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Abstract
Purpose To assess the diagnostic effectiveness of Multiparametric ultrasound (MPUS), which includes color Doppler ultra-
sound (CDUS), CEUS and Shear wave elastography (SWE), for evaluating carotid plaque as compared with CT-angiography 
(CTA) and histology.
Materials and methods Forty-three consecutive patients scheduled to undergo carotid endarterectomy underwent MPUS. 
Then, after periods ranging from 2 days to 2 weeks, all underwent CTA. Each plaque was classified by means of dedicated 
scores for CEUS and SWE as compared with CTA features. At surgery, each plaque was removed in a single fragment to 
facilitate histological analysis, which evaluated 4 features: extension of the lipid core, thickness of the fibrous cap, inflam-
matory infiltrate (CD68 + and CD3 + markers) and the presence of intraplaque microvessels. For the CEUS, SWE and CTA, 
the following values for identifying plaque vulnerability were evaluated: sensitivity, specificity, accuracy, negative predic-
tive value (NPV), positive predictive value (PPV) and Area under the curve (AUC). Cohen’s kappa was used to evaluate the 
concordance between measurements in the different imaging methods. A p < 0.05 was considered statistically significant.
Results At histology, 31 out of 43 plaques were identified as vulnerable because of the presence of at least one of the follow-
ing criteria: fibrous cap < 200 μm, lipid core, intraplaque hemorrhage, inflammatory infiltrate or intraplaque neovasculari-
zation. CTA showed a sensitivity of 87.1%, a specificity of 100%, a PPV of 100%, an NPV of 75% and an AUC of 93.5%. 
SWE showed a sensitivity of 87.1%, a specificity of 66.7%, a PPV of 87.1%, an NPV of 66.7% and an AUC of 76.9%. CEUS 
showed a sensitivity of 87.1%, a specificity of 58.3%, a PPV of 84.4%, an NPV of 63.6% and an AUC of 72.7%.
Conclusions Multiparametric ultrasound is an effective modality to obtain comprehensive information on carotid plaques. 
Further studies are needed to determine whether it can be considered a diagnostic standard.
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Sommario
Scopo Valutare l’efficacia diagnostica della CEUS e dell’elastografia Shear Wave (SWE), nella valutazione della placca 
carotidea in comparazione con l’angiografia-TC (CTA) e la valutazione istologica.
Materiali e Metodi Quarantatre pazienti consecutivi candidati ad endoarteriectomia carotidea sono stati sottoposti ad esame 
ecografico completo di valutazione CEUS e SWE e quindi, in un periodo compreso tra due giorni e due settimane, a CTA.
Ogni placca è stata classificata mediante scale di valutazione dedicate per la CEUS e la SWE in comparativa con la CTA. 
In fase di intervento ogni placca è stata rimossa come singolo frammento in modo da facilitarne l’analisi istologica, che ha 
preso in considerazione quattro caratteristiche: estensione del nucleo lipidico, spessore del cappuccio fibroso, presenza di 
infiltrato infiammatorio (tramite markers per i CD68 + ed i CD3 +) e presenza di vascolarizzazione intraplacca. Per la CEUS, 
la SWE e la CTA sono stati calcolati la sensibilità, la specificità, l’accuratezza, i valori predittivi positivo e negativo (PPV 
e NPV rispettivamente) e l’area sottesa alla curva (AUC) per l’identificazione della vulnerabilità di placca. Per valutare la 
concordanza tra i valori delle differenti metodiche di imaging è stato utilizzato il K di Cohen. Un valore di p < 0.05 è stato 
considerato statisticamente significativo.
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Risultati Alla valutazione istologica 31 delle 43 placche sono state idetificate come vulnerabili per la presenza di almeno 
una delle seguenti caratteristiche: cappuccio fibroso di spessore < 200 µm, presenza di nucleo lipidico, di infiltrato infiam-
matorio o di vascolarizzazione intraplacca. La CTA ha dimostrato una sensibilità del 87.1%, una specificità del 100%, un 
PPV of 100%, un NPV of 75% e una AUC del 93.5%. La SWE ha dimostrato una sensibilità del 87.1%, una specificità del 
66.7%, un PPV del 87.1%, un NPV del 66.7% e una AUC del 76.9%. La CEUS ha dimostrato una sensibilità del 87.1%, una 
specificità del 58.3%, un PPV del 84.4%, un NPV del 63.6% e una AUC del 72.7%.
Conclusioni La CEUS e la SWE sono metodiche efficaci per ottenere informazioni sia qualitative che quantitative sulle 
placche carotidee. Ulteriori studi sono necessari per determinare se possano essere accettate come metodiche diagnostiche 
standard.

Introduction

Stroke remains the second leading cause of death in 
Europe, accounting for 405,000 deaths (9%) in men and 
583,000 (13%) deaths in women each year [1], despite 
the recent reduction in incidence and mortality. Approxi-
mately, 7% of ischemic strokes are associated with extrac-
ranial carotid stenosis [2]. Many of these may be prevented 
by revascularization [3].

The main parameter for determining which patients 
undergo surgical carotid revascularization is the percent-
age of luminal stenosis [3], but evidence has shown a lack 
of information on plaque characteristics to be a major limi-
tation [4]. In fact, some plaques are more prone to progres-
sion or rupture [5], with a consequent increase in risk of 
ischemic symptoms. The so-called “vulnerability” of the 
plaque is linked to numerous histological patterns, such as 
the lipid core, the thickness of the fibrous cap and the pres-
ence of inflammatory infiltrate, intraplaque hemorrhage, 
ulcerations and intraplaque neovascularization (IPN) [5].

Ultrasound is usually the first imaging modality for 
assessing the presence of carotid plaques and is used as 
well for the follow-up of known atheromas. Nevertheless, 
despite the recent development of several ultrasonographic 
tools, none of these are currently used in the clinical rou-
tine. These new techniques, such as contrast-enhanced 
ultrasound (CEUS) [6–8] and elastography [9, 10], may 
help to characterize plaques as “stable” or “vulnerable”. 
This would add a new type of clinical information to ultra-
sound examination that is still focused only on establishing 
the grade of stenosis. The aim of this study was to assess 
the diagnostic effectiveness of Multiparametric Ultra-
sound, which includes CEUS and Shear wave elastography 
(SWE), for evaluating carotid plaque as compared with 
CT-angiography (CTA) and histology.

Materials and methods

Forty-three consecutive patients scheduled to undergo 
carotid endarterectomy between June 2016 and Septem-
ber 2017 at the Department of Surgery “Pietro Valdoni”, 
Sapienza University, Rome, Italy were included in the 
study. It was approved by the Ethical Committee of the 
“Sapienza” University of Rome, in accordance with the 
Helsinki Declaration and the Guideline for Good Clinical 
Practice. Before beginning the study, all participants pro-
vided written informed consent for intervention.

All patients underwent Multiparametric Ultrasound, then, 
after periods ranging from 2 days to 2 weeks, underwent 
CTA.

Multiparametric Ultrasounds were performed with high-
end equipment (Toshiba Aplio 500, Japan) by one radiolo-
gist, with 14 years of experience with CEUS and 8 years of 
experience with US-elastography, using a 5–14 MHz lin-
ear array transducer. Another radiologist, blinded to clini-
cal information and Ultrasound reports, reviewed the CTA 
imaging.

Diagnostic modality

US and CDUS Patients were laid down in a supine position 
with a pillow under their shoulders to allow neck hyper-
extension. Axial and longitudinal sonograms were acquired 
in order to judge the grade of stenosis and to characterize 
the morphology of the plaque.

Elastography SWE was performed immediately after US 
with the same US unit and linear array probe; to obtain a 
quantitative evaluation (in kPa), proprietary elasticity soft-
ware was used. For SWE, the operator placed the transducer 
perpendicular to the plaque without pressure, maintaining 
only slight contact with the skin in order to minimize com-
pression artifacts, and kept it stable and motionless for about 
3 s to allow measurements.

In this technique, the probe produces push pulse that 
generates downward displacement, which can be tracked by 
color Doppler to measure shear wave propagation speed. 
The ROI for measurement was positioned within the plaque. 
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This system represents in real time the elasticity and speed 
by means of colorimetric map within the elastographic box. 
Then, the measurement of the absolute stiffness of the ROI 
in kPa is available. The system also features a quality control 
map that shows the shear wave propagation as wave-front 
lines. Putting the ROI when the lines are parallel to each 
other may help to achieve more reliable measurement; how-
ever, if the lines are distorted or lacking due to artifacts, 
measurement may need to be repeated.

US images, significant SWE frames and cine loops were 
saved to the local picture archive and communication system 
(PACS).

Hardness of the plaque was expressed by a three-grade 
scale: (1) soft plaques with values between 11 and 25 kPa; 
(2) mixed plaques with values between 26 and 65 kPa; (3) 
hard plaques with values over 65 kPa. Mixed plaques were 
considered vulnerable (Figs. 1, 2).

Contrast-enhanced ultrasound (CEUS) CEUS was 
performed after the bolus injection of 1.2 ml of SonoVue 
(Bracco, Milan, Italy) through a 20-gauge cannula into 
an antecubital vein, followed by a 10-ml saline flush. The 
carotid plaque was scanned to portray the whole plaque and 
surrounding arterial walls. The evaluation continued for at 
least 2 min, using a non-destructive US mode with low MI 
(MI 0.05–0.07). A video clip of the procedure was digitally 
recorded for further analysis.

Both quantitative and qualitative analyses were per-
formed. For quantitative analysis, the curve of increased 

signal was analyzed after contrast bolus and expressed as 
a ratio compared with the enhancement within the adjacent 
normal carotid wall. For qualitative analysis, a scale from 
1 to 3 was used: (1) absence of contrast enhancement, 
(2) enhancement confined to the adventitial or peripheral 
region of the plaque, and (3) diffuse intraplaque contrast 
enhancement. The percentage of lipid core and the pos-
sible presence of ulcerations and adventitial angiogenesis 
were evaluated as well.

CTA  The exam was carried out with Somatom 64 
(Siemens, Erlangen, Germany). A two-phase CT proto-
col was used, with a pre-contrast phase and an arterial 
phase (started with bolus tracking), using 130 mL of the 
non-ionic contrast agent Iomeron (Bracco, Milan, Italy) 
at 4 mL/s. The other scanning parameters were: 1.2 mm 
acquisition; reconstruction with a soft-margin kernel algo-
rithm (B30) at 1.5 and 3 mm; pre-contrast scans at a low-
power tube (120 mAs); the arterial phase at 120 kVp and 
200 mAs. Coronal and oblique reconstructions along the 
longitudinal axis of carotids were obtained. CT images 
were analyzed on a dedicated workstation (Aquarius, Ter-
aRecon, San Mateo, Ca) using traditional post-processing 
techniques.

We considered as vulnerable those plaques that showed 
at least one of the following criteria: (1) absence of calci-
fications accounting for > 50% of the plaque; (2) negative 
HU values at pre-contrast CT scan; (3) > 20 HU enhance-
ment in post-contrast CT scan.

Fig. 1  a At baseline US, a mainly calcified plaque was detected at 
right carotid bifurcation. b SWE quality control shows that the sam-
pling was done correctly. c SWE confirms that it is a hard plaque 
(93.7 kPa). d, e CEUS in axial and longitudinal view allows a clear 
evaluation of the grade of stenosis; no significant focus of contrast 

enhancement is visible within the plaque; an ulceration is visible 
(better seen in longitudinal sonogram). f, g CTA in axial and sagittal 
(MIP) view; plaque is mixed, ulceration is confirmed; no significant 
contrast enhancement is detected
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Histological exam The atherosclerotic plaques removed 
during carotid surgery were sent for histological analyses. 
Particular care was given, during surgery, to remove the 
plaque as a single fragment to facilitate the analysis. We 
evaluated 4 aspects: extension of the lipid core, thickness of 
the fibrous cap, inflammatory infiltrate (CD68 + or CD3 + 
markers) and the presence of intraplaque microvessels. Lipid 
core was categorized with a 4-grade scale: (1) absent; (2) 
minimal; (3) moderate; (4) extensive. For the presence of 
inflammatory cellular lines (CD68 + and CD3 +), we also 
used a 4-grade scale: (1) absence; (2) minimally represented; 
(3) moderately represented; (4) extensively represented. In 
this scale, grades 1 and 2 define a low inflammatory infil-
trate, while grades 3 and 4 define a high inflammatory 
infiltrate. A fibrous cap thickness of less than 200 μm was 
considered thin. Microvessels were evaluated as area and 
percentage in 5 fields occupied by CD34 +.

Statistical analysis

Statistical analysis was performed to evaluate the accuracy of 
the different techniques to identify patterns of vulnerability 

of the atherosclerotic plaque. Sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV) and 
area under the curve (AUC) were calculated for this purpose. 
Differences between AUCs of different imaging methods 
were evaluated using the Bonferroni test. Cohen’s kappa was 
used to evaluate the concordance between the measurements 
in the different imaging methods. A pV < 0.05 was consid-
ered statistically significant. Statistical analysis was carried 
out with Stata software (Stata v. 15, Statacorp LLC, College 
Station TX, USA).

Results

Thirty-one out of 43 surgically removed plaques were found 
to be vulnerable: 13 because of the presence of a lipid core 
(nine moderate; four extensive); 11 because of the presence 
of high-grade inflammatory infiltrate (seven moderate; four 
extensive); ten because of significant amounts of microves-
sels; and nine for the presence of intraplaque hemorrhage.

No side effects due to the diagnostic methods were 
registered.

Fig. 2  a At CDUS and pulsed wave Doppler ultrasound a soft plaque 
is detected at right carotid bifurcation, extending to the proximal tract 
of internal carotid artery; it is an hemodynamically significant steno-
sis causing a strong increase of peak systolic velocity. b SWE con-
firms it is a soft plaque (12.4 kPa); quality control confirms that the 

sampling was done correctly. c CEUS in longitudinal view confirms 
the high-grade stenosis; no significant focus of contrast enhancement 
is visible within the plaque; no ulcerations are seen along the border 
of the plaque
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Accuracy of CTA 

Twenty-seven out of 43 plaques were considered vulnerable 
at CTA and all of these specimens were confirmed at histol-
ogy. Four vulnerable plaques were not detected by CTA. 
There were no false-positive cases.

These results determined a sensitivity of 87.1% (95% CI 
70.2–96.4%), a specificity of 100% (95% CI 73.5–100%), a 
PPV of 100% (95% CI 87.2–100%) and an NPV of 75.0% 
(95% CI 47.6–92.7%). AUC was 93.5% (87.6–99.5%).

Accuracy of SWE

Histology confirmed as vulnerable 27 of the 31 soft- and 
mixed-classified plaques at SWE. Of the 12 labeled as not 
vulnerable by histology, four cases were identified as posi-
tive at SWE.

These results determined a sensitivity of 87.1% (95% CI 
70.2–96.4%), a specificity of 66.7% (95% CI 34.9–90.1%), 
a PPV of 87.1% (95% CI 70.2–96.4%) and an NPV of 66.7% 
(95% CI 34.9–90.1%), thus giving an AUC of 76.9% (95% 
CI 61.7–92.0%).

Accuracy of CEUS

Thirty-two out of the 43 plaques demonstrated contrast 
enhancement and histologic vulnerability criteria; out of 
these, 31 were confirmed at Histology. Conversely, in the 
absence of plaque enhancement, only four plaques were 
found to be vulnerable at histology.

These results determined a sensitivity of 87.1% (95% CI 
70.2–96.4%), a specificity of 58.3% (95% CI 27.7–84.8%), 
a PPV of 84.4% (95% CI 67.2–94.7%) and an NPV of 63.6% 
(95% CI 30.8–89.1%), with a total AUC of 72.7% (95% CI 
57.0–88.5%).

Table 1 presents the results.

Comparing the AUCs of the different imaging techniques 
revealed a statistically significant difference between CTA 
and CEUS (93.5% vs. 72.7%, pV 0.027), but not between 
CTA and SWE (93.5% vs. 76.8%, 0.066).

A higher level of agreement was found between CTA 
and SWE (81.4%, k = 0.58; pV < 0.001), while a lower 
level was found between CTA and CEUS (74.4%, k = 0.42; 
pV = 0.002). Figure 3 presents the results.

Discussion

In recent years, the vulnerability features of atherosclerotic 
plaque have been extensively studied [11–13]. These have 
been proved to represent reliable markers of intraplaque 
events that possibly lead to stroke and myocardial infarc-
tion. Neovascularization, inflammation, thin fibrous cap, 
lipid core and intraplaque hemorrhage are all considered 
causes of plaque vulnerability [12, 14].

Table 1  CTA, CEUS and SWE diagnostic performance

Vulner-
able 
plaques

Stable plaques Sensitivity (95% 
CI)

Specificity (95% 
CI)

PPV (95% CI) NPV (95% CI) AUC (95% CI)

CTA 
 Positive 27 0 87.1% (70.2–

96.4%)
100% (73.5–100%) 100% (87.2–100%) 75% (47.6–92.7%) 93.5% (87.6–99.5%)

 Negative 4 12
SWE
 Positive 27 4 87.1% (70.2–

96.4%)
66.7% (34.9–

90.1%)
87.1% (70.2–

96.4%)
66.7% (34.9–

90.1%)
76.9% (61.7–92.0%)

 Negative 4 8
CEUS
 Positive 27 5 87.1% (70.2–

96.4%)
58.3% (27.7–

84.8%)
84.4% (67.2–

94.7%)
63.6% (30.8–

89.1%)
72.7% (57.0–88.5%)

 Negative 4 7

Fig. 3  CTA, CEUS and SWE ROC curves
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This research led to the development of non-invasive sys-
tems aimed at detecting and stratifying the risk of plaque 
instability.

SWE is an elastographic dynamic method that applies a 
directional force to the tissue to cause shear deformation that 
propagates as a shear wave [9, 10].

Shear wave speed measurement, calculated through mod-
ulus G, allows judging a tissue’s stiffness. Plaque composi-
tion, such as fibrous cap and lipid core, affects the elastic 
properties of the plaque itself, implying that elasticity plays 
an important role in determining vulnerability [15]. In our 
study, we used SWE to measure plaque stiffness to evaluate 
a possible correlation between soft plaques and the presence 
of a lipid core at CTA and histology. Our results show a high 
concordance of 81.4% between SWE and CTA.

Thus, although SWE has been proven efficient in solid 
lesion evaluation, such as for thyroid nodules [16], it may 
be heavily affected by artifacts when the shear wave transits 
through a liquid medium such as arterial blood.

CEUS is a well-established method for assessing vas-
cularization, with several clinical applications (e.g., neo-
plastic lesion, blunt trauma, inflammation, aortic endoleaks 
after EVAR [17–19]). Since plaque neovascularization is 
a consistent feature of vulnerable plaques [13, 20–24], we 
assessed the correlation between contrastographic enhance-
ment in atheromas with neovascularization and inflam-
matory processes. CEUS-defined neovascularization was 
obtained comparing enhancement intensity with the num-
ber of microvessels per field at histology. A high grade of 
contrast enhancement also seems to be related to a signifi-
cant inflammatory infiltrate. Even if SonoVue is a blood 
pool agent, meaning that microbubbles do not diffuse in the 
extravascular space [25, 26], Hoogi [27, 28] demonstrated an 
indirect correlation between contrast enhancement and the 
degree of inflammatory infiltrate. However, other studies, 
such as Li’s [29], failed to show a correlation between con-
trast enhancement and inflammatory infiltration (CD68). In 
our study, 71% of plaques with a high-grade CD3 + infiltrate 
and 63.6% of plaques with a high-grade CD68 + infiltrate 
showed significant contrast enhancement. Nevertheless, we 
also found that 28.6% of plaques with CD3 + high-grade 
infiltrate and 19% of plaques with CD 68 + high grade infil-
trate did not show contrast enhancement, resulting in false-
negative patients when using CEUS.

Our study confirms the presence of a significant correla-
tion between contrast enhancement grade and neovasculari-
zation in plaques, although a higher level of agreement was 
found between CTA and SWE.

The visual discrete scoring system, used to determine 
CEUS contrast, correlates well with histologic examina-
tion for plaque neovascularization [27]. It is easy to learn 
and apply, and does not require any special equipment or 
software. However, because of its subjective nature, this 

technique is obviously prone to inter-observer variability, 
so it needs to be further assessed.

Our results show that SWE and CEUS are sensitive 
(87.1% and 87.1%, respectively) at detecting vulnerable 
plaques, which is comparable to CTA (87.1%); nevertheless, 
the diagnostic performances of both SWE and CEUS have a 
higher number of false positive cases, which leads to a lower 
specificity (66.7% and 58.3%, respectively) in comparison 
to CTA (100%).

Conclusions

Multiparametric ultrasound is a safe and effective modal-
ity to obtain comprehensive information on carotid plaques. 
Further studies are needed to determine whether it can be 
considered a diagnostic standard in cases where the evalua-
tion of plaque stability can have a pivotal role in deciding if 
a patient must undergo surgery or not.
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