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Abstract
Background: Carotid endarterectomy (CEA) has been shown
to be beneficial in patients with high-grade symptomatic carotid artery stenosis. Patients with high-grade asymptomatic stenosis may only exceptionally benefit from CEA during
periods of increased plaque vulnerability. Imaging modalities to characterize unstable, vulnerable plaques are strongly needed for better risk stratification in these patients. Summary: Contrast-enhanced ultrasound (CEUS) is a novel and
noninvasive technique capable to identify several surrogate
markers of vulnerable carotid plaques. The use of specific
ultrasound microbubbles allows a reliable detection of microulcerations due to an optimized visualization of the
plaque-lumen border. As microbubbles are strictly intravascular tracers, the detection of individual microbubbles within the plaque corresponds to intraplaque neovessels. The accuracy of CEUS in the visualization of newly formed microvessels has been confirmed in histological studies on
carotid endarterectomy specimens. Together with the formation of adventitial vasa vasorum, intraplaque neovascularization is a strong predictor for symptomatic disease. The
phenomenon of late phase contrast enhancement is based
on the adherence of microbubble-containing monocytes on
inflamed endothelium. Recent studies suggest that late
phase contrast enhancement may reflect endothelial inflam-
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mation or activation within carotid plaques. The development of conjugated microbubbles that bind to specific ligands such as thrombotic material or neovessels has led to
the term ‘molecular imaging’. CEUS with microbubbles targeted to P-selectin and VCAM-1, key molecules in leukocyte
trafficking, was used to detect an inflammatory plaque phenotype, whereas microbubbles coupled to the VEGF-receptor may allow for a detection of neovascularization. Even
though imaging with targeted microbubbles is yet in an experimental stage, this technique can visualize active plaque
reorganization with increased vulnerability leading to generation of arterio-arterial embolism. Key Messages: The use
of contrast-enhanced ultrasound can be recommended to
assess atherosclerotic carotid lesions at risk for rupture. Prospective clinical studies are needed to validate the use of
CEUS in patients with high risks of recurrent large artery
strokes. In particular, this applies to the detection of intraplaque neovascularization, a well-established marker in preclinical and observational studies, while the clinical significance of late phase contrast enhancement still needs to be
determined.
© 2014 S. Karger AG, Basel

Introduction

Although more than 60 years have passed since 1951,
when C. Miller Fisher reported in his milestone work the
occurrence of transient ischemic attacks (TIA) in relation
to carotid artery disease, reliable criteria to identify patients with high-risk carotid plaques are still lacking. To
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Contrast Agents

Contrast-enhanced ultrasound is based on an ultrasound-specific contrast agent consisting of microbubbles
and was initially used as early as 1968 by Gramiak and
Shah in echocardiography [10]. Due to their size, microbubbles cannot leave the capillary bed and can thus serve
as strictly intravascular tracers. The echogenicity of microbubbles results from the high impedance contrast as
against the liquid in which they are expanded and their
ability to absorb and re-radiate sound energy. The re-radiated sound field thus comprises different harmonics of
the excitation frequency, making the microbubble signal
distinguishable from the surrounding tissue signals [11].
The first-generation microbubbles were room air microspheres with no ability to cross the pulmonary bed and
therefore useless to carotid ultrasound imaging. The clinical relevance of vascular ultrasound led to the development of echocontrast agents able to survive pulmonary
and capillary transit and increase the echogenicity of the
flowing blood [12]. The in vivo stability of the second
generation microbubbles is related to their shell characteristics and to the solubility in blood of the gas used in
their preparation. The second generation of microbubbles contains either phospholipid-encapsulated sulphur
hexafluoride or albumine- or lipid-encoated perfluorpentan. These microbubbles have, due to the low solubility of the gas that they contain and due to their stabilized
shell, a high circulation time.
Commercially available microbubbles have been already used for diagnostic purposes in millions of patients
and are considered safe. The reported side effects seem to
be extremely rare. However, there are some contraindications that should be considered. Those are known allergy
to the contrast agent; unstable angina pectoris; myocardial infarction; acute cardiac failure, significant cardiac
shunt and endocarditis [13]. Currently, four second-generation microbubbles are approved and used in clinical
practice: Optison (perflutren protein type-A microspheres), Definity (perflutren lipid microspheres), Sono
Vue (phospholipid-encapsulated sulphur hexafluoride
microbubbles), and Levovist (granules composed of galactose and palmitic acid). To date, microbubble contrast
agents are routinely used in neurosonology with transcranial color-coded ultrasonography to overcome an insufficient transtemporal window [14]. However, the contrast
agents have not been approved for carotid ultrasound examination to this point. Nonetheless, the 2011 guidelines
for nonhepatic applications of CEUS by the European
Federation of Societies for Ultrasound in Medicine and
Alonso/Artemis/Hennerici
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date, the degree of carotid artery stenosis remains the best
evaluated marker for the risk of stroke in carotid artery
disease. Especially after the two multi-center trials of the
90’s, that is, NASCET [1] and ECST [2], in clinical practice, the management of patients with carotid artery
plaques highly depends on the grade of stenosis. As carotid duplex evaluation of the carotid atherosclerotic disease has become an essential component in the diagnosis
and management of carotid artery disease [3], many different ultrasound plaque parameters were postulated as
possible predictors of increased risk of stroke in patients
with carotid artery disease. Extensive work on atherosclerotic plaque specimens from carotid endarterectomy consistently demonstrated that the individual composition of
the plaque is a major factor determining the risk of cerebral ischemia [4, 5]. From a pathophysiological viewpoint,
the transition from a stable to an unstable atherosclerotic
plaque is a consequence of complex molecular and cellular
mechanisms. Vulnerable plaques, which are prone to rupture, characteristically have a large lipid necrotic core [6]
and are covered by a thin fibrous cap [7]. In vulnerable
plaques, the number of smooth muscle cells (SMC) is decreased through the induction of SMC apoptosis, mainly
by inflammatory macrophages and lymphocytes. As a
consequence, the extracellular matrix components secreted by SMC decrease, and the fibrous cap thins out. Apoptosis of macrophages further contributes to fibrous cap
thinning and enlargement of the necrotic core. The effective clearance of apoptotic cells by phagocytes is impaired,
resulting in the accumulation of apoptotic cells and decreased anti-inflammatory impact of the phagocytes. In a
growing plaque, reduced oxygen diffusion results in hypoxia and in the release of angiogenic growth factors. Intraplaque neovessels with immature structure are formed.
The absence of pericytes in these vessels may lead to increased leakage and predisposes the vessels to rupture.
To date, plaque neovascularization is considered to
represent a most important predictor of carotid plaque
vulnerability. Several studies on endarterectomy specimens linked the presence of intraplaque neovessels and
subsequent intraplaque hemorrhage to symptomatic periods of otherwise long-lasting asymptomatic stages of
carotid artery disease [8, 9]. This review updates our current knowledge about the potential of contrast-enhanced
ultrasound in the detection of vulnerable plaques in these
patients. We will give an overview of the current status of
CEUS, features of vulnerable plaques accessible to ultrasound, the role of CEUS in comparison to MR imaging
modalities, and the future perspectives in carotid plaque
imaging.
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Fig. 1. Identification of intraplaque neovascularization with contrast-enhanced ultrasound. Color-coded duplex
of the proximal internal carotid artery with detection of a high-grade stenosis with hypoechoic atherosclerotic
plaque (a). The corresponding CEUS scan (b) shows punctual contrast enhancement in the plaque (see arrows),
consistent with intraplaque neovessels.

Carotid Plaque Imaging with CEUS

The carotid intima-media-thickness (CIMT) has been
validated as a surrogate marker of atherosclerosis in various clinical trials. Conventional ultrasound imaging is
considered to be the method of choice for CIMT measurement [16]. Some years ago, Rajaram and colleagues
could show that the delineation of the carotid near wall
and the associated near wall CIMT can be improved with
the use of ultrasound contrast agents [17]. However, this
method has not been included in daily practice, because
of the high accuracy and reproducibility of CIMT measurement in the far wall even with non-enhanced ultrasound.
CIMT and carotid artery plaque should be considered
distinct phenotypes of atherosclerosis. Carotid plaque
imaging has largely improved with introduction of CEUS,
making use of two mechanisms: first, enhancement of the
carotid lumen and characterization of plaque morphology, and second, detection of intraplaque neovascularization and adventitial vasa vasorum.
Carotid plaque ulceration is a strong predictor of
symptomatic disease and cerebrovascular events. However, several studies demonstrated that conventional ultrasound is unreliable in detection of ulcerated plaques
Carotid Plaque Imaging

[18, 19]. In a recently published prospective study, the
value of CEUS for the detection of carotid plaque ulceration in patients with symptomatic carotid artery disease
was investigated. First, the plaque border was visually
scored as smooth, irregular, or ulcerated by two readers.
Then, disruptions of the plaque-lumen-border were analyzed, with disruptions of ≥1 × 1 mm defining carotid
plaque ulceration. Computed tomographic angiography
of the carotid artery was used as the reference technique.
With respect to sensitivity and diagnostic accuracy, CEUS
was found to be clearly superior to color Doppler ultrasound [20].
The presence of newly generated blood vessels within
atherosclerotic lesions is a novel marker of plaque vulnerability and has been associated with symptomatic carotid
disease [21]. Development of adventitial vasa vasorum,
finally enveloping the plaque, is a further hallmark in later stages of plaque growth. Feinstein was the first to report in 2006 the in vivo identification of adventitial vasa
vasorum and neovascularization in the carotid atherosclerotic plaque, although no histologic confirmation was
presented in this study [22]. The capability to depict intraplaque neovascularization is based on the high resolution and echocontrast, enabling the detection of individual microbubbles in the vascular bed. As microbubbles
are strictly intravascular tracers, the detection of microbubbles within the plaque complies with intraplaque
neovessels (for an example, see fig. 1 and online suppl.
video, www.karger.com/doi/10.1159/000369123).
Since then, a number of investigators reported a histological validation of the examination. A higher amount of
Cerebrovasc Dis 2015;39:5–12
DOI: 10.1159/000369123

7

Downloaded by:
54.191.40.80 - 9/17/2017 3:34:22 AM

Biology recommend the use of microbubbles for improved lumen delineation and for the differentiation of
carotid artery occlusion and characterization of high
grade stenosis [15].
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in 1/64 asymptomatic patients. In a subsequent histologic analysis of the specimens, the areas with contrast
enhancement were characterized by an increased number of microvessels [24]. Taken together, these studies
support the role of contrast-enhanced ultrasound imaging of carotid plaques in risk stratification of lesions. Ultrasound-based detection of intraplaque neovascularization is a strong predictor of plaque vulnerability in symptomatic disease.
Recently, late phase contrast enhancement has been
investigated as a novel surrogate marker of plaque vulnerability. The phenomenon of late contrast enhancement is
based on the phagocytosis of microbubbles by monocytes
and subsequent adherence of microbubble-containing
monocytes on inflamed endothelium [34]. In addition,
microbubbles themselves have also been shown to adhere
to the surface of damaged endothelium [35]. Owen and
colleagues found that the late phase (six minutes after bolus injection) contrast-enhanced plaque echogenicity was
significantly greater in patients with symptomatic carotid
artery disease than in those with asymptomatic disease.
The authors conclude that late phase contrast enhancement may have the potential to reflect endothelial inflammation or activation within carotid plaques. However,
the number of enrolled subjects was small, and the authors reported some overlap in echogenicity between the
two groups [36]. Another study by the same group could
provide histological evidence for their hypothesis. The
authors performed quantitative immunohistochemical
analyses for CD68, a macrophage marker, and CD31, an
endothelial marker, in carotid endarterectomy specimens. Late enhancement of plaques in preoperative
CEUS was significantly correlated with CD68 immunopositivity, indicating an association of late enhancement with inflammation in these plaques. Additionally, a
positive correlation of late enhancement with CD31 expression as a surrogate for neovascularization was demonstrated [37]. Further studies in larger cohorts will be
needed to confirm the diagnostic value of late enhancement in carotid plaque imaging.

CEUS versus MR Imaging

Contrast enhanced ultrasound has been proven to be
a safe and noninvasive method to assess in real-time atherosclerotic lesions of the carotid arteries. Main advantages of CEUS are the high-resolution imaging; the improved delineation of the vessel wall and plaque morphology, as well the improved detection of anomalies of the
Alonso/Artemis/Hennerici
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contrast enhancement was shown to correlate with an increased density of microvessels in endarterectomy specimens [23, 24]. In a study with histologic analysis of neovascularization using CD31-stained specimens, the
CEUS-determined neovascularization correlated well
with the presence of CD31, an integral membrane glycoprotein that is expressed at high levels on endothelial
cells. A good correlation with the CEUS results was further shown using a composite of CD34, von Willebrand
factor and hemosiderin [25]. A further study linked the
presence of neovascularization to inflammatory plaque
components. Quantification of neovessels using CEUS
was well correlated with the number of inflammatory
cells present in the plaque, determined by CD3 and CD68
stains [26]. Moreover, contrast enhancement of carotid
plaques correlates strongly with plaque morphology. Ultrasonic plaque echolucency was shown to be associated
with an increased risk for stroke in both symptomatic and
asymptomatic carotid artery stenosis [27, 28]. In a series
of 52 lesions, a higher degree of contrast enhancement
was found in echolucent plaques [23]. Several studies
confirmed the occurrence of neovessels in echolucent and
mixed plaques [29, 30] while neovascularization could
not be detected in calcified and echogenic plaques [30].
However, one should bear in mind that these findings are
prone to the intrinsic limitations of ultrasound studies
such as the acoustic shadowing caused by calcification.
For the association of intraplaque neovascularization and
degree of stenosis, two studies showed conflicting results.
Coli and colleagues reported no correlation between stenosis degree and neovascularization at histology or the
grade of contrast-agent enhancement [23]. However,
Staub and colleagues found a significantly higher grade of
neovascularization in lesions with higher degree of stenosis [31].
The clinical significance of CEUS-detected neovascularization was investigated in a number of studies. In patients with TIA or stroke, a significantly higher contrast
enhancement despite a similar plaque thickness was
found compared to asymptomatic patients [32]. Vasa vasorum and plaque neovascularization as detected by
CEUS were associated with past myocardial infarction
and transient ischemic attacks or stroke in an observational study in 147 subjects. The degree of intraplaque
neovascularization and vasa vasorum was well correlated
with a history of cardiovascular events [33]. In this line,
a pilot study in 73 patients undergoing carotid endarterectomy reported a pattern with accumulation of diffuse
microbubble contrast at the base of the plaque in all patients with symptomatic carotid artery stenosis, but only

Future Perspectives: Molecular Contrast Ultrasound
Imaging

A substantial limitation of both methods is their application only in advanced stages of atherosclerotic disease. The emerging field of ‘molecular imaging’, applicable both in ultrasound and MR imaging, offers a new
perspective even for early stages of disease.
Ultrasound imaging using second generation microbubbles conjugated with monoclonal antibodies to specific ligands could enhance the diagnostic applications of
carotid ultrasound examination. Targeting the molecular
Carotid Plaque Imaging

basis of plaque formation may allow an early detection of
the disease and enable a better risk stratification. The concept of targeting thrombotic material with ultrasound is
not new. Lanza et al. provided in 1996 the first in vivo
demonstration of a site-specific ultrasonic contrast agent
for the intravascular detection of thrombi [43]. Complementary, in vitro studies demonstrated the effectiveness
of the targeted microbubbles to bind to a blood clot [44].
In atherosclerotic artery disease, targeted microbubbles have been tested in the assessment of molecular
markers in the processes of neoangiogenesis, thrombosis,
and inflammation in various animal models. In a mouse
model of age-dependent atherosclerosis, molecular imaging with ultrasound was used to detect a lesion-prone vascular phenotype. P-selectin and VCAM-1 are involved in
the regulation of leukocyte trafficking, an early step in
inflammatory processes involved in plaque formation.
Microbubbles targeted to P-selectin and VCAM-1 were
shown to bind preferentially to regions of lesion formation [45]. In the same mouse model, CEU molecular imaging with microbubbles targeted to VCAM-1 was performed to monitor the therapeutic effects of statins. The
use of statins was associated with less endothelial expression of VCAM-1. Accordingly, signal enhancement by
VCAM-1-targeted microbubbles was observed only in
non-treated, but not in statin-treated animals [46]. Monitoring of endothelial inflammatory activation by CEUS
molecular imaging has made its way to preclinical studies.
In a recent study in non-human primates with diet-induced obesity, a progressive increase in endothelial activation over the time could be demonstrated using P-selectin and VCAM-1 targeted microbubbles [47]. The specific binding and accumulation of VCAM-1 targeted
microbubbles even under shear flow conditions has been
simulated in several in vitro models [48].
At a later stage of the disease, neovascularization is the
most investigated parameter for prediction of plaque vulnerability. Molecular imaging with ultrasound has been
used for the detection of endothelial ligands associated
with angiogenesis. These techniques have been applied in
preclinical models of chronic limb ischemia [49] and also
for the detection of neovascularization on the abdominal
artery plaques in rabbits using VEGF-receptor targeted
microbubbles [50]. Data on carotid artery disease are still
missing to date.
The interaction of glycoprotein Ib (GPIb) with endothelial von-Willebrand-Factor (vWF) contributes to a
prothrombotic state in atherosclerosis [51]. In an ex vivo
aortic injury model, attachment of GPIb-targeted microbubbles was found predominantly at the injury site. In
Cerebrovasc Dis 2015;39:5–12
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plaque surface such as ulcerations and micro-ulcerations.
The potential to reliably detect neovascularization can be
a helpful tool for the clinician in the further risk stratification of patients with carotid atherosclerotic disease. Recently, high-resolution contrast-enhanced MR imaging
has attracted some attention in carotid plaque characterization. Quantification of the intact fibrous cap, characterized by contrast enhancement, and the non-enhancing
lipid-rich necrotic core in vivo has shown a good correlation with histological findings in endarterectomy specimens [38]. Plaque rupture, a further main characteristic
of instable plaques, has successfully been imaged with a
three-dimensional TOF bright blood imaging technique
[39]. Dynamic contrast-enhanced MR imaging using a
kinetic model to estimate the fractional blood volume was
performed for quantification of the amount of neovessels
in the carotid plaque. The results were highly correlated
with the histological quantification in the obtained endarterectomy specimens. However, interstitial volumes
with rapid exchange of contrast agent with the plasma
could not reliably be distinguished from blood and may
thus lead to an overestimation of neovascularization [40].
Systematic comparisons between these two imaging
modalities are still lacking. Both methods have their specific limitations and restrictions for clinical applications.
MR imaging is time-consuming and limited by many
contraindications, while CEUS might be limited by the
occurrence of calcified plaques with subsequent acoustic
shadowing. Ongoing work concentrates on the value of
combining two or more imaging modalities with complementary information [41]. A recently initiated prospective multicenter study was designed to assess carotid
plaque characteristics with several imaging modalities including ultrasound and MR imaging in order to identify
patients with <70% carotid artery stenosis with an increased risk of recurrent stroke [42].

carotid artery disease, GPIb-targeted microbubbles may
therefore be a promising tool to identify a prothrombotic
phenotype. Various approaches have been used in order
to identify intravascular thrombi using targeted microbubbles. The targeting of platelets using microbubbles
conjugated with antibodies against the integrin GPIIb/
IIIa like abciximab or RGD oligopeptides have been tested. Platelet-targeted microbubbles have successfully been
used to detect human thrombotic material in a rat model
[52–54]. In a recent study, Wang et al. demonstrated that
glycoprotein IIb/IIIa-targeted microbubbles specifically
bind to activated platelets in vitro and allow real-time
molecular imaging of acute arterial thrombosis and the
monitoring of the success or failure of pharmacological
thrombolysis in vivo in a mouse model [55]. Cyclic RGDmodified microbubbles targeted to GP IIb/IIIa with contrast-enhanced ultrasound were also shown capable of
detecting inflammation-activated platelets and thrombosis in large arteries in an in vivo study [56].

Conclusion

Contrast-enhanced ultrasound is a new imaging tool
in the evaluation of carotid artery plaques. An improved
characterization of the plaque morphology with the detection of microulcerations and the visualization of intraplaque neovessels as well as adventitial vasa vasorum may
help to define a high-risk phenotype during long periods
of silent, asymptomatic conditions. An optimized risk
stratification is strongly needed to select very few patients
considered for carotid endarterectomy prior to clinical
events resulting from incidental plaque vulnerability. In
addition, best medical treatment concepts may better be
developed if matched with evidenced modification of targeted structure development. Molecular contrast ultrasound imaging using microbubbles targeted to endothelial key molecules in plaque formation provides a perspective for the detection of carotid atherosclerosis in the
very early stages of the disease.
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