the plaque but
they also may be fragile and prone to rupture(14). A rupture would lead to
bleeding inside the plaque called intra plaque hemorrhage (IPH).

1.1.1 Risk factors

Large-scale epidemiological studies, like the Framingham study, established
a number of important risk factors for development of cardiovascular
disease(15). The conventional risk factors age, male sex, smoking,
hyperlipidemia, hypertension and diabetes have all shown to increase the risk
of cardiovascular events on a group level. Preventive medicine, aimed at
reducing these risk factors has been a great success in modern medicine,
lowering the morbidity and mortality in cardiovascular disease(16).
However, these risk factors lack precision for the individual and also in the
timing of cardiovascular disease(17). In the future, it is hoped that the



combination of traditional risk factors, new biomarkers of disease and image-
derived information will improve this situation(18).

1.1.2 Plaque localization

Risk factors like smoking, hyperlipidemia and diabetes affect all parts of the
vascular tree similarly. Despite this, atherosclerosis is not equally distributed
throughout the circulation. Atherosclerotic plaques are most common directly
after artery branches, and they are rare in parts of vessels without branches.
One theory is that the turbulent flow in branches exposes the endothelial cells
to less shear stress, making them more permeable for atheroma inducing
agents(19,20).

1.2 The vulnerable plaque

As the plaque grows larger it will gradually affect blood flow. A clinical
presentation of this is stable angina(21). In the cerebral circulation the stable,
partly occluding carotid plaque is seldom a clinical problem since the brain
has a well developed collateral blood circulation. Perfusion of the brain is
usually fully compensated if one of the four vessels to the brain is occluded.
The plaque in the carotid artery can therefore be clinically silent and may in
fact never result in disease(22).

However, when a thrombus is formed on the plaque a much more dramatic
series of events can occur. In the heart, a thrombus on a plaque in a coronary
artery can suddenly occlude the coronary artery and result in myocardial
infarction(23,24). A plaque rupture in the carotid artery can form a local
thrombus that causes a stroke via embolization to the cerebral circulation
(24). The mechanism behind formation of thrombi is believed to be rupture
of the fibrous cap of the plaque and exposure of thrombogenic material like
lipids and extracellular matrix constituents to the flowing blood and its
coagulation system(5). Plaque rupture has long been believed to be the main
mechanism for cardiovascular events. A lesser part of events is believed to be
caused by superficial erosion, where only the endothelial layer of the plaque
is damaged(5). However, recent data suggest that there is a shift in the
pathophysiology of the disease towards less events on the basis of plaque
rupture, and more events from superficial plaque erosion(25).

The mechanism leading from a stable plaque to plaque rupture are not clearly
elucidated. Observational data mainly come from histological studies on
autopsy and surgical specimens(5,26) and there is a lack of longitudinal
studies of plaque biology using imaging. In the prevailing theory, the



macrophages in atheroma overexpress matrix degrading proteases (i.e.
metalloproteinases) that degrade the extracellular matrix, making the fibrous
cap weaker(5,27). The degree of inflammation in the intima is thus linked to
the stability of the plaque(28). Increased inflammation can also induce
increased cell death of smooth muscle cells, lowering the production of
extracellular matrix resulting in a thinner fibrous cap with less collagen (29)
and a larger LRNC, both mechanically destabilizing the plaque. A large lipid
pool inside the plaque could increase the degradation of matrix proteins and a
large central lipid core could increase the mechanical forces on the shoulder
regions of the plaque(30). Hence, a large LRNC, a thin cap and accumulation
of inflammatory cells are all thought to be signs of plaque vulnerability
increasing the likelihood of plaque rupture(5). The mechanisms behind
superficial plaque erosion are less well described, however, these plaques
seem to have a smaller lipid core and less of inflammatory activity(31).

1.3 Neovascularization - a possible marker
of vulnerability

In normal arteries, the intima and inner media is supported with nutrients and
oxygen by diffusion from the vessel lumen(32). Deeper parts of the media
and the adventitia are supported from neovessels extending from the vasa
vasorum. Observational data shows that as the vessel wall thickens, when the
atherosclerotic lesion grows, neovessels grow into the thickening intima,
mainly from the vasa vasorum, and only rarely from the vessel lumen(33).
More neovessels are seen in lipid-rich lesions, in lesions with dense
macrophage infiltration of the fibrous cap and in lesions with a thin
cap(33,34). It is proposed that hypoxia inside the plaque stimulate the
neovascularization and as the thickness of the lesion grows, hypoxia in the
deeper parts of the intima stimulate neovessels to form(13), but also the
increased oxygen consumption of the macrophages could generate hypoxia
(32,35). Cytokine release from local inflammatory activity induced by
macrophages, T-cells and mast cells in the intima, further stimulate this
process. It is also proposed that hypoxia stimulates inflammation(36),
recruiting even more monocytes. Hypertension induced stress on smooth
muscle cells, oxidative stress and nicotine has also been proposed to
stimulate neovascularization(34). The neovessels seen in atherosclerotic
disease are enlarged and disorganized with irregular vessel diameters
compared to the micro vessels seen in normal arteries (37) and they are
described as leaky with less developed junctions between their endothelial
cells(14,38). Neovessels are more common in the shoulder regions and in the
base of the plaque and are co-localized with inflammatory cells(39). Cross
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sectional studies shows that the neovessels are associated with more severe
plaque phenotypes and with inflammatory activity. Also, neovessels are more
common in symptomatic plaques(37). Other studies indicate that presence of
neovessels could indicate an increased risk of cardiovascular events(40). It is
unclear if the neovessels can reduce the hypoxia, in fact it has been proposed
that the neovessels lack the capability of delivering sufficient oxygen for
nutrition(36). However, they enable inflow of more monocytes into the
plaque, thereby creating a vicious circle of hypoxia and inflammation(36,41).

The endothelial surface of the neovessels in a highly vascularized plaque is
much greater than the endothelial surface facing the vessel lumen(34).
Therefore it has been proposed that the plaque mainly is supported with
oxygen and nutrients through these vessels(33,42). In observational studies,
presence of neovessels correlates spatially with presence of increased
inflammation(39). From these studies, it is not possible to know if the
inflammatory cells are delivered by the vessels or if vessel growth were
stimulated by prevailing inflammation(34).

Intra plaque hemorrhage (IPH) is identified as a mechanism leading to a
vulnerable plaque prone to rupture(6,43). The bleeding seems to come from
the neovessels, not the vessel lumen(6,44). Higher levels of matrix
metalloproteinase have been found close to the neovessels and it has been
proposed that the vessels thereby could be weakened and prone to rupture
and bleeding(32). The IPH deposits large amounts of red blood cells in the
plaque, which is metabolized into large amounts of free cholesterol.
Cholesterol and red blood cells will be phagocytized by macrophages leading
to further necrotic core expansion(6,33). In cross-sectional studies, plaque
hemorrhage is associated with increased number of neovessels(37).

The role of neovascularization has been described as dual(32). In the earlier
stages the neovessels stabilizes the plaque. Later, the inflammatory cells
release matrix metalloproteinases and other substances that degrade the
neovessels and make them prone to rupture and cause IPH, thereby making
the plaque vulnerable(32).

1.4 Imaging methods

Plaques in the carotid arteries may rupture and cause embolic stroke, and this
probably accounts for 15% of all stroke cases(45). The carotid atherosclerotic
disease occurs in the proximal part of the internal carotid artery. Plaques at
this site are accessible for different non-invasive imaging methods, which
makes them suitable for studies on plaque biology and disease mechanisms.
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1.4.1 Ultrasound

Ultrasound is a widespread technology in examining vascular function and
morphology and typically uses frequencies between 1 and 20MHz. B-mode
ultrasound is the standard technology for making real-time 2D, or 3D,
images. Sound waves (mechanical waves) are sent into the tissue, and are
partially reflected every time it passes border surfaces between different
tissues. The propagation of the sound wave depends on acoustic impedance,
and the acoustic impedance (Z) of a material is defined as the product of its
density (p) and acoustic velocity (v), Z =p*v. The amount of sound wave
reflected depends on the change in acoustic impedance between the different
tissues and on the angel between the ultrasound beam and the interface.
Optimal reflection occurs at 90 degrees(46).

If the structure is smaller than the wavelength of the ultrasound, scattering
occurs, where the energy is radiated in all directions, and only a small
amount comes back to the transducer. In ultrasound, pulses of sound are sent
into the tissue. From time elapsed until the echo returns the distance to the
echo is calculated, and an image is presented. The image signal is processed
in the ultrasound system in a number of steps, many of them proprietary to
the vendor and not disclosed to the operator. In general, the brighter an object
appear on the screen, the stronger the signal of the echo. The image is usually
made of pixels coded in 256 steps from black to white.

Modern ultrasound can also use tissue harmonic imaging, where small tissue
elements resonate from the sound wave, and produce second harmonic tones,
a tone in a higher octave. The returned signal is processed and the
fundamental frequencies are filtered away. An image made from harmonic
echoes instead of the fundamental echoes has advantages in some cases since
it lowers the noise(47).

B-mode ultrasound imaging can be used to detect plaques of different sizes
visually and, using Doppler, the blood velocity can be measured which is
widely used to determine degree of stenosis. Blood flow velocities are not
increased until 50% of the lumen is obstructed by plaque tissue(48).

1.4.2 Ultrasound in carotid plaques

In clinical practice as well as in research, carotid plaques are primarily
detected with ultrasound. To define a plaque on ultrasound there is the well-
accepted Mannheim consensus(49). The intima itself cannot be measured
using ultrasound but the adventitia can be separated from the two inner
layers, hence the description Intima-media-complex. In the Mannheim

12



consensus a plaque is defined as focal structure encroaching into the arterial
lumen at least 0.5 mm or 50% thicker than the surrounding intima-media
thickness (IMT), or demonstrates a thickness >1.5 mm as measured from the
media-adventitia interface to the intima-lumen interface(49).

Plaque echogenicity

Carotid plaques have different appearances in the ultrasound gray-scale
image, from low echogenic (dark) to high echogenic (bright). Sometimes the
plaques are heterogeneous in their echogenicity. Classification of plaque
echogenicity on ultrasound have been made visually on a reproducible and
standardized nominal scale named after its inventor, Gray-Weale(50). The
Gray Scale Median (GSM) is a way to objectively measure the echogenicity
of the plaque in the ultrasound image using a standardization of the pixel
image values. Values are linearly scaled most often using blood and
adventitia as references(51-53). The median pixel value inside the plaque is
called GSM. Low echogenicity (hence low GSM) is associated with high
content of lipid and blood(51,54-58). A few prospective studies suggest that
subjects with low-echogenic plaques have higher risk for future
events(59,60).

1.4.3 Contrast enhanced ultrasound, CEUS

Contrast-enhanced ultrasound (CEUS) uses a specific intravasal contrast
agent consisting of micro bubbles. The micro bubbles are gas filled vesicles
with a phospholipid shell. In this thesis, the second-generation ultrasound
contrast agent Sonovue'" (Bracco Imaging, Milan, Italy) was used. The
Sonovue ™ micro bubbles are small, the mean diameter is 2.5 micrometer,
and are filled with sulfur hexafluoride gas. Sulfur hexafluoride is an inert
high-density gas and the high molecular weight of the gas inside the bubbles
slows down the diffusion of gas out of the bubble. This make the bubbles
survive longer in the bloodstream in comparison to first generation contrast
agents that were using air. The contrast agent is strictly intravasal; the
bubbles cannot leave the blood vessels. Contrast bubbles are injected in a
vein and small enough to pass the pulmonary circulation. When the bubbles
burst, the gas is cleared through the lungs and exhaled. Sonovue™ has been
widely used in clinical examinations, mostly tumor diagnostics in the liver.
The safety is well documented, with an incidence of severe adverse reaction
in approximately 1 in 10 000(61).

The size of the bubbles are carefully chosen so that their resonance frequency

is close to the fundamental frequency of diagnostic ultrasound. When the
bubbles are hit by the ultrasound wave they start to oscillate, and will both
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absorb and scatter ultrasound with high efficiency. This makes the echo from
micro bubbles much stronger than tissue echoes.

The mean size of the micro bubbles is 2.5 micrometer. The diameter of
carotid plaque neovessels range from 2-200 micrometers(36) when measured
as smallest diameter. In our own histologic examinations of carotid plaques,
the majority of micro vessels range from 3 to 150 micrometers in diameter,
however, some subjects have larger micro vessels with a diameter 500-800
micrometer.

Mechanical index

Mechanical index (MI) expresses the power from the ultrasound beam on the
tissues. It is defined as the peak negative pressure divided by the square root
of the center frequency of the ultrasound wave. With an MI of 1.2 or higher
the bubbles break. In CEUS of carotid plaques, a low MI is used. In our
studies we used an MI around 0.06 to ensure the integrity of the bubbles.

Contrast Pulse Sequencing

When the contrast-agent bubble is hit by a sonic wave, the gas expands more
easily than it compresses. This behavior is different from the behavior of
tissue. This behavior is called non-linear motion and leads to the rich
production of harmonic overtones from the bubbles. Using this phenomenon
it is possible to filter out and separate the signal from the bubbles from the
signal originating from surrounding tissue. By sending out trains of pulses
and changing the amplitude and phase of the ultrasound pulse, the returning
echoes from tissue and bubbles can be separated with great accuracy. In this
thesis the Cadence Contrast Pulse Sequencing (CPS) software program, by
Siemens, was integrated in the ultrasound system(62).

1.4.4 CEUS in carotid plaques

Efforts have been made to develop CEUS for detection of neovascularization
in carotid plaques in vivo. The ultimate goal would be to use CEUS and the
quantification of neovascularization to risk-stratify individuals with carotid
plaques into stable or vulnerable. The technique could also be used to
monitor the effect of wvarious treatments aimed at reducing plaque
vulnerability.

Today (19 September, 2015) there are, to our knowledge 27 original research
publications in English on the topic, including our own 2 published works.
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Neovascularization assessed with CEUS and histologic
verification

At present there are 13 studies comparing data from CEUS with histology in
carotid plaques(63-75). They are all rather small, however these studies
clearly indicate that increased signal from contrast agent inside carotid
plaques is a marker of neovascularization. There is no standardized method
on how to conduct a CEUS examination of a carotid plaque. Also, there is no
consensus about how to quantify the result of the examination.

CEUS and history of stroke or transient ischemic attack

At present there are 10 papers that have studied the relationship between
neovascularization assessed by CEUS and history of earlier cerebral
symptoms, such as ipsilateral stroke or transient ischemic attack (TIA).
Seven of these studies, including our own work and two of the largest studies
by Huang and Xiong, found an association(66,68,70,76-79). Three studies
did not find such an association(72,74,80).

Neovascularization and micro embolic signals

Two studies have compared the presence of micro embolic signals (MES) on
transcranial Doppler examination and plaque neovascularization(80,81).
MES positive subjects are thought to suffer from sub-clinical micro emboli to
the cerebral circulation(82). Both studies show increased neovascularization
in subjects that are MES positive.

Neovascularization and echogenicity

Excluding our own work, CEUS has been correlated with the plaque
echogenicity in six published studies. In three of these studies echogenicity is
measured with GSM(66,70,78). These studies show an inverse correlation
between GSM and neovascularization but they do not address the problem
with acoustic shadowing when using CEUS. Five studies compare
neovascularization with echogenicity visually classified on various nominal
scales(42,65,73,76,83). In two of these studies, no correlation is seen(42,73).
In the remaining three studies the authors find an inverse association, Xiong
et al conclude that this finding could be false(76), since calcifications can
shadow the ultrasound contrast agent. Coli et al(65) reports that 25% of
plaques have extensive calcification with acoustic shadowing but this finding
is not considered as a bias. Huang et al(83) uses a different classification of
echogenicity, however, these authors do not consider acoustic shadowing as
a bias.
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Quantification of CEUS

The first studies comparing CEUS to histology used a visual scale to grade
neovascularization(63-66). Various commercially available software
programs have been used to plot time intensity curves to measure the
enhancement of mean intensity inside the plaque compared to the
enhancement in lumen(68-73,75). Two recent studies comparing CEUS to
histology have used more advanced and dedicated software programs(67,74).
Two studies have chosen to analyze late-phase images, six minutes after
contrast agent injection(69,78).

Pseudo enhancement

The bubbles in the vessel lumen could give a mirror artifact in structures of
the far wall. Plaques in this location could appear brighter on CEUS without
having more micro vessels(84,85).

1.4.5 Magnetic resonance imaging, MRI

Magnetic resonance imaging (MRI) uses the hydrogen nucleus, a proton, to
make images. Using strong magnetic fields and energy in the radiofrequency
range the hydrogen nucleus can produce different signals depending on what
tissue it is surrounded by.

When put inside a strong magnetic field the protons align their directions
parallel or anti-parallel with the surrounding magnetic field, with a slight
predominance of parallel alignment. The spinning protons act as small
magnets and when a radio frequency pulse is applied, all these small magnets
move in phase, and their magnetization can be recorded as a current in a
receiver coil. The direction of the magnetization can be described as a vector,
called the net magnetization vector.

There are different ways to produce MR images. T1 relaxation time is the
time for a proton in a certain tissue to restore the longitudinal part of the net
magnetization vector. When the radio frequency pulse is turned off, the
protons will gradually decay back to a lower energy state. Fat can easily
absorb energy from the surrounding protons, and this makes the process
faster and the T1 in fat is therefore short. Water on the other hand cannot
absorb energy at the same speed. If the recording of signal from the coil is
made before all tissues have gone back to their original state, there will be
differences in the signals originating from differences in T1 between fat and
water where fat shows a higher signal. Gadolinium contrast agents are water-
soluble agents that lower the T1 time of the surrounding protons.
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T2 relaxation time is the time it takes for the horizontal component of the net
magnetization vector to dephase. Also T2 decay occurs faster in fat than in
water, mainly because the hydrogen nucleuses of fat are more dense packed
in fat compared to water, which makes the interactions from surrounding
atoms higher(86).

1.4.6 MRI of Carotid plaques

High-resolution magnetic resonance imaging of carotid arteries (MRI) is an
imaging technique where the use of a dedicated surface coil enables high
resolution imaging of the carotid arteries in a small field of view around the
carotid bifurcation. The main strength of MRI is the possibility to assess and
quantify plaque components(87-91). It has also been reported that it is
possible to identify an intact fibrous cap (89,92,93). The most interesting
target for MRI is probably the ability to identify intra plaque hemorrhage
(IPH). Decomposition of blood accumulated in the plaque turns the blood
into methemoglobin which results in T1-shortening and hence a strong signal
on T1 weighted sequences(94). Subjects with IPH have a higher risk for
future events compared to subjects with plaques that do not show
IPH(43,95). The following sequences are commonly used.

Time of flight MR-angiography, TOF-MRA

TOF-MRA is a sequence that can visualize the artery lumen without the need
of intravasal contrast agent. Basically the stationary tissue is subject to
repeated radio frequency pulses that eventually will turn the net
magnetization vector close to 0 degrees which is called saturation(86). TOF-
MRA can be used to detect plaque ruptures(92,93,96). However, in MRI of
carotid plaques it is difficult to know if high signal inside a plaque originates
from IPH or rupture that brings arterial blood into the plaque.

Quadruple inversion recovery

An inversion recovery sequence makes it possible to null the signal from a
certain tissue. A pre-pulse is timed before the radio frequency pulse so that
the desired tissues have reached zero magnetization. The sequence is then
started and the desired tissue will not generate any signal. This is one of the
ways in which for example the signal from fat can be eliminated. In the
quadruple inversion recovery sequence there are four pre-pulses. First a non
slice-selective 180-degree pulse then a 180-degree slice selective pulse.
Tissue and blood outside as well as inside the slice will be nulled by the first
180-degree pulse, tissue and blood inside the slice will be restored by the
second pulse. This is done twice before the reading is done. When the
reading is done, the blood has moved and nulled blood will be inside the slice
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and appear black. By doing the inversion two times before the reading, the
quadruple inversion recovery sequence will null blood in a wide range of T1.
The same sequence will therefore null blood before and after administration
of gadolinium. This makes it possible to compare pre and post gadolinium
images and quantify the contrast enhancement(97). The sequence we used
also contained a fat-saturation, reducing the signal from subcutaneous fat.
LRNC has a different fat composition than subcutaneous tissue, T2 in LRNC
is short and this makes the signal from LRNC weak. The inversion recovery
sequence in combination with gadolinium contrast is therefore very suitable
for outlining the LRNC(89-91).

MP-RAGE

IPH deposits blood in the plaque. The Hemoglobin is then transformed into
methemoglobin. Methemoglobin has short T1 and appears bright on T1
weighted images. A magnetization-prepared rapid acquisition gradient echo
(MP-RAGE) is a highly T1-weighted sequence that has been shown to result
in a high detection rate for IPH in plaques. MP-RAGE is better than TOF-
MRA and fast spin echo sequences(94,98). Coexisting calcifications,
especially scattered ones, will however lower the signal from IPH.

1.4.7 PET/CT

Positron emission tomography (PET) is based on imaging using molecular
positron emitting tracers. The most common tracer is flour-18 attached to a
modified glucose molecule, Fluor-DeoxyGlucose (FDG). FDG is a glucose
analog and behaves like glucose in the human body. After entering glycolysis
it is phosphorylated but is then trapped inside the cell since it cannot be
further metabolized. Flour-18 has a half-life of 109 minutes; it decays and
releases a positron which interacts with tissue and two photons are released.
The PET-scanner has a ring detector and if two photons are detected within
short time interval, and detected opposite to each other, this suggests that a
positron has been released. From this data an image of FDG accumulation is
made. The PET/CT is a hybrid scanner and consists of a PET-scanner and an
integrated computer tomography scanner (CT). The CT-images are
superimposed on the PET images and can be used for anatomical orientation.
Also, CT images are used for attenuation correction of the PET data. To
measure the amount of FDG in a certain volume, the standard uptake value
(SUV) is calculated as the decay-corrected tissue concentration divided by
the injected dose per body weight.
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PET/CT in carotid plaques

PET/CT with FDG has been used to estimate the degree of inflammation in
carotid plaques. The signal correlates with the number of macrophages and
foam cells in the tissue(99-101). Neovessels and loose matrix, containing
smooth muscle cells and endothelial cells also correlates with the increased
FDG uptake(101). It has been speculated that this could be because smooth
muscle cells and endothelial cells have an increased glucose uptake when
exposed to pro-inflammatory substances. The reason for increased FDG
uptake in some plaques is not fully understood, there are evidence that FDG-
uptake could be stimulated by the hypoxia in the plaque rather than by
inflammation(102). Other data indicate that FDG uptake is associated with
the presence of micro vessels, but not with markers of ongoing
angiogenesis(103).

The FDG PET signal is higher in previously symptomatic plaques(104-106).
Also FDG uptake is higher in carotid plaques that show micro embolic
signals on transcranial Doppler examination(107). In one study, FDG uptake
in previous symptomatic carotid plaques seems to be associated with risk of
recurrent stroke(108). There is a need for prospective studies to establish the
predictive value of FDG uptake and to gain insight into the temporal
dynamics of FDG uptake in carotid plaques. As outlined, FDG uptake is
affected by many mechanisms and tissues and more specific tracers are
needed to clarify mechanisms of plaque vulnerability(109).

1.4.8 Spatial resolution of the different imaging
modalities

Spatial resolution refers to the ability of the imaging modality to separate two
objects. Of the presented methods, ultrasound has the highest spatial
resolution. Resolution is dependent on which frequency is being used and
resolution differs dependent on the depth of imaging. Also, the resolution of
ultrasound is better in axial direction (the direction in which ultrasound is
transmitted) than in the lateral direction. The maximal resolution in the
ultrasound system used in this thesis is around 0.25 mm(110).

In MRI, the data is collected in a matrix and the size of the picture elements
are fixed by the MRI sequence and gives an absolute limit of spatial
resolution. Image resolution is a trade-off between scan-time, in plane
resolution and number of slices. In the quadruple inversion recovery
sequence we use voxels in the size of 0.6 x 0.6 mm and a slice thickness of 3
mm. The resulting maximum technical resolution would be 0.6 mm in the
image plane, but due but due to motion the resolution is a bit less.
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PET data is also collected in a matrix and reformatted to match the CT
images. PET has a lower spatial resolution than ultrasound and MRI at
around 7-10 mm.
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2 AIM

Despite all new imaging methods in carotid artery disease, the degree of
stenosis is the clinically used parameter to decide if a patient will benefit
from carotid surgery and the only diagnostic test that has passed randomized
controlled trials(111,112). An imaging method that proved a higher value to
predict stroke-event on an individual level would be highly desirable. An
imaging method of such kind could also be used to follow plaque
development in vivo, increasing the understanding of plaque biology, and be
used as a read-out of the effectiveness of treatments aimed at stabilizing
plaques. Plaque neovascularization is thought to be important for the
development of a vulnerable plaque but there is not much solid evidence. The
underlying pathophysiology of the vulnerable plaque is not clear.

Contrast enhanced ultrasound has been suggested as a tool to estimate
neovascularization of carotid plaques in vivo. The general aim of this thesis
was to test if CEUS could be used to detect vascularization in carotid plaques
and to study the biology of plaque neovascularization in humans in vivo. The
thesis aims to develop, standardize and quantify the CEUS examination of
carotid plaques and to use the standardized CEUS examination to gain
information on plaque vulnerability. To evaluate CEUS we compared CEUS
data with PET/CT and MRI, in order to investigate associations between
neovascularization and other signs of plaque vulnerability.

The specific aims of the papers included in the thesis were:

I. i/To develop and validate a standardized, reproducible and semi-automated
method for CEUS examinations of carotid plaques. ii/To investigate how
CEUS correlate with plaque echogenicity, measured using standard
ultrasound imaging and with previous clinical events.

II. To test if there is an association between plaque inflammation measured
with PET/CT and vascularization measured by CEUS.

III. To determine the relationship between the level of plaque vascularization
and MRI derived markers of vulnerability; size of the lipid rich necrotic core
and presence of IPH.

IV. To test the performance of high resolution MRI in detecting non-stenotic
carotid plaques identified using ultrasound and to answer the following
questions: i/ Can MRI visualize all carotid plaques detected by ultrasound?;
ii/ How does plaque height measured using ultrasound compare to plaque
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height measured using MRI?; iii/ Does plaque size on ultrasound, expressed
as total plaque area or maximal plaque height, correlate with total plaque
volume on MRI.
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3 PATIENTS AND METHODS

3.1 Subjects

The subjects in Paper I, II and III are recruited from the Western region
Initiative to Gather Information on Atherosclerosis (WINGA) database. This
database includes patients at Sahlgrenska University Hospital undergoing
ultrasound examination for suspected cerebrovascular disease. We also
invited volunteers aged 68-73 years (identified through official registers) to
screening for carotid artery atherosclerosis. Eleven of the subjects in Paper 11
have been included in Paper I. Twenty-seven of the subjects in Paper III have
also been included in Paper I. All 13 of the subjects in Paper II are included
in Paper II1.

The subjects of Paper IV were recruited from the SCAPIS pilot study, a
population study recruiting subjects from the general population(18).

3.2 Paper | - Evaluation of CEUS

In Paper I the CEUS protocol and the analysis software program (Contrast
Quantification Program, CQP) was carefully tested. The CQP was tested
against visual assessment by two blinded reviewers. Reproducibility of the
examination and analysis was tested in two ways. Inter-scan reproducibility
was tested by re-examining subjects after 30 minutes. The reproducibility of
reading images was tested when the same examination was analyzed twice.

3.2.1 Development of CEUS protocol

Different aspects of the CEUS methodology were carefully tested in pilot
experiments before data collection of Paper I was started. CEUS was
performed in subjects with carotid plaques of different sizes. It became clear
that the plaque height on B-mode ultrasound needed to be at least 2.5 mm;
otherwise the plaque could be difficult to visualize when contrast agent
arrived in vessel lumen. The contrast agent in the lumen “bleeds” over onto
the tissue. Also, dose of contrast agent and ultrasound system image
parameters were tested. A MI of 0.06 was chosen to maintain integrity of
contrast bubbles.

We early identified acoustic shadows in the plaque (due to calcifications) as
a problem. The low MI used in CEUS could not visualize a contrast agent
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signal from areas behind such calcifications. To handle this problem we
excluded all subjects that had more than 10% of the plaque area shadowed.

3.2.2 Development of the CQP

The development and validation of the CQP is described in Paper I. A
number of different ways to quantify presence of contrast agent in the
plaques were tested. We used a testing platform in which different areas or
pixels of the plaque could be analyzed and applied different filters and
weightings. Whereas signal strength in vessel lumen rose and gradually
declined over time the contrast agent in the plaque appeared as binary blinks
of bright spots inside the tissue. Training and validation of the CQP followed
standard guidelines for development of pattern recognition software
programs(113). Different time-intensity thresholds were used and the highest
correlation with visual assessment was obtained when we defined pixels as
white if their intensity was >35 at least 14% of the time. The CQP expresses
the degree of vascularization as CQP value. The CQP value can be an integer
from 0 to 100, and is defined, as the percentages of plaque area in which
contrast agent has been present.

3.3 Paper Il - CEUS and inflammation

All subjects fasted 6h or more before the PET/CT examination. FDG was
administrated intravenously (2.7 MBq/kg body weight). Subjects then rested
for 90 minutes and were then examined in supine position. The head was
resting in a fixation device during imaging. The PET/CT protocol included a
low-dose radiation CT for attenuation correction. After the PET acquisition a
contrast-enhanced CT-angiography was performed. This was reformatted and
matched to PET data, and PET images were fused with CT angiography to
enable a good visualization of carotid vessels. Presence of FDG in the carotid
plaque was measured, as tissue background index (TBI) were the SUV from
the plaque is divided with SUV from the blood pool, in this case from
multiple measuring points in the jugular vein. We defined TBIV™*" as mean
of three mean SUVs within the plaque divided by mean of seven mean SUVs
from the jugular vein. We defined TBIM** as the mean of three maximum
SUVs within the plaque divided by mean of seven maximum SUVs from the
jugular vein. To ensure that SUV in the plaque was measured in the same
part of the plaque that was covered by CEUS we used a novel orientation
method, developed and described in Paper II. Briefly, axial B-mode
ultrasound images were used to determine the angle between the line joining
the center of the external and internal carotid artery. This angle was then
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transferred to axial MRI slices to find the same image plane (se Figure in
Paper II).

3.4 Paper lll - CEUS and LRNC

We used MRI as an in vivo method to gain understanding on how different
plaque components correspond to different degrees of contrast-agent uptake
on CEUS. To do this as accurate as possible we used our novel orientation
method from Paper II. Using this, we evaluated the different plaque
components in a small sector of the plaque, corresponding to the slice imaged
by ultrasound. Also, the whole plaque was analyzed on MRI and volumes
were calculated manually. Data on plaque volume, size of LRNC,
calcifications and IPH was derived as describe in the introduction and in
Paper III.

3.5 Paper IV - Detection of plaques

In Paper IV we compared the sensitivity of ultrasound and MRI to detect
plaques. The Mannheim consensus provides a clear definition of a plaque on
ultrasound(49), however on MRI there is no clear definition. In Paper IV, a
plaque on MRI was defined as a local thickening of the vessel wall compared
to normal vessel wall either within one axial slice or between two axial
slices. The wall thickening should not be explained by a partial volume
effect. This definition was based on visual assessment of images. The
definition appeared robust since measurements of wall thickness in normal
arteries were well separated from the wall thickness in the areas defined as
having plaques. Importantly, this definition excludes thickening due to partial
volume effects.

Ultrasound and MRI images were reviewed blinded by different readers.
Number of plaques were counted in the different vessels and plaque height,
plaque area (ultrasound) and plaque volume (MRI) were measured. The
ultrasound image assessment was restricted to the volume covered by the
MRI examination.

3.6 Ethical considerations

The studies in this thesis conform with the declaration of Helsinki. All
studies were approved by the regional ethics board. Study II was also
approved by the local radiation committee. All subjects gave written
informed consent.
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3.7 Statistics

In all papers the level of significance was set at p-values <0.05, two sided
tests, unless otherwise stated. Non-parametric tests were used when normal
distribution could not be assumed.
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4 RESULTS

4.1 Paper | - Evaluation of CEUS

The main result from Paper I is that our method for performing and
evaluating CEUS in carotid plaques is reproducible and correlates with visual
assessment. The final set for validation against visual assessment consisted of
43 plaques from 41 subjects. Visual assessment correlated with CQP values
(r=0.68, p < 0.001), Figure 1A. Reproducibility was tested in 20 subjects,
both as repeated analysis of a single examination and as analysis of first and
second contrast agent examination, separated by 30 minutes washout. There
were no systematic differences and both analyses showed high intra class
correlation (0.99 and 0.94 respectively).

We found a positive correlation between echogenicity expressed as GSM and
CQP value ( r = 0.50, p < 0.01). Finally, subjects with history of ipsilateral
stroke or TIA had significantly higher CQP values in their carotid plaques
(Figure 1B).

r=0.68 X
p<0.001

CQP value
(%)
CQP value
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Visual classification .
(Grade) Ipsilateral stroke or TIA

Figure 1. A: Correlation between CQP value and visual classification. B: COP
value is higher in subjects with previously ipsilateral stroke or TIA. From Hjelmgren
et al. (EJVES)(79). Reprinted with permission from the publisher.
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4.2 Paper Il - CEUS and inflammation

The main finding of Paper II is that plaque vascularization correlates with
level of inflammation in the plaque, measured with PET/CT and FDG in vivo
(Figure 2). In Paper II we examined 13 subjects. Of these, 6 were previously
asymptomatic, 6 had a history of stroke or TIA and 1 subject had a history of
ipsilateral stroke. Median time between CEUS and PET/CT was 7 days, in
one subject the time interval was 89 days. There were no differences in CQP
value, GSM or TBI between previously symptomatic and non-symptomatic
subjects. CQP values correlated with both TBIM**N and TBI™*. In
agreement with Paper I, CQP values correlated positively with GSM also in
this sub-sample (1=0.67, p<0.02). There was no correlation between GSM
and TBI"™*" or TBIM*X,
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Figure 2. Plaque neovascularization correlates with the degree of plaque
inflammation measured as FDG uptake in PET/CT. From Hjelmgren et al
(EJR)(114)Reprinted with permission from the publisher.
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4.3 Paper lll - CEUS and LRNC

The most interesting finding in Paper III is that plaque vascularization is
associated with a lower content of lipid rich necrotic core. In Paper III we
challenged the finding in Paper I suggesting that plaque vascularization is
associated with a lower content of lipid and hemorrhage as measured using
ultrasound. In Paper III, 31 subjects were imaged using MRI and CEUS to
further test this potential association. Median time between CEUS and MRI
was 28 days. Fraction of LRNC correlated inversely with CQP value both in
whole plaque and sector analysis (both analysis r =-0.40, p=0.03), (Figure
3A). In MRI analysis of the whole plaque there were no correlations between
GSM and fraction of lipid-rich necrotic core, fibrous tissue or calcifications.
In sector analysis however, GSM correlated negatively with LRNC (Figure
3B) and positively with fibrous tissue (r=-0.44, p= 0.01). CQP values were
similar in plaques with and without IPH.
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Figure 3. A: Plaque vascularization correlated negative with size of LRNC both in
sector analysis (shown) and whole plaque analysis (not shown). B: Negative
correlation between echogenicity (GSM) and size of LRNC when examined in sector
analysis
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4.4 Paper IV - Detection of plaques

The main finding of Paper IV is that MRI is comparable to ultrasound in
finding plaques 2.5 mm or higher, but performs inferior to ultrasound in
smaller plaques. A total of 38 subjects and 76 carotid arteries were included
in the analysis. MRI detected 95% of all plaques with a height of at least 2.5
mm on ultrasound. MRI detected 53% of all ultrasound detected plaques
smaller than 2.5 mm. In 25 carotid arteries, ultrasound detected two plaques
were MRI only detected one plaque. In 20 of these cases, it could be shown
that the ultrasound image plane cuts the same plaque twice (Figure 4). Plaque
height measured on ultrasound had a similar correlation to MRI derived total
plaque volume (r=0.52,p<0.0001) as ultrasound plaque area (r=0.47,
p<0.001).

Figure 4. A: Longitudinal B-mode ultrasound image of the carotid bulb. Plaques are
seen in both near and far wall. B: Axial Tl post gadolinium image of the same
subject, green line shows ultrasound image plane. Note how the two plaques shown
on ultrasound are in fact two parts of the same plaque.
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5 DISCUSSION

5.1 Major findings in Paper Il

When planning the first paper our first intention was to study the
performance of CQP against histologic assessment of vascularization.
Histologic verification would be the best way to validate our quantification
software program. However, for this patient group the time from admission
to the hospital to surgery is short, the median time from onset of symptoms to
surgery in our hospital is 7 days(115), and enrollment of a sufficient number
of subjects was not feasible. Instead we choose to test the CQP algorithm
against visual assessment. Visual assessment of contrast agent uptake has
been used in numerous studies providing evidence that it gives a valid
approximation of plaque vascularization measured using histology(63-75).

In this thesis we have described a standardized protocol for CEUS
examination and a semi-automatic quantification software program to
analyze the images. We have shown that we can generate reproducible results
and we have shown that data from the semi-automatic tool, CQP, correlates
with visual assessment of contrast agent uptake. The output variable, CQP
value, is higher in earlier symptomatic subjects than asymptomatic subjects.
The distribution of CQP value is skewed towards low values, 44% of the
plaques had CQP values below 20%. Accumulation of low echogenic
plaques in our material could explain this finding.

Interestingly, plaques with higher GSM value have a higher CQP-value in
our material. This is contradictory to most previous
publications(65,66,70,76,78,83), while a few other studies fail to show any
correlation between CEUS and echogenicity(42,73). We believe that the
previous studies that showed an inverse correlation between echogenicity and
vascularization suffers from inclusion bias since heavily calcified plaques
were included. In some studies the proportion of heavily calcified plaques
were as high as 25%(65). From our own experience (and explained by
acoustic shadowing), little or no contrast agent can be visualized in these
plaques. The shadows from a calcified near wall plaque will also affect
vessel lumen and make contrast agent detection impossible. This has also
been discussed by Xiong et al(76) and ten Kate et al(116). To deal with this
issue we choose to exclude all subjects with more than 10% shadowing. This
selection in our material led to an enrichment of subjects with low GSM.
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Previous studies using histology have shown that plaques with low
echogenicity/low GSM on ultrasound have a large content of lipid and a high
frequency of IPH (51,54-58). In Paper 111, as expected we found that the size
of LRNC on MRI correlated inversely with plaque GSM. This relation was
only found when the MRI images were analyzed in the sector of the plaque
that corresponded to the image plane used by ultrasound. To study these
relationships our newly developed orientation system is most likely critical in
order to transfer information between 2D ultrasound images and volume
imaging with MRI(114). Only very strong associations can be demonstrated
if a 2D image is compared directly with information from a 3D volume of a
heterogeneous tissue.

When comparing CEUS data of vascularization with MRI data of plaque
composition we also found that plaques with more extensive vascularization
had a lower content of lipid rich necrotic core measured on MRI. This was
true both in sector analysis as well as when the whole plaque was analyzed
on MRI suggesting a strong and solid association. This is an interesting and
also contradictive finding since both large LRNC and plaque vascularization
are considered as markers of vulnerability. On the other hand it is in line with
our own finding that vascularization correlates positively with GSM(79). To
summarize; We have shown that vascularization is higher at higher GSM
values and that vascularization is higher when the LRNC is small. This
means that a plaque cannot have a large LRNC and be fully vascularized.
The explanation is most likely that the dead and necrotic tissue in the
LRNC(5) is not vascularized and therefore ultrasound contrast agent is not
distributed to this volume. This does not exclude an important role of
neovascularization in plaque vulnerability. It may very well be that the
important neovascularization exists in a small part of the plaque and that
qualitative differences between different vessels contributes more to its role
in vulnerability(39,117).

Our material shows a higher degree of neovascularization in subjects with
prior symptoms and this is consistent with the majority of earlier
studies(66,68,70,76-78). This supports CEUS as a marker of vulnerability but
we believe that this finding must be interpreted with caution since the
measurements is performed after the event. Increased vascularization could
be associated with the healing of a plaque after rupture(118). The healing
process in other tissues involves angiogenesis(119) and it is therefore
possible that the increased vascularization observed in these types of studies
is a phenomenon related to plaque healing after an event. To resolve this
issue we think it is important for future studies to investigate the natural
course of development of plaque morphology after an event. There is also

32



other evidence for a role of vascularization in development of events. Two
studies have compared the grade of neovascularization in subjects with and
without micro embolic signals (MES) when examined with transcranial
Doppler(80,81). These findings supports the role of CEUS as a marker of
vulnerability since the presence of MES is associated with increased stroke
risk.

In Paper III we found no differences in vascularization between plaques with
and without IPH. This finding was somewhat surprising since the mechanism
behind IPH is extravasation of blood from ruptured neovessels. Also there
was no difference in size of LRNC between subjects with and without IPH.
These findings are not in line with findings in previous cross-sectional,
histology studies on advanced carotid plaques(37) and coronary plaques(6).
The discrepancy may be explained by the limited number of observations in
our study. It is also important to remember that CEUS measures the quantity
of vascularization, not the quality of the vessels.

In Paper II we show that plaque vascularization correlates with inflammation
when measured in vivo. This supports previous histological data (39,99-101)
and to our knowledge this is the first time this is shown in vivo. FDG uptake
in carotid plaques is considered a marker of plaque inflammation although its
specificity has recently been challenged. FDG uptake correlates with the
number of foam cells and macrophages(99-101). However, tissues like loose
matrix, neovessels and smooth muscle cells are also associated with elevated
FDG(101). A possible explanation for the uptake in these cells is an
increased cell metabolism when exposed to pro-inflammatory
substances(101). Furthermore, in vitro experiments have shown that hypoxia
directly can stimulate FDG uptake(102). Other data indicate that FDG uptake
is associated with the presence of micro vessels, but not with markers of
ongoing angiogenesis(103). Although FDG seems to be an unspecific
marker, there is a common thread that increased FDG uptake is associated
with different indices of plaque vulnerability.

The FDG signal in relation to the LRNC is not very well studied. In one
recent work on ex-vivo plaques(101), plaques with high FDG signal did not
differ in lipid core size to plaques with low FDG signal. But in most works
on FDG and carotid plaque histology, data on FDG enrichment in LRNC has
not been reported.
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5.1.1 Applicability of CEUS

For recruitment, we screened subjects in the ages 68-73 year old. In this age
interval the incidence of carotid plaques (height > 2,5 mm) in this general
population was around 7%. Around 32% were then excluded due to
extensive calcifications leading to acoustic shadowing (>10%). It is
important to have these figures in mind when discussing the value of CEUS
in a general population. CEUS of carotid plaques is a method limited to
patients with at least moderate sized plaques with little acoustic shadowing.
If proved valuable this technic could be used for risk stratification in this

group.
5.1.2 Quantification of CEUS

An automated and objective quantification that expresses the vascularization
as a continuous variable is of course a method superior to visual grading.

We tested different analysis strategies in our development platform,
including variables that measured enhanced intensity and time to peak
intensity. However the use of these different calculations, based on time
intensity curves in the plaque relative the lumen was not robust. Some basic
features of the contrast agent make this sort of analysis less suitable; a single
micro bubble can be detected and will be presented as a bright spot. This
makes the relation between vessel density and pixel intensity complicated
and we cannot assume that the signal intensity is linear to the density of
vessels present in a certain region. Single pixels showed an on/off behavior
when for example a single bubble entered and exited the ultrasound image
slice.

It was also evident that the quantification algorithm needed to handle both
spatial and temporal resolution. The CQP algorithm looks at every pixel
separately; if the pixel goes bright for a certain duration (eg. time threshold)
it is considered to coincide with a vessel, even if it later turns black. The
thresholds for intensity and duration were set in a training set as described in
Paper 1. The same strategy has been used by others in to recent works,
presenting quantification software programs that works in a similar way to
ours(74,120). In the paper by Zhang a software program is tested directly
against histology showing good performance(74).

When conducting CEUS examinations we learned that different subjects
show different signal strength from ultrasound contrast agent both in vessel
lumen and in tissue, despite our attempts to standardize the examination. This
phenomenon is well known from standard B-mode ultrasound and is
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explained by variations in the acoustic impedance between subjects. In order
to make the CEUS examination as standardized as possible we choose to
scale the gray scale levels in a linear way. We used the darkest pixel in the
image series as black reference and the brightest pixel in vessel lumen as
white reference.

The CQP value can be an integer from 0 to 100, and is defined, as the
percentages of plaque area in which contrast agent has been present for a
given amount of time. After this normalization and filtering of data the CQP
value could be handled as a continuous variable.

Pseudo enhancement

The pseudo enhancement artifact has been described as increased intensity in
areas remote to large vessels containing contrast agent(84). There is currently
no consensus on how to handle this artifact. In the works by van der Oord,
the authors choose to only examine plaques in the near wall(121,122).
However, in all works comparing CEUS with histology(63-75), no such
restriction has been made. In Paper I we observed an increased CEUS signal
in the far wall compared with the near wall. It is possible that this is
explained by pseudo enhancement.

The prospective value of CEUS

There are no prospective studies to clarify if neovascularization assessed
non-invasively by CEUS actually can predict future stroke or TIA. However
a recent study showed that CEUS and plaque height can predict cardiac
events in a high risk population with known stable coronary heart
disease(123). To show that CEUS can predict stroke, large multi-center
studies are probably needed. Before this is done, consensus on performance
and interpretation of the examination is needed.

5.2 Differences between 2D ultrasound and
MRI - Paper IV

The validity and applicability of the studies using multi modality imaging
such as in Paper III is highly dependent on the sensitivity of different
modalities to detect atherosclerotic plaques. To further explore this we
choose to compare the two imaging methods, ultrasound and MRI, in Paper
IV.

When using our novel orientation method, comparing ultrasound derived
data to MRI data it became obvious that most plaques are heterogenic and
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that the 2D ultrasound image plane not always is representative for the
plaque morphology as seen in 3D MRI. Our very experienced sonographers
were carefully instructed to obtain ultrasound image plane that would cut
perpendicular through the highest part of the plaque. However, when the
image plane was superimposed on the axial MRI images it became clear that
ultrasound sometimes misses the most affected part of the vessel wall. These
findings lead to the formulation of the research question of Paper IV.

There is no consensus of what constitutes a plaque on MRI. To be able to
compare the two modalities we defined a plaque on MRI as a local
thickening of the vessel wall compared to normal vessel wall either within
one axial slice or between two axial slices, a thickening not explained by a
partial volume effect. In an attempt to validate this visual assessment we also
measured the wall thickness in sections defined as normal wall and plaque
tissue respectively. This validation turned out successful with no observed
overlap between the two measurements (thickness of normal wall ranged
from 0.6-1.1 mm, plaque thickness was always >1.6 mm).

In Paper IV we showed that smaller plaques are easier to discover on
ultrasound compared with MRI. However, plaques with a height of at least
2.5 mm on ultrasound were detected by MRI in 95% of the cases. In smaller
plaques MRI only detected 53% of the ultrasound verified plaques. This is of
course expected since ultrasound has a considerably higher resolution than
MRI. However, in 2 cases MRI found plaques in cases where ultrasound
reported no plaques. This is probably explained by the fact that the
ultrasound operator cannot choose the insonation angle of the probe freely.
For physical reasons, the lack of a proper perpendicular border surface,
ultrasound has problems to detect plaques located in the sidewalls. In
conclusion, the empiric cut off level of 2.5 mm used in several MRI studies
(18,124) seems to be adequately chosen.

In Paper IV, ultrasound visualized what appeared to be two separate plaques
in 27 carotid arteries. After scrutiny of MRI images, it is likely that in 20 of
these cases the two plaques on ultrasound is in fact the same plaque cut twice
(Figure 4). This analysis was made possible since we could project the
ultrasound image plane on to MRI images using our new orientation method.

In our data, we believe that the best parameter to assess plaque burden on
ultrasound is the plaque height. It shows a strong agreement with MRI
assessed plaque height when the plaques are >2.5 mm and fair agreement
below 2.5 mm. Plaque height and plaque area (on ultrasound) correlates
similar to MRI assessed plaque volume. However, plaque height is a much
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more robust and also fairly straightforward measure compared with plaque
area.

We found a poor agreement when we compared the exact localization of
maximum height measurement on MRI and ultrasound. Only 31% the height
measurement was found within the same 90-degree sector of the vessel wall.
This is not surprising since the sidewalls are hard to view on ultrasound. MRI
on the other hand can view the whole circumference with equal resolution.

Interestingly, and in line with other studies(19), when the distribution of the
location of maximum plaque height on MRI was plotted, as an angle from
external carotid artery, it was not randomly distributed. It is much more
common that the maximum plaque height is found opposite to the external
carotid artery. The reason for this skewed distribution is thought to be the
differences in flow hemodynamics since the turbulent flow along the outer
wall induces less shear stress (20).
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6 CONCLUSION

CEUS examination of carotid plaques can be performed in a standardized
fashion and the examination can be quantified semi-automatically using our
novel software program. CEUS can visualize the degree of vascularization in
carotid plaques.

More dense vascularization is seen in plaques with a small lipid rich necrotic
core, measured by MRI or as a low GSM. From this finding we speculate
that the relation between the degree of neovessels and risk of plaque rupture
is not simply positive. The signal from CEUS does not differentiate between
mature and normally developed vessels in stable parts of the plaque and
immature fragile vessels that may rupture and cause intra plaque hemorrhage.

The degree of plaque vascularization is associated with the degree of plaque
inflammation measured with FDG.

MRI is equally sensitive to ultrasound in finding plaques that are 2.5 mm or
higher, in smaller plaques MRI is less sensitive. Ultrasound derived plaque
height is in our opinion a good proxy for MRI derived plaque volume.

Multiple plaques seen on ultrasound are often a misinterpretation of the

anatomy; most often it is different parts of the same plaque visualized in
different imaging planes.
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7 FUTURE PERSPECTIVES

The ultrasound system and the software programs integrated in the
ultrasound system needs to be technically improved. Especially the image
handling of calcified tissues needs to be improved. With better technology,
CEUS would be feasible in a higher number of subjects with improved image
quality. The limited applicability is currently the bottleneck for the CEUS
technology, not the quantification of the examination. Objective
quantification is in our opinion rather good on images of reasonable quality.

To understand the pathophysiological process that leads to plaque rupture,
the ideal experimental design would be to image carotid plaques the days or
weeks before a rupture. In this way, plaque composition and vascularization
preceding rupture could be imaged and analyzed. However, this study design
is most likely utopia. The design would involve imaging of an enormous
amount of subjects since only a small fraction of the subjects will suffer an
event in the following week after an examination. This would be the case
even if a very high-risk population were recruited. An alternative and much
more feasible strategy would be to perform serial imaging after an event to
capture changes in plaque morphology in the healing phase.

It would be very interesting to conduct a CEUS study of plaque
vascularization targeting specific areas of the plaque. A possible design
would involve initial imaging with MRI where the size and location of
plaque components can be visualized. These images are then used as input in
an orientation system, and CEUS is targeted against the most interesting
parts of the plaque; including regions outside but close to the LRNC as well
as shoulder regions. We believe that the extent of neovascularization needs to
be measured in the context of the local environment. Very interesting new
multi-modality imaging systems for fusion of ultrasound and various
tomographic image data, like CT or MRI, is promising, since they can be
used to visualize the location of the ultrasound image plane onto a MRI
image in real time.

Currently, CEUS cannot tell us anything about the quality of the neovessels,
only the quantity. A CEUS study using micro bubbles labeled with a tracer,
that binds to molecular markers of fragile endothelium could provide image
information on only the most vulnerable vessels, prone to cause IPH.
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