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Introduction

Atherosclerotic disease is a leading cause of morbidity 
and mortality. In carotid atherosclerotic disease, high-
risk plaques may rupture and this can lead to neurological 
sequelae, such as transient ischemic attacks (TIA) and 
cerebral ischemic infarction (1). Further, when treating 
symptomatic carotid stenosis, there is an inherent risk of 
downstream microembolization from manipulating at-
risk carotid plaques. High-risk plaques are characterized as 
“vulnerable” and predispose patients to an elevated risk of 
cardiovascular events (2). 

Duplex ultrasound imaging is well established to assess 

the degree of carotid stenosis. However, there is clear 
evidence, that not only the degree of luminal narrowing but 
also plaque morphology and plaque composition assessed 
by contrast-enhanced ultrasound (CEUS) play an important 
role to characterize such vulnerable carotid plaques (3). This 
review article discusses the use of CEUS for the detection 
and characterization of carotid vulnerable plaques. 

CEUS—basic principles and application

As with every imaging modality, physicians performing 
CEUS need to familiarize themselves with the technique’s 
basic principles, in order to be able to accurately interpret 
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findings, to promptly detect artifacts and to successfully 
address those, for the benefit of the patient. Being an 
advanced ultrasonographic technique, CEUS makes use 
of the basic principles of ultrasonography (US) including 
the emission and reception of an ultrasound beam after 
its interaction with human tissue. In addition, CEUS is 
characterized by some additional features, including the 
ultrasonographic contrast agent (UCA), the hardware 
needed for the emission of specialized ultrasound beam 
sequences and the software necessary for post-processing 
and analysis. In this section, these aspects will be briefly 
discussed with regards to the carotid application of CEUS.

The UCA

Many UCAs have been made commercially available 
over the last years, each one with slight differences in 
composition, interaction with US beam, and variations 
in the approved indications in different countries. 
Nevertheless, the structure of all UCAs is ubiquitous 
and includes a microbubble consisting of an internal 
gas encapsulated by an external shell made of either 
phospholipids or albumin. Nowadays, SonoVue® (Bracco) 
is the UCA most frequently used for vascular applications, 
being approved for macro-vascular applications including 
cerebral arteries, extracranial carotid or other peripheral 
arteries and the portal vein in Europe (4). 

SonoVue ® (Bracco)  i s  a  microbubble  of  sul fur 
hexafluoride (SF6) contained inside a monolayer shell of 
phospholipids. Given that this shell is hydrophilic on the 
outer surface and hydrophobic on the inner, it is stable and 
keeps the gas successfully contained within the microbubble. 
On the other hand, the phospholipid shell is flexible enough 
to allow changes in size and shape; a phenomenon termed 
“oscillation” which is crucial for the generation of CEUS 
signal (5). SonoVue® microbubbles have a mean diameter 
of 2.5 μm, which is a crucial feature for clinical practice not 
only because it allows the microbubbles to travel through 
the entire vascular bed of the human body, reaching the 
smallest capillary and traversing the pulmonary circulation, 
but also because it prevents the microbubbles from crossing 
the endothelium and hence exiting the vascular lumen. As 
a result, microbubbles are strictly intravascular contrast 
agents, which is a property of paramount importance, 
particularly in vascular applications of CEUS (5). Similar 
to CT and MRI contrast agents, UCAs are administered 
intravenously but unlike the former, these are never 
excreted by the kidneys, as the phospholipid capsule is 

metabolized by the liver and the internal gas is exhaled 
by the respiratory tract. This feature is valuable as UCAs 
can be safely used in patients with renal failure, a patient 
group commonly affected by vascular pathology requiring 
imaging. The excellent safety profile of UCAs is also 
complemented by the lack of interaction with the thyroid 
gland and the very low percentage of allergic reactions (6-8).

CEUS: hardware aspects

The Mechanical Index, commonly known as MI, is one 
of the most important parameters in US, indicating the 
insonation power of the ultrasound beam used at any 
moment during scanning and the “pressure” applied to the 
tissues scanned. In terms of mathematics, it is defined as the 
ratio of peak negative pressure with the square root of US 
frequency. For conventional ultrasonographic techniques 
such as gray-scale or colour Doppler technique, the MI is 
typically over 1.6. For CEUS though, a much lower MI 
should be used for two reasons. First, microbubbles tend to 
react in a different way to increasing values of MI. Namely, 
when exposed to a very low MI US beam, microbubbles 
will oscillate in a linear pattern, meaning that they will 
expand at the same rate that they will contract. This pattern 
of response will reflect the same exact frequency with the 
one initially emitted by the probe. If higher but still low 
values of MI (ranging from 0.08 to 0.1 for vascular clinical 
applications) are applied, microbubbles will expand to a 
higher degree than they contract (a pattern termed non-
linear oscillation), thus not only reflecting the baseline 
frequency but also generating harmonic frequencies. 
Of course, this reaction cannot last for more than a few 
minutes, by which time the microbubbles rupture. The same 
will happen if high MI values (those used for conventional 
techniques) are applied to microbubbles. The second 
reason for which a low MI should be used for CEUS is that 
static tissues (not microbubbles) will produce linear signals 
when exposed to a low-MI beam but will also produce 
harmonic frequencies similar to those of microbubbles if a 
high-MI pulse is emitted. As a consequence, the harmonic 
frequencies emitted by static tissues will be confounded 
with those originating from the UCA, making it difficult to 
exclusively visualize UCA (9-11).

Historically, the first generation of CEUS techniques 
was based on colour or power Doppler technique and 
made use of a high-MI intermittent US beam which caused 
disruption of the microbubbles and hence production of 
strong signal intensity and improvement of signal-to-noise 
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ratio. Nevertheless, this form of CEUS suffered from all 
the inherent Doppler artifacts such as overwriting artifact 
and lacked the real-time nature of currently available 
techniques (12). Having previously described the principles 
governing the microbubbles—US interaction, it becomes 
evident that currently available US machines can use the 
different frequencies generated by UCA and static tissue 
to differentiate them. In the pulse-inversion technique, 
which is currently the most widely used mode of CEUS, 
the US probe emits two pulses identical in amplitude 
and frequency but with a difference of 180° in phase. As 
a result, when those pulses are linearly reflected by static 
tissues, the second pulse cancels the first, being its inverted 
copy. However, when these pulses hit microbubbles, 
harmonic frequencies are produced and reflected towards 
the transducer. Therefore, hardware is able to selectively 
visualize microbubbles by suppressing the signal from static 
tissues at the same time (6).

Two of CEUS’ advantages over CT and MRI are the 
ability for prolonged scanning of the contrast agent and 
the real-time scanning pattern characterized by high 
spatial and temporal resolution. The enhancement pattern 
of structures with microbubbles is typically recorded in 
cine loops in everyday clinical practice. Nevertheless, 
the reperfusion technique is available in the setting of 
low-MI CEUS. In this technique, a high MI pulse is 
instantaneously emitted, disrupting every microbubble in 
the imaging field. In this way, the physician can re-observe 
the arrival of microbubbles or even quantify them using 
specialized software, making this technique a useful tool in 
CEUS such as, identifying or quantifying carotid plaque 
neovascularization or confirming an area of extravasation (4).

CEUS: software aspects

Once acquired by the transducer, the signal produced by 
the microbubbles can be visualized on the US machine 
screen, usually using the dual-screen technique, where the 
contrast specific image is shown next to a low-MI grayscale 
image, helping the physicians orient themselves through the 
scanning field. Currently available devices allow for real-
time visualization of microbubbles for more than 4 minutes, 
thus enabling qualitative evaluation of enhancement. 
Nevertheless, quantitative analysis of CEUS signal is now 
feasible using both software integrated in US scanners and 
commercially available software packages. In this type of 
analysis, regions of interest can be drawn over parts of the 
CEUS image and the signal intensity can be plotted against 

time, leading to the time-intensity curves (TIC) (4,13).
Temporal maximum intensity projection (MIP) is a 

useful tool for vascular imaging, available in most US 
scanners. In this mode, a high-MI pulse is initially used to 
disrupt microbubbles and completely erase the signal in the 
field-of-view. Subsequently, low-MI continuous scanning is 
performed, and every frame is aggregated to the previous 
one, thus creating a complex image containing signal from 
every microbubble imaged over a period of time. In essence, 
the scanner acts as an “open shutter camera” and creates 
detailed images of macro- or micro-vascular anatomy (14).

CEUS: protocol

Ideally, CEUS should be performed after the completion of 
the conventional US study and the area of interest has been 
identified. In this way, the scanning location for the CEUS 
examination can be determined and a focused scan can be 
performed. Of course, both carotid arteries can be scanned 
using a single dose of UCA, thanks to the prolonged 
enhancement time offered by current UCAs. A typical 
CEUS protocol for carotid CEUS examination is outlined 
in Table 1. 

CEUS for the detection of plaque surface 
irregularities and ulceration

CEUS applications in the carotid system provides a 
significant amount of information both on a macro- 
and micro-vascular level. Namely, CEUS can accurately 
delineate carotid plaque irregularities (macro-vascular/
luminal level) and can detect intraplaque neovascularization 
(micro-vascular/intraplaque level) (16). Carotid plaque 
surface irregularities and ulceration represent an issue of 
great clinical significance, as many studies have shown 
significant clinical correlation with the occurrence of 
neurologic symptoms, embolic signals on transcranial 
Doppler and stroke (17-19).

Describing carotid plaque surface morphology should be 
an integral part of every imaging modality used for carotid 
atherosclerosis evaluation, as also recommended by the 
American Society of Neuroradiology (ASNR) (20). When 
it comes to US, this can be done in a straightforward way 
by assessing the plaque surface morphology. Nonetheless, 
it should be kept in mind that conventional US techniques 
such as colour Doppler or power Doppler may occasionally 
be limited by lower sensitivity to slow blood flow (as in 
the case of a severely stenotic atherosclerotic lesion or 
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intraplaque neovessels) and inherent technical artifacts such 
as Doppler angle dependency, inappropriate gain setting 
and overwriting artifact. Setting a colour gain too high, will 
lead to the visualization of colour flow signals outside of 
the vascular lumen or hiding a plaque, while setting it too 
low will result in inadequate signal filling of the vascular 
lumen and thus inadequate assessment of the plaque 
surface morphology (6,17,21). The introduction of UCA 
has offered a solution to these inherent limitations of US, 
allowing for more accurate delineation of vascular luminal 
border and better visualization of plaque surface.

In terms of plaque surface morphology, a carotid 
atherosclerotic plaque can be subjectively classified as 
smooth, irregular or ulcerated. The term smooth should 
be used for those plaques that have a straight and regular 
surface, with no appreciable irregularities. Irregular plaques 
are those whose surface is characterized by fluctuations 
ranging between 0.3 and 0.9 mm, but no overt detectable 
ulceration. Ulceration represents the highest form of 
plaque surface irregularity and is defined as a focal cavity 
measuring at least 1 or 2 mm in depth according to different 
studies. It should be noted that definitions of ulceration vary 
depending on the modality used or histology. In the latter 
instance, which is the gold standard, ulceration is defined 
as the disruption of the endothelial lining measuring at 

least 1,000 μm in width, hence leading to the exposure of 
plaque’s necrotic core to the circulation (8,17,20,22-26). 
For CEUS, a widely accepted criterion for the diagnosis of 
ulceration is the projection of microbubbles column within 
an atherosclerotic plaque measuring at least 1×1 mm. Of 
note, this criterion has a high sensitivity for carotid plaque 
ulceration in multiple studies (8,27). For conventional US, 
the diagnosis of ulceration is less straightforward, with the 
first criteria introduced back in 1997 defining an ulceration 
as a cavity which measures ≥2 mm in depth and length, 
has a well-demarcated basal wall on B-mode and exhibits 
flow reversal on colour Doppler technique (28). Compared 
with the previous guidelines, newer criteria are superior 
by discarding the size criterion and defining ulceration as a 
cavity situated on the plaque surface and exhibiting surface 
echogenicity lower than that of the adjacent endothelium (29). 
The latter criterion of echogenicity reflects the histological 
disruption of endothelium and is expected to become 
more relevant thanks to the ongoing improvement of US 
technology. It is also expected that the combination of high-
resolution gray-scale imaging with CEUS in the setting of 
multi-parametric US (MPUS) would significantly improve 
the technique’s accuracy for the diagnosis of ulceration. 

In terms of diagnostic accuracy, many studies assessed 
conventional US diagnostic accuracy for ulceration showing 

Table 1 A typical carotid CEUS protocol

Parameter Reference value/setting

MI <0.1

UCA dose 2.4 mL of SonoVue®, followed by 5–10 mL of normal saline 

Injection pattern Bolus injection usually performed

Infusion technique with special injector is also available for prolonged time of enhancement

Injection site Usually antecubital fossa vein

Central venous lines and ports can also be used

Cannula required A 20-gauge cannula can be safely used to avoid microbubbles disruption (18–21-gauge cannulas can 
result in similar enhancement) (15)

CEUS technique Pulse-inversion technique should be used although other techniques are also available in different 
manufacturers (e.g., amplitude modulation)

Appearance of microbubbles This depends on vessel examined and the patient’s circulatory status but microbubbles usually appear 
in the carotid arteries in 20–30 seconds

Duration of enhancement Depending on scanning parameters, the enhancement may last up to 4 minutes

General comment Albeit of UCA excellent safety profile, resuscitation equipment and trained personnel should always be 
available for treatment of allergic reactions

CEUS, contrast-enhanced ultrasound; MI, mechanical index; UCA, ultrasonographic contrast agent.
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conflicting results, with sensitivity values ranging from 
23% to 85% when the newer criteria were used (17,29). 
CEUS has been evaluated and has been directly compared 
to conventional colour Doppler techniques for the diagnosis 
of ulceration, demonstrating improved diagnostic accuracy 
(Figure 1). In a study with symptomatic patients only, 
colour Doppler technique was only 29% sensitive whereas 
CEUS was 88% sensitive, with multi-detector computed 
tomography angiography (MDCTA) as the reference 
method (8). In a different study with both symptomatic 
and asymptomatic patients, colour Doppler technique was 
41.2% sensitive and CEUS was 94.1% sensitive, while both 
techniques were 97.95% specific. CEUS also showed better 
concordance with MDCTA reference imaging (27). In a 
different research setting, CEUS has been used to assess 
subclinical atherosclerosis and ulceration in patients with 
diabetes mellitus, detecting pathological plaque in 8% of 
carotid segments examined (30). Thanks to its excellent 
spatial and temporal resolution, CEUS can visualize a 
swirling movement of microbubbles within ulcerations, 
a movement pattern indicative of the arterio-arterial 
embolization (31). This phenomenon can be observed 
in 18% of ulcerations (27). This swirling movement 
had previously been shown in an experimental setting 
using models of vessels (32) and can also be observed 
on colour Doppler technique in the form of the “yin-
yang sign” (33). One limitation of CEUS is that it is a 
two-dimensional technique which may occasionally be 
limited in the evaluation of complex three-dimensional 
(3D) structures such as atherosclerotic blood vessels. This 

limitation could be overcome by the introduction of 3D 
CEUS techniques which proved feasible in the evaluation 
of even complicated cases of atherosclerosis, including 
ulcerated or heavily calcified plaques. Novel 3D CEUS 
achieved better agreement with angiography than colour 
Doppler technique, in quantifying atherosclerosis (34). 
Albeit of these promising results, it is expected that 3D 
CEUS might not be widely available for clinical practice 
in the near future. When interpreting CEUS images, it is 
important not to misinterpret echogenic parts of the plaque 
(calcifications) projecting to the contrast-specific part of a 
dual-display image as ulceration. Comparison with the low-
MI grayscale image will readily address this issue (35).  

Quantification analysis is one of the current and most 
essential trends in many aspects of radiology, in an attempt 
to reduce subjectivity and thus to improve inter-observer 
agreement. Given the prevalence and clinical significance of 
carotid plaque irregularities, there have been some attempts 
to quantitatively analyze and correlate plaque irregularities 
with neurologic symptomatology. Although the entity 
of “Bending Energy” failed to discriminate symptomatic 
from asymptomatic plaques (36), a more recent approach 
suggested by Kanber et al. provided promising results. 
Using an intuitive approach, this team used a quantitative 
index deriving from the summation of angular deviation of 
the plaque surface from a straight line, divided by the length 
of the plaque surface. The resulting index was termed the 
surface irregularity index (SII) and was calculated using a 
semi-automatic software based on B-mode images. The SII 
was found to be an independent risk factor in predicting 

Figure 1 An asymptomatic 63-year-old patient with ulcerated severely stenotic internal carotid artery plaque. Colour Doppler image (A) 
shows the presence of echogenic plaque in the origin of internal carotid artery. Due to overwriting artifact, the plaque’s border cannot 
be accurately detected, while the plaque appears irregular. On CEUS (B), an ulceration is detected (arrowhead), and the severely stenotic 
lumen can be followed. Note the presence of calcification projected in this contrast-specific image (arrow), which should not be mistaken for 
intraplaque neovessels or ulceration. MDCTA (C) confirming CEUS findings and the presence of ulceration (arrowhead). CEUS, contrast-
enhanced ultrasound; MDCTA, multi-detector computed tomography angiography.
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ipsilateral hemispheric symptoms, since it was significantly 
higher in symptomatic plaques, while it was not associated 
with the degree of stenosis (37). In a later study, SII was 
combined with plaque grayscale median (GSM) and 
stenosis to produce a multi-parametric vulnerability index 
which was significantly higher in symptomatic plaques, 
and more importantly outperformed stenosis alone for 
the prediction of symptomatic plaques (38). These studies 
showed that quantification of carotid plaque irregularities is 
feasible and is capable of discriminating symptomatic from 
asymptomatic plaques, using B-mode and colour Doppler 
techniques for the delineation of plaque surface. 

The concept of SII was further confirmed using 
different manual software based on colour Doppler and 
CEUS images (Figure 2). In a study directly comparing 
subjective characterization of plaque morphology with 
SII, the former did not significantly correlate with the 
occurrence of stroke, whereas the quantitative index was 
again significantly higher in symptomatic plaques using 
both colour Doppler and CEUS (39). In a study assessing 
the previously suggested multi-parametric index, CEUS 
allowed for a slightly higher diagnostic accuracy in the 
detection of symptomatic plaques, although no statistical 
significance was achieved (40). In a study comparing colour 
Doppler and CEUS with the histology, Hamada et al. 
concluded that CEUS was significantly superior to the 
former for the detection of histologic plaque rupture after 
performing a quantitative analysis. Moreover, ROC analysis 
showed that CEUS was 91.3% sensitive for this diagnosis, 
using the cut-off value of 1.4, 1.3 and 1.88 mm for orifice, 

depth and width measurement respectively (41). Based on 
these findings, quantification of carotid plaque irregularities 
using both Doppler techniques and CEUS appears feasible 
and a promising technique for the detection of vulnerable 
carotid plaques. Further studies are needed using different 
approaches or even 3D ultrasonographic techniques. 

Given its ability to better delineate plaque surface, CEUS 
is also expected to better detect intraluminal thrombus as a 
complication of carotid plaque rupture (Figure 3). This has 
been previously shown for the detection of intra-cardiac 
thrombus and intraluminal thrombus in abdominal aortic 
aneurysm (42). Intraluminal thrombus in the carotid artery 
is expected to be circumferentially outlined by microbubbles 
or blood flow signals on Doppler techniques on an axial 
plane, producing the previously reported “donut sign” for 
computed tomography angiography (CTA). In long-axis 
images, the thrombus will be seen partially attached to a 
plaque (43). 

CEUS for the detection of intraplaque 
neovascularization

Multiple risk factors contribute to vulnerable plaque 
formation, including a large lipid core, thin fibrous cap as 
well as inflammatory cell infiltration of the plaque (44).  
In particular, aberrant vasa vasorum and intraplaque 
neovascularization are implicated in the pathogenesis of 
vulnerable plaques. The underlying atherosclerotic process 
can lead to local hypoxia and vessel wall injury, which 
induce inward vasa vasorum formation further leading 

Figure 2 A male patient with a mixed echogenicity atherosclerotic plaque of the internal carotid artery. An example of a surface irregularity 
quantification software using colour Doppler image (A). Note the delineation of plaque surface with a red line and the outer vascular wall 
with a blue line. Parts of the lumen are not filled with blood flow signals (asterisk), while parts of the plaque surface may be obscured by 
overwriting artifact. Same software using a CEUS image (B), where the lumen is fully filled with microbubbles and the plaque surface can be 
better appreciated and delineated. CEUS, contrast-enhanced ultrasound.
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to intraplaque neovascularization. When functional, 
vasa vasorum are essentially a collection of small vessels 
originating from the adventitia which supplies the vascular 
wall. However, in atherosclerotic disease, aberrant vasa 
vasorum neovascularization, along with local hypoxia, 
can lead to immature intraplaque neovascularization (45).  
Such vessels are characterized by increased vascular 
density. These vessels oftentimes lack the critical pericytes 
to provide vascular integrity. The result is a collection 
of abundant, leaky and fragile vessels that are prone 
to intraplaque hemorrhage, which further destabilizes 
atherosclerotic plaques and may eventually lead to rupture 
of the plaque with distal embolization. 

In the early 2000s, a number of histological studies have 
confirmed that the presence of intraplaque neovascularization 
was a consistent feature in clinically significant vascular 
disease. McCarthy et al. have shown that patients with 
symptomatic carotid disease had significantly more 
intraplaque neovessels (P<0.00001). Further, intraplaque 
hemorrhage and rupture were associated with an increased 
number of intraplaque neovessels in this study (P<0.017, 
P=0.001, respectively) (46). On the other hand, Dunmore 
et al. have demonstrated that the neovessels in symptomatic 
patients with carotid disease were predominantly immature 
with a lack of smooth muscle wall (47). 

Therefore, intraplaque neovascularization has become 
an important target for non-invasive assessment of plaque 
vulnerability. CEUS is uniquely positioned with respect to 

imaging of intraplaque neovascularization. The contrast 
microbubbles behave similarly to red blood cells and remain 
strictly intravascular (48). Therefore, intraplaque signals 
are almost exclusively reflective of the microvasculature. 
In addition, intraplaque enhancement can represent 
intraplaque hemorrhage, a downstream effect of immature, 
leaky vasa vasorum and neovessels in vulnerable plaques. 

The intraplaque enhancement phenomenon was 
first described by Professor Feinstein in delineating 
the plaque border in carotid stenosis (49). The authors 
described visualizing discrete mobile microbubbles as spot 
enhancement through the intraplaque vasculature. A pattern 
of adventitial vasa vasorum extending towards the core of 
the plaque was observed on CEUS. The authors speculated 
that the signal intensity might correlate with the degree 
of neovessel density. Further, it was thought that CEUS 
enhancement was perhaps indicative of plaque vulnerability. 
Staub et al. have shown that a higher degree of post-contrast 
plaque enhancement was associated with more imaging-
evident vulnerable plaques, measured by a higher degree 
of stenosis and lesion thickness (P=0.003) (50). Subsequent 
studies have shown a strong degree of correlation between 
CEUS enhancement and histologic vascular density of 
carotid plaques, both qualitatively and quantitatively. 

Quantification of intraplaque neovascularization on CEUS

Most studies used a semi-quantitative visual based approach 

Figure 3 A 58-year-old male patient with acute stroke and free-floating thrombus in an internal carotid artery plaque. Colour Doppler 
technique (A) fails to fully visualize blood flow, raising suspicion of a filling defect within the lumen. CEUS (B) accurately demonstrates an 
intraluminal filling defect (asterisk), circumferentially delineated by microbubbles (arrowheads). A “donut-like” appearance is thus created 
suggesting intraluminal thrombus. MDCTA (C) confirms CEUS findings, providing a similar appearance. CEUS, contrast-enhanced 
ultrasound.
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with different scoring systems to grade intraplaque 
neovascular izat ion (51) .  Commonly,  intraplaque 
neovascularization was scored by a visual based 3-point 
grading system. Grade 1 was defined as no appearance of 
moving bubbles in the plaque or microbubbles confined only 
to the adjacent adventitial layer (no visible microbubbles) (50). 
Grade 2 were defined as moderate visible appearance of 
moving bubbles in the plaque at the adventitial side or plaque 
shoulder (limited to moderate microbubbles), and grade 3 as 
extensive intraplaque neovascularization, with clear visible 
appearance of bubbles moving to the plaque core (extensive 

appearance of microbubbles within the plaque) (Figure 4). 
For the assessment of intraplaque neovascularization 

other studies used a quantitative analysis method by 
measuring maximal intraplaque video-intensity after bolus 
application of the contrast agent within the selected region 
of interest (TIC) (52). Furthermore, quantitative software 
analysis of intraplaque neovascularization on CEUS used 
MIP to quantify intraplaque neovascularization (51). More 
sophisticated software with specific quantification algorithm 
have been used for automated quantification of intraplaque 
microvessels (53-55) (Figure 5). 

Figure 4 Semi-quantitative, visual-based analysis of intraplaque neovascularization using a 3-point grading system. Plaques at the origin of 
the internal carotid artery on B-mode ultrasound (right side) and CEUS imaging (left side) in three different patients. Grade 1 (A): carotid 
plaque with no intraplaque neovascularization defined as no appearance of moving microbubbles in the plaque or confined only to the 
adjacent adventitial layer. Grade 2 (B): carotid plaque with limited or moderate intraplaque neovascularization defined as moderate visible 
appearance of moving bubbles in the plaque at the adventitial side or plaque shoulder (arrows). Grade 3 (C): carotid plaque with extensive 
intraplaque neovascularization defined as clear visible appearance of bubbles moving to the plaque core (arrows). 

A

B

C
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Intraplaque enhancement on CEUS compared with 
histology

Shah et al. provided the first qualitative measure of 
CEUS enhancement and its histologic correlation (56). 
The degree of neovascularization was visually graded 
on four levels. Grade 0 was defined as no appearance 
of intraplaque enhancement. Grade 3 was defined as 
those with pulsating arterial vessel. Grade 1 was then 
defined as limited enhancement and grade 2 as moderate 
enhancement laying between grade 1 and 3. Histologic 
analysis was carried out by measuring the level of vascular 
markers such as CD31, CD34 and hemosiderin. It was 
found that there was a significant association between the 
degree of CEUS neovascularization and histologic vascular 
density (r2=0.68, P=0.002). Coli et al. conducted the first 
semi-quantitative study on CEUS histology correlation. 
Enhancement patterns were graded into two categories: 

grade 1 was defined as no intraplaque bubbles or bubbles 
confined to adventitia; and grade 2 was defined as bubbles 
reaching plaque core or enhancement throughout the 
plaque (57). Histological analysis was done by counting 
the number of vessels in the magnified image. The study 
showed a significantly higher number of vasa vasorum 
in grade 2 plaques in comparison to grade 1 plaques 
(3.24 vs. 1.82 mm2, P=0.005). Then in 2011, Hoogi et al. 
conducted the first quantitative study comparing CEUS 
imaging to histologic analysis (53). Imaging quantification 
was done by segmenting all intraplaque enhancement on 
CEUS throughout one cardiac cycle. The accumulated 
area enhancement was then divided by the plaque volume. 
Histologic analysis was performed by measuring the ratio 
of neovessel area to the total area of the plaque. The 
authors found that the ratio of histological vessel-to-
plaque ratio was well correlated with the degree of contrast 

Figure 5 Quantitative analysis of intraplaque neovascularization using the VueBox® (Bracco SA) plaque package software. After bolus 
injection of Sonovue® the enhancement within a region of interest of the plaque (green line) compared to the lumen (yellow line) on a time 
intensity curve is used for quantitative analysis of intraplaque neovascularization. Intraplaque perfusion is visualized by a parametric color 
imaging (right side). Furthermore, different perfusion parameters including the relative perfused area (rPA) of the plaque can be analysed. In 
the presented analysis calculated a rPA of 45% within the plaque corresponding to moderate (grade 2) intraplaque neovascularization. 
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enhancement on CEUS (r2=0.79, P<0.01). 
Since then, multiple studies have shown comparable 

correlations between CEUS enhancement and histological 
vascular density utilizing either qualitative or quantitative 
CEUS analysis (51). Li et al. have demonstrated that 
both qualitative and quantitative measurements of plaque 
enhancement were strongly associated with histological 
neovascularization (P=0.002 and P<0.001, respectively) (58).  
A 2016 meta-analysis has shown both qualitative and 
quantitative analysis were highly sensitive and specific to 
diagnose intraplaque neovascularization (sensitivity: 0.80 vs. 
0.77; specificity: 0.83 vs. 0.68) (59). 

Further, studies have revealed some preliminary evidence 
that the strong correlation between CEUS enhancement and 
vascular density can be applied to intraplaque hemorrhage 
as well. Vavuranakis et al. conducted a quantitative study 
comparing CEUS enhancement to histological vascular 
marker level (60). Interestingly, although there was a 
significant correlation between the neovessel density and 
CEUS enhancement in classic V plaques (fibroatherotic) 
(P=0.031), such relationship was not observed in class 
VI plaques (ulcerated or hemorrhagic) (P=0.129). 
Furthermore, histological analysis has shown a significant 
increase in vessel density of class VI plaques compared to 
class V (P=0.021). In addition, no significant difference 
was observed in post-contrast enhancement between 
class V and VI plaques (84 vs. 88, P=0.848). Therefore, 
the findings were indicative of vessel-independent CEUS 
enhancement in unstable carotid plaques, such as in 
the case of intraplaque hemorrhage. Schmidt et al. then 
compared CEUS enhancement to immunochemistry 
analysis of neovessel density in patients with unstable 
plaques (61). Similar to prior studies, there was a significant 
association between the number of intraplaque vessels 
and the degree of CEUS neovascularization (P=0.006). 
Moreover, authors have described that areas of prolonged 
and strong enhancement were typically associated with 
acute intraplaque hemorrhage as well (P not provided) (61).  
Therefore, CEUS enhancement may indicate not only 
an increased vascular density but also a loss of vascular 
integrity (intraplaque hemorrhage), which are both 
important features of vulnerable plaques. 

Previous studies have shown a significant correlation 
between CEUS enhancement and histologic neovascularization 
and possible intraplaque hemorrhage, which are markers 
for vulnerable plaques. More recently, some authors 
opted to directly examine the relationship between CEUS 
enhancement and immunohistological grading of vulnerable 

plaques. On histology, such plaques are defined by high-
risk features, such as the presence of large number of 
inflammatory cells, thin fibrous capsules and a large lipid 
core. Amamoto et al. studied CEUS enhancement and 
the histological grade of plaque vulnerability (62). Post-
endarterectomy plaques were analyzed and classified 
per American Heart Association (AHA) guidelines. 
Less vulnerable plaques were those without evidence of 
rupture. More vulnerable plaques included those with 
status post rupture as well as healed plaques with vascular 
occlusion. The authors found that CEUS enhancement 
was closely correlated with the histologic grade of plaque 
vulnerability (P=0.001). Similarly, Giannoni et al. have 
shown that a pattern of diffuse plaque enhancement was 
more commonly seen in patients with symptomatic carotid 
atherosclerotic disease (P<0.0001) (63). Furthermore, Iezzi 
et al. compared CEUS to immunohistological diagnosis 
of plaque vulnerability, defined as those with a large 
lipid core, heavy staining for macrophages, and minor 
staining for smooth muscle cell (64). The authors have 
found that CEUS had 94% sensitivity and 87% positive 
predictive value in diagnosing histological vulnerable 
plaque. Therefore, CEUS is not only capable of assessing 
intraplaque neovascularization, but is also able to directly 
predict histological plaque vulnerability. 

Intraplaque enhancement on CEUS compared with 
biomarkers

Serum biomarkers
Evidence has shown that intraplaque neovascularization 
is associated with vulnerable plaques. One of the notable 
downstream effects of neovascularization is increased 
intraplaque inflammation. The immature vessels are 
prone to hemorrhage, which induces inflammatory cell 
chemotaxis. The localized inflammation will further 
enhance plaque neovascularization and will lead to the 
secretion of proteases (65). The vicious cycle results 
in the expansion and rupture of vulnerable plaques. 
Indeed, histologic evidence has shown that intraplaque 
neovascularization was closely associated with localized 
inflammation. Fleiner et al. have found that the number 
of intraplaque macrophages and vasa vasorum density 
were significantly higher in symptomatic patients (P<0.05, 
P=0.008) (66). Similarly, Hoogi et al. have shown that there 
was a high degree of correlation between inflammatory 
cells per square millimeter and the ratio of neovessel area 
to total plaque area (r2=0.7034, P<0.01) (53). Therefore, 
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given the synergistic relationship between inflammation and 
neovascularization in vulnerable plaques, it is worthwhile 
to examine the correlation between serum inflammatory 
biomarkers and CEUS enhancement, a surrogate imaging 
biomarker of intraplaque neovascularization. Studies have 
offered evidence of a strong association between CEUS and 
serum inflammatory markers. 

In this context one of the first studied biomarkers is 
C-reactive protein (CRP) or high-sensitivity CRP (hs-
CRP). CRP is a non-specific inflammatory marker which 
can be elevated in a variety of inflammatory states. With 
regard to carotid atherosclerotic disease CRP is an acute 
phase reactant that accumulates in the macrophage-rich 
area of the plaque (67). Therefore, a high CRP or hs-CRP 
level indicates a higher level of intraplaque inflammation and 
potentially predicts plaque vulnerability. Alvarez Garcia et al.  
have found that unstable plaques were associated with a 
higher median hs-CRP value compared to stable plaques (27.1 
vs. 4.1 mg/L. P<0.001) (68). Similarly, Kablak-Ziembicka et al.  
have found that hs-CRP level was significantly higher in 
those patients with a cardiovascular event than those without 
(5.36±5.1 vs. 3.74±3.5, P=0.004) (69). 

From an imaging perspective, preliminary evidence has 
shown a significant correlation between hs-CRP level and 
CEUS enhancement. Chang et al. performed CEUS exams 
and measured serum hs-CRP level in 48 patients (70).  
Authors have found a significant positive correlation 
between CRP level and CEUS enhancement (r=0.69, 
P<0.01). Similarly, Xu et al. conducted a retrospective 
cohort study on 146 patients (71). This study found a 
significant correlation between hs-CRP level and cerebral 
infarction (P<0.001). More importantly, there was also a 
significant positive correlation between hs-CRP level and 
CEUS enhancement intensity (r=0.574, P<0.001). 

Another serum inflammatory biomarker is matrix 
metalloproteinase (MMP), which is a protease secreted by 
inflammatory cells. It is an important factor in capsular 
erosion and may contribute to plaque rupture (72). 
Histologic studies have shown a significant correlation 
between MMP and plaque vulnerability. Molloy et al.  
showed co- loca l i za t ion  o f  MMP proteases  wi th 
macrophages. In addition, symptomatic patients and 
patients with unstable plaques demonstrated an increased 
concentrat ion of  MMP-8 (P=0.0036 and 0.0002, 
respectively) (73). 

From an imaging perspective, studies have shown 
preliminary evidence of significant correlations between 
CEUS enhancement and MMP level. Owen et al. studied 

the late-phase CEUS enhancement in the assessment of 
plaque stability. In standard CEUS, the immediate post-
contrast enhancement of intraplaque neovascularization 
is assessed. In comparison, late-phase CEUS utilizes the 
phenomenon where contrast microbubbles are ingested 
by monocytes. Intracellular microbubbles can remain 
acoustically stable for up to 30 minutes (74). In this study, 
late-phase CEUS signal intensity was used to compare 
with vasa vasorum density and MMP levels. The result 
showed significantly increased late-phase CEUS intensity 
in those with higher MMP-1 and MMP-3 level (P=0.043 
and 0.024, respectively) (75). Further, Kim et al. examined 
the relationship between the degree of neovascularization 
and levels of serum biomarkers. They measured serum 
levels of hs-CRP, MMP-2 and MMP-9. The degree of 
neovascularization on CEUS was categorized into two 
general categories per Coli et al.’s definition. It was found 
that both MMP-2 and MMP-9 were significantly elevated 
in patients with grade 2 enhancement pattern (P=0.003 and 
0.001, respectively). Interestingly, no correlation was found 
between hs-CRP level and CEUS enhancement in this 
study (76). 

Other than hs-CRP and MMP, additional serum 
inflammatory biomarkers include the level of circulating 
leukocytes. In atherosclerotic disease, certain circulating 
leukocytes are recruited into the developing plaques and 
thereby promote intraplaque inflammation. Therefore, 
one would expect a decreased level of certain circulating 
leukocytes in those with unstable plaques. Indeed, studies 
have offered limited preliminary evidence of decreased 
leukocyte count with increased CEUS enhancement. 
Ammirati et al. have shown that patients with increased 
neovessels on CEUS were associated with significantly 
lower counts of circulating CD14+ and classical monocytes 
(P=0.039 and 0.029, respectively) (77). Interestingly, the 
authors did not find any significant correlation between 
CEUS enhancement and hs-CRP level. Similarly, Li et al.  
have found a negative correlation between circulating 
leukocytes and CEUS enhancement (r=−0.223, P<0.05) (78). 

Endothelial biomarkers
Intraplaque inflammation can lead to an elevation of 
serum biomarkers, which correlate well with CEUS 
enhancement. Furthermore, intraplaque inflammation 
can also lead to endothelial biomarker expression, such 
as VCAM-1 and P-selectin, which facilitate the transport 
of pro-inflammatory cells into the plaque. A promising 
aspect of CEUS is the use of molecular imaging contrast 
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microbubbles to target tissue-bound, endovascular 
inflammatory biomarkers. In pre-clinical experimental 
settings, studies have shown that VCAM-1 expression level 
was 24-fold higher in those with symptomatic plaques than 
those without (P<0.01) (79). Further, the authors have 
demonstrated that VCAM-1 tagged microbubbles can 
adhere to endothelium, even under high shear stress.

In animal studies, tissue VCAM-1 expression was 
significantly increased in an advanced atherosclerotic mouse 
model. In addition, in such animals, a significantly higher 
level of VCAM-1 tagged microbubble signal was observed 
as well (P=0.029) (80). Although similar studies have not 
been repeated in human subjects, molecular imaging of 
vulnerable carotid plaques may become a useful tool in 
stratifying the at-risk patient population. 

Intraplaque enhancement on CEUS compared with 
neurological symptoms and cardiovascular disease

Past studies have shown that neovascularization and 
inflammation were major contributors of carotid plaque 
vulnerability. On the other hand, CEUS enhancement 
correlated well with histological vascular density and serum 
inflammatory biomarker level. One must ask whether 
such correlation has any clinical significance. Therefore, 
it is worth examining whether CEUS can evaluate plaque 
vulnerability and predict cerebrovascular outcomes in 
patients with carotid atherosclerotic disease. Indeed, 
research has shown some evidence that CEUS enhancement 
was indicative of past or current cerebrovascular events.

Xiong et al. studied the relationship between CEUS 
enhancement and clinical symptoms, namely a history of 
TIA and/or cerebrovascular ischemic stroke (52). CEUS 
enhancement was divided into two grades with grade 
1 being no or limited enhancement and grade 2 being 
extensive enhancement. The authors found that there was 
no significant difference in plaque thickness or ulceration 
between symptomatic and asymptomatic patients. However, 
significant difference was observed in the enhancement 
pattern, intensity of enhancement, and the ratio of plaque 
to lumen enhancement on CEUS imaging between 
symptomatic and asymptomatic patients (P<0.001 for all 
three categories). Similarly, Staub et al. investigated the 
relationship between prior cardiovascular events or current 
cardiovascular disease and CEUS enhancement (81).  
CEUS studies were performed on 147 patients and 
intraplaque enhancement was graded into two categories. 
Grade 1 was defined as no or adventitial enhancement. Grade 

2 was defined as clear intraplaque enhancement. On both 
univariate and multivariate analysis, higher grade intraplaque 
neovascularization was associated with an increased number 
of cardiovascular events (P=0.034 and 0.017). 

Since then, multiple studies have shown comparable 
results. Xu et al. found a significant difference in plaque 
enhancement between patients with cerebral infarction 
and those without (P<0.001) (71). Li et al. also found a 
significant difference in contrast enhancement between 
patients with acute ischemic infarction and those without 
(P<0.01) (78). Huang et al. have conducted a semi-
quantitative CEUS study (82). The authors found that 
there was a significant difference in stroke rates between the 
highest and the least CEUS enhancement grades (69% vs. 
21%, P<0.001). Faggioli et al. conducted a study examining 
the relationship between CEUS enhancement intensity and 
patient symptomology (83). The authors found that patients 
with neurological symptoms (stroke, TIA, or amaurosis 
fugax) had higher CEUS peak enhancement intensity (7.4 
vs. 3.5, P=0.006). In addition, an increased vessel density 
in those with a higher CEUS enhancement was detected 
(P=0.04). Interestingly, the authors also examined CT-
evident ischemic lesions and its relationship to CEUS 
enhancement. In patients with CT-evident lesions, CEUS 
enhancement was significantly higher (5.96 vs. 3.0, P=0.01). 

Aside from examining past cerebrovascular events, a 
number of studies have shown that CEUS is capable of 
identifying cerebrovascular risks and predicting future 
cerebrovascular events. Zhou et al. studied the risk of cerebral 
ischemic events by measuring microembolic signal (MES) 
on transcranial Doppler and plaque neovascularization on 
CEUS (84). In 46 patients with carotid stenosis >50%, the 
authors found that CEUS-evident plaque neovascularization 
is significantly associated with concurrently increased MES 
signal (50% vs. 12.5%, P=0.023). Further, Varetto et al. 
studied cerebral microembolization following carotid artery 
stenting and its relationship with pre-operative CEUS plaque 
enhancement (85). In patients with post-stenting, MRI-
evident microembolism, the CEUS enhancement intensity 
was significantly higher (26 vs. 21, P=0.039). In 2018, Li et al.  
conducted a prospective study examining the relationship 
between CEUS assessment of carotid neovascularization 
and recurrent neurological symptoms in 112 patients with 
TIA (86). CEUS assessment followed a semi-quantitative 
method with grade 0 being no enhancement and grade 5 
being diffuse intraplaque enhancement. After 24 months 
follow-up, subjects were divided into recurrent and non-
recurrent groups based on the occurrence of TIA or stroke. 
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Although there were significant intergroup differences in 
basic patient characteristics, it was found that the higher 
grade CEUS enhancement was associated with recurrent 
TIAs and strokes (P=0.01). However, the difference 
in patient characteristics may indicate the presence of 
confounding variables that can potentially interfere with 
the results. Other recent prospective study revealed that 
CEUS-assessed carotid intraplaque neovascularization was 
predictive of significant and complex coronary artery disease 
and future cardiovascular events (87). 

Conclusions

In conclusion, CEUS is a valuable tool to evaluate 
sonographic markers of carotid plaque vulnerability by 
depicting plaque surface irregularities and ulceration as 
well as intraplaque neovascularization and adventitial vasa 
vasorum development (Table 2). The degree of intraplaque 
neovascularization on CEUS imaging closely correlates 
with histological microvessel density, a marker for plaque 
vulnerability. Preliminary evidence has also shown that 
CEUS could directly predict histologic grade of high-risk 
plaques. In addition, given the intricate interaction between 
intraplaque neovascularization and inflammation, CEUS 
can offer valuable insights into intraplaque inflammation. 
Indeed, past studies have shown a close association between 
CEUS enhancement and multiple serum inflammatory 
biomarkers. The use of tagged microbubbles can potentially 
enable CEUS examination of endothelial inflammatory 

biomarker. Lastly, apart from evaluating for markers 
of vulnerable carotid plaques, CEUS enhancement is 
directly associated with past cerebrovascular events. 
More importantly, preliminary evidence has shown that 
CEUS could be used to predict future cerebrovascular 
and cardiovascular events. Despite the progress in CEUS 
imaging for carotid atherosclerotic disease, past studies still 
suffer from the retrospective nature, small sample size, and 
a lack of matched well controlled prospective studies. In the 
future, large multi-center prospective studies addressing 
the relationship of CEUS findings with patient outcomes in 
carotid atherosclerotic disease are warranted.
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Table 2 Sonographic markers of carotid plaque vulnerability on 
CEUS 

Marker Classification

Carotid plaque 
surface 

Smooth plaque surface 

Plaque surface irregularities (<1–2 mm)

Plaque ulceration (>1–2 mm)

Carotid intraplaque 
neovascularization

Semi-quantitative measurement:

Grade 1: no vascularization

Grade 2: limited or moderate 
vascularization

Grade 3: extensive vascularization

Semiautomatic quantitative measurement: 
e.g., relative perfused area, plaque mean 
intensity

CEUS, contrast-enhanced ultrasound.
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