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Περίληψη 

 

Εισαγωγή 

Η καρωτιδική νόσος συνιστά σημαντική αιτία παροδικού και ισχαιμικού αγγειακού 

εγκεφαλικού επεισοδίου.  Η αντιμετώπιση της ασυμπτωματικής καρωτιδικής στένωσης 

αποτελεί συχνά αντικείμενο διαφωνίας, καθώς η πρόοδος της βέλτιστης φαρμακευτικής 

θεραπείας έχει αμφισβητήσει την χρησιμότητα της καρωτιδικής ενδοαρτηρεκτομής ή του 

stenting της καρωτίδας. Ωστόσο, οι θεραπείες επαναγγείωσης εξακολουθούν να κρίνονται 

κατάλληλες για μια μικρή υποομάδα ασθενών «υψηλού κινδύνου». Ο συνδυασμός της 

υπερηχοτομογραφικής μελέτης των καρωτίδων  με το διακρανιακό υπερηχογράφημα των 

ενδοκράνιων αγγείων,  συμβάλλει στον εντοπισμό αυτών των ασθενών και στη 

διαστρωμάτωση του κινδύνου για εγκεφαλικό αγγειακό επεισόδιο.  

 

Μέθοδοι 

Εξετάσαμε την τρέχουσα βιβλιογραφία σχετικά με τη συμβολή της υπερηχοτομογραφίας  

στην ταυτοποίηση των «υψηλού κινδύνου» ασθενών με ασυμπτωματική σημαντικού βαθμού 

στένωση της έσω καρωτίδας, οι οποίοι θα μπορούσαν να επωφεληθούν από επεμβατική 

παρέμβαση. 

 

Αποτελέσματα 

Έχει καταστεί πλέον σαφές ό,τι μόνο ο βαθμός της καρωτιδικής στένωσης δεν επαρκεί για τη 

λήψη της θεραπευτικής απόφασης και σταδιακά έχει αναπτυχθεί η έννοια της «ευάλωτης 

πλάκας». Ισχυροί υπερηχογραφικοί δείκτες της ευάλωτης πλάκας αποτελούν η 

υποχηχογένεια της πλάκας (κύρια υποηχογενής), η μεγάλη περιοχή πλάκας (σε mm²), η 

μεγάλη παρά τον αυλό μαύρη περιοχή στην ηλεκτρονική ανάλυση της πλάκας, η παρουσία 

ενδοπλακικής νεοαγγείωσης και εξέλκωσης με τη χρήση ειδικών για τους υπερήχους 

σκιαγραφικών μέσων  καθώς και η ανίχνευση μικροεμβολικών σημάτων στο διακρανιακό 

υπερηχογράφημα. Παράλληλα, η πρόοδος της στένωσης, η αμφοτερόπλευρη καρωτιδική 

νόσος καθώς και η ανάδειξη διαταραχής στην εγκεφαλική αυτορρύθμιση με τη συμβολή του 

διακρανιακού υπερηχογραφήματος, συνιστούν πρόσθετους προγνωστικούς παράγοντες του 

αγγειακού εγκεφαλικού επεισοδίου. 

 

Συμπέρασμα 

Οι υπερηχοτομογραφικές μελέτες  χρησιμεύουν ως δείκτες της βαρύτητας της 

ασυμπτωματικής καρωτιδικής νόσου, βοηθώντας σημαντικά στη διαστρωμάτωση του 

κινδύνου για μελλοντικά καρδιοαγγειακά συμβάματα. Κατά συνέπεια, συνιστάται ιδιαίτερα η 

ενσωμάτωσή τους στην ανάπτυξη των θεραπευτικών αλγορίθμων για την αναγνώριση 

ασυμπτωματικών ασθενών «υψηλού κινδύνου». 

 

 

 

Λέξεις- Κλειδιά:  Ασυμπτωματική καρωτιδική στένωση, υπερηχογράφημα, 

διακρανιακό υπερηχογράφημα,  ευάλωτη πλάκα, αγγειακό εγκεφαλικό επεισόδιο
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Abstract 

 

 

Introduction 

Carotid artery disease is a significant cause of ischemic stroke and transient ischemic attack 

(TIA). Management of asymptomatic carotid stenosis (ACS) constitutes a debate, as the 

advancement of best medical treatment has questioned carotid endarterectomy or carotid 

artery stenting. However, selected patients with “high risk” ACS should be identified and 

offered revascularization procedures. Carotid ultrasound combined with Transcranial Doppler 

(TCD) have been found to provide valuable information on risk stratification of stroke. 

 

Methods 

We reviewed the current literature regarding the contribution of neurosonology to the 

identification of patients with “high-risk” ACS, who could benefit from invasive intervention. 

 

Results 

Τhere has been growing evidence over the last years that moving beyond the degree of 

luminal stenosis was mandatory and the concept of “plaque vulnerability” has emerged. 

Strong sonographic markers of vulnerable plaque represent plaque echolucency 

(predominantly echolucent), large plaque area, large juxta-luminal black area on 

computerized plaque analysis, intraplaque neovascularization and plaque ulceration by using 

contrast-enhanced ultrasound studies and detection of microembolic signals on TCD. Stenosis 

progression, bilateral carotid disease and impaired cerebrovascular reserve and 

collateralization assessed with TCD constitute additional predictors of stroke and TIA. 

 

Conclusion 

Neurosonology examinations serve as markers of carotid plaque burden assisting significantly 

in risk stratification of cerebrovascular events. Consequently, incorporation of neurosonology 

in the development of  therapeutic algorithms for “high risk” ACS is highly recommended. 

 

 

Key words: Asymptomatic carotid stenosis, ultrasound, transcranial doppler, vulnerable 

plaque, stroke 
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1. Introduction 

Atherosclerosis and its cardiovascular ischemic complications are the most common 

causes of death and disability worldwide (1). Indeed, the World Health Organization 

(WHO) reported in 2010 that cardiovascular disease represents around 30% of global 

deaths and estimated that by 2030 more than 23.3 million persons will die annually 

from cardiovascular disease (2). More specifically, stroke is the second largest cause 

of death in Europe and the leading cause of permanent neurological disability (3).  

Carotid artery stenosis related to atherosclerosis, is a well- established risk factor for 

ischemic stroke, contributing to 15-20% of acute ischemic strokes (AIS) or transient 

ischemic attacks (TIAs) (4). Neurological symptoms due to carotid artery stenosis, are 

typically caused by distal embolization, but may also occasionally be due to cerebral 

hypoperfusion caused by severe stenosis of the carotid artery (5).  

As for the secondary prevention of symptomatic carotid artery disease, recent 

guidelines of European Society for Vascular Surgery (ESVS) recommend carotid 

endarterectomy (CEA) or for some certain indications carotid artery stenting (CAS), 

within 14 days of symptom onset combined with best medical treatment (BMT), 

provided the documented procedural death/stroke rate is <6% (6). 

Asymptomatic carotid stenosis (ACS) is defined as significant (≥50%) narrowing of 

the carotid artery in patients who have not had ipsilateral neurological symptoms in 

the previous 6 months. ACS is of great importance, as it is also a marker of systemic 

atherosclerosis simultaneously affecting other arterial beds. Consequently, people 

even with minor ACS are at higher risk of myocardial infarction and undoubtedly 

need treatment (7).  

Decades ago, two randomized, multicenter studies, the Asymptomatic Carotid 

Atherosclerosis Study (ACAS) (8) and the Asymptomatic Carotid Surgery Trial 

(ACST) (9), provided evidence that CEA offers a 50% risk reduction for ipsilateral 

stroke in patients with moderate to severe asymptomatic carotid artery stenosis (60-

99% stenosis) compared to medical treatment alone. However, at the time when these 

trials were performed, patients had received a treatment that today would be 

considered as suboptimal medical treatment. For example, in the ACST statins were 

used in only 17% of patients for the first years of randomization and in 70% at the last 

year, while 10% of population was not taking antiplatelet therapy. Furthermore, 

dietary modification, blood pressure control and statin dosage were not close to those 

that are currently used in practice. The following years, more scepticism emerged, as 

it has been suggested that up to 94% of CEA performed on the basis of these trials 

recommendations, are unnecessary and that to prevent a stroke in asymptomatic 

patients the number needed to treat (NNT) was 83 (10). 

The advancement of BMT has questioned the invasive intervention (CEA or CAS) for 

asymptomatic patients, as the annual risk of ipsilateral stroke with intensive medical 

therapy is now 1% (11). Consequently, most patients with ACS (~90%) would be 

better treated with intensive medical therapy, which includes lifestyle modifications 

(smoking cessation, a Mediterranean diet, weight reduction, exercise), effective blood 

pressure control, antiplatelet therapy, diabetes mellitus control and intensive lipid 

lowering therapy (12). 

Nevertheless, for about ~10% of patients, invasive intervention may still be justified. 

Identification of such “high-risk” patients who could benefit from CEA or CAS in 

addition to BMT is thus of crucial importance. To that direction, recent ESVS 
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guidelines recommend that neuroimaging modalities could serve as biomarkers for 

better stroke risk stratification (6). 

In particular, moving beyond luminal stenosis, atherosclerotic plaque vulnerability 

and cerebrovascular reactivity and reserve in the ipsilateral hemisphere, can both be 

studied with various imaging strategies. Carotid duplex ultrasonography (CDU), 

computed tomography angiography (CTA), magnetic resonance angiography (MRA), 

and rarely digital subtraction angiography (DSA) are the diagnostic modalities that 

are currently used in the evaluation of carotid steno-occlusive disease. CTA and MRA 

have the limitations of radiation exposure, intravenous contrast agents and 

overestimation of the degree of stenosis, respectively. On the other hand, they provide 

simultaneous visualization of the aortic arch, supraortic vessels, distal internal carotid 

artery (ICA), and intracranial arteries (13, 14). CDU is a widely available, low-cost, 

bedside, noninvasive and radiation free tool that is limited by its operator dependency 

and limitations in visualization of all ICA segments. It can be successfully combined 

with transcranial doppler (TCD) and may offer complementary information to other 

imaging modalities (15).  

The aim of this narrative review is to summarize the utility of neurosonology in 

diagnosis and stroke risk stratification of ACS as well as its contribution to 

therapeutic management of ACS. 

 

2. Methods 

This review included all available articles regarding the use of ultrasound in diagnosis 

of asymptomatic carotid disease and the contribution of neurosonological markers to 

risk stratification of cerebrovascular events and further therapeutic management of 

these patients. Data were collected from the online MEDLINE database (all until June 

of 2018) using PubMed (National Center for Biotechnology Information, US National 

Library of Medicine, Bethesda, MD). The search was restricted to articles published 

in English without regard to when they were published and to studies in humans. The 

search strategy included multiple key words. In particularly, search terms included 

“asymptomatic carotid stenosis”,  “atherosclerosis”, “ultrasound”, “transcranial 

doppler”, “vulnerable plaque”, “plaque echogenicity”, “plaque heterogeneity”, 

“plaque ulceration”, “contrast-enhanced” , “microembolic signals”, “cerebrovascular 

reserve”, “stroke”, “transient ischemic attack”, “endarterectomy”, “stenting” and 

finally “ best medical treatment”.  
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3. Discussion 

3.1. Pathophysiology of atherosclerosis and ischemic events 

Atherosclerosis has always been a major cause of mortality in developed countries, 

involving all the vascular system from aorta to coronary arteries. It is a progressive 

lipid-driven inflammatory disease of vascular intima, characterized by intimal plaques 

(16, 17). The term is of Greek origin, consisting of two parts; “athero” (accumulation 

of fat accompanied by several macrophages) and “sclerosis” (fibrosis layer 

comprising smooth muscle cells, leukocytes and connective tissue) (18, 19).  

The first step in the development of atherosclerosis is the exposure of vascular cells to 

excess lipid (LDLs) with concomitant endothelial activation/dysfunction and the 

internalization and deposition of lipids in the intima. The continuous exposure to 

other pathogenic factors, such as hypertension, diabetes, stress and smoking, 

contributes to endothelial injury. The dysfunctional and permeable endothelium 

allows LDL particles to further infiltrate and accumulate in the extracellular matrix 

(ECM), where they become targets for oxidative and enzymatic modifications. 

Modified LDLs enhance a series of proinflammatory reactions perpetuating the 

activation, recruitment and transmigration of different innate immune cells 

(monocytes, mast cells, neutrophils, natural killer cells and dendritic cells), with 

monocytes playing the most crucial role. Also, acquired immunity, mainly dependent 

on T cells (T helper 1 and 2) and antibodies, is also critically involved in the 

progression of atherosclerosis (20, 21) and cytokine IL-18 has been shown to 

orchestrate the immunological link between innate and adaptive immunity, enhancing 

atherosclerosis activity and progression (22). Once monocytes transmigrate and reach 

the subendothelium they differentiate into macrophages. Macrophages depending on 

the local microenvironment, can assume different phenotypes and functional 

characteristics (23). Distinct macrophage subtypes (M1 and M2) have been detected 

depending on the stage of atherosclerosis development. Once differentiated, 

macrophages exhibit high levels of surface pattern recognition receptors for modified 

LDLs, become lipid-laden and convert into foam cells (24). Lesion complication 

occurs when foam cells release growth factors and cytokines which further stimulate 

vascular smooth muscle cell (VSMC) migration from the media into the intima where 

they divide and produce ECM components, contributing to the development of the 

fibrous cap (25). Many of these foam cells undergo apoptosis at early stages of 

atherosclerosis development and are removed by M2 macrophages with the process of 

efferocytosis (26). Excessive efferocytosis, has as a consequence the release of lipids, 

pro-inflammatory/pro-thrombotic mediators (tissue factor) and metalloproteinases 

(MMPs). MMPs digest the ECM scaffold, including the overlying fibrous cap, 

favoring plaque susceptibility to rupture. Plaque vulnerability is also determined by 

fewer VSMCs as well as formation of immature and leaky microvessels within the 

necrotic core (27). 

Sites with low or oscillatory endothelial shear stress, located near branch points and 

along inner curvatures, are most susceptible for atherosclerosis development. 

Abdominal aorta, coronary arteries, iliofemoral arteries and carotid bifurcations are 

typically the most affected (28). 

A simple histological classification of atherosclerotic lesions, which emphasizes the 

link between lesion morphology and clinical disease (29) includes:  
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A) Adaptive intimal thickening: Characterized by smooth muscle cells accumulation 

within the intima, in the absence of lipids and inflammatory cells.  

B) Intimal xanthoma (“fatty streak”): Characterized by accumulation of foam cells 

into the intima. These types of lesions could be fully reversible if the stimuli that 

caused them disappear.  

C) Pathological intimal thickening or “intermediate lesion”: True necrosis is not 

present. The fibrous cap is rich in smooth muscle cells and proteoglycans, while 

macrophages and lymphocytes are usually sparse. 

D) Fibroatheroma: Corresponds to the formation of necrotic core. Foam cells, 

macrophages and smooth muscle cells accumulated in the intima over time could 

undergo apoptosis, while neovascularization and intraplaque hemorrhage are often 

present. 

E) Fibrocalcific plaque: Calcification is common in progressive atherosclerosis. 

Apoptotic cells, ECM and necrotic core are plaque components that become calcified.  

Sometimes necrotic core can completely calcify. 

The most dramatic complication of atherosclerotic plaque progression is thrombosis, 

which may be caused by three different mechanisms: a) plaque rupture, b) plaque 

erosion or c) calcified nodule (30).  

Plaque rupture is the most common, and is defined as a structural defect—a gap—in 

the fibrous cap which exposes the highly thrombogenic core to the blood. Ruptured 

lesions typically have a large necrotic core and a disrupted fibrous cap infiltrated by 

macrophages and lymphocytes, while smooth muscle cell content within the fibrous 

cap at the rupture site may be quite sparse. Plaque rupture is followed by a cascade of 

events; exposure of thrombogenic parts of plaques, activation of the coagulation 

cascade, platelet adhesion, activation and aggregation leading finally to thrombosis 

and hemodynamic compromise (31). In carotid artery, artery-to- artery embolization 

is the most common mechanism causing ischemic stroke (5). 

Plaque erosion is identified when serial sectioning of a thrombosed arterial segment 

fails to reveal fibrous cap rupture (absence of communication between blood contents 

and the necrotic core). Typically, the endothelium is absent at the erosion site. The 

exposed intima consists predominantly of smooth muscle cells and proteoglycans, 

with minimal inflammation (31). 

The least frequent morphology associated with luminal thrombosis, represent calcified 

nodules, that are characterized by protrusion of the eruptive dense calcified bodies 

into the luminal space (32). 
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3.2. Ultrasound risk stratification of Asymptomatic Carotid Stenosis 

 

 

3.2.a. Degree of carotid stenosis 

 

Sonographically, carotid plaque is defined as a focal structure that encroaches into the 

arterial lumen of at least 0.5 mm or 50% of the surrounding intima-media thickness or 

demonstrated a thickness of ≥1,5 mm (33). 

Traditionally, luminal stenosis measurements determined by DSA, were used to select 

patients for the first two major treatment trials of symptomatic carotid stenosis, 

including the North American Symptomatic Carotid Endarterectomy Trial (NASCET) 

(34) and the European Carotid Surgery Trial (ECST) (35). Using NASCET criteria, 

degree of stenosis is calculated using the formula 1 – (R/D)/100, where R represents 

the diameter of the residual lumen and D the luminal diameter at a visible, disease-

free point, upstream the stenosis. Using ECST criteria, degree of stenosis is calculated 

with the formula 1 – (R/S)/100, where S stands for the diameter of vessel at the most 

stenotic site and R represents the diameter of the residual lumen. Each method 

provides different measures of stenosis severity and can be corrected using the 

formula: NASCET=(ECST-40)/0,6 (36). 

CDU combined with color flow, has been shown to be accurately comparable with 

DSA and today it is the most widely used method for evaluating carotid stenosis (37). 

Doppler flow velocity measurements include ICA peak systolic velocity (PSV) and 

end diastolic velocity (EDV), the ICA/ Common carotid artery (CCA) PSV ratio and 

ratio of the ICA-PSV and the distal CCA-EDV (38).  The Society of Radiologists in 

Ultrasound Consensus Conference recommends velocity criteria for grading the 

stenosis, that are widely accepted as seen in detail in Table 1 (39). Hemodynamically 

significant stenosis is defined when the residual lumen is <40% to <20% of the initial 

diameter (40). 

 

 

% Stenosis 
(NASCET) 

PSV ICA (cm/s) PSV ICA/PSV CCA PSV ICA/ EDV CCA 

˂ 50% < 125 < 2 < 8 

50-69% ≥ 125 2.0 - 4 8 - 10 

70-79% ≥ 230 ≥ 4 14 - 21 

80-89%   22 - 29 

>90% but 

not near 

occlusion 

≥ 400 ≥ 5 ≥ 30 

Near 

occlusion 

High, low-string 

flow 

Variable Variable 

Occlusion No flow - - 

 

 

Table 1. Diagnostic velocity criteria for NASCET- based carotid stenosis. 

 

 

 

The relationship between stenosis severity and future ischemic events, was widely 

studied, with conflicting evidence. The largest prospective, non-randomized study of 
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1.121 patients with ACS undergoing medical intervention alone, Asymptomatic 

Carotid Stenosis and Risk of Stroke (ACSRS) study (41), determined the risk of 

ipsilateral ischemic neurological events in relation to the degree of ACS. More 

specifically, the average annual stroke rate was proportionally increased with the 

increase in the degree of stenosis from 0,8% for 50-69% stenosis, to 1,4% for 70-89% 

stenosis and 2,4% for 90-99% stenosis. Nevertheless, the other two large randomized 

studies for ACS, ACAS (8) and ACST (9) had not found any evidence that increasing 

stenosis severity is a predictive of increased risk of stroke in the medically treated 

asymptomatic patients. 

Patients with bilateral carotid disease are at higher risk for stroke due to 

hypoperfusion, that can no longer be compensated by the collateral flow of the circle 

of Willis. The degree of contralateral ICA stands as an independent predictor of 

preoperative ipsilateral stroke, which allows an enhanced risk stratification of these 

patients beyond ipsilateral high-grade carotid stenosis (42).  

 

 

 

 

3.2.b. Progression of the severity of stenosis 

 

Most would agree that the progression of the severity of ACS in successive ultrasound 

examinations despite the implementation of BMT is not a good sign.  

ACSRS study (41), demonstrated quite clearly that progression in the severity of ACS 

was a predictor of future stroke. More specifically, the 8-year cumulative ipsilateral 

ischemic stroke rate was 0% in patients with regression of stenosis, 9% if the stenosis 

was unchanged and 16% if there was progression of stenosis. In the subgroup with 

unchanged stenosis, the 8-year cumulative ipsilateral cerebral ischemic stroke rate for 

patients with baseline stenosis of 50%–69%, 70%–89% and 90%–99% was 4%, 8% 

and 13%, respectively. In contrast, in the presence of progression, the stroke rate was 

8%, 15% and 25%, respectively. These results were also verified by other prospective 

studies some years later (43, 44).  

Despite suggestions that stenosis progression was associated with doubling annual 

rate of stroke, in ACSRS study during the follow- up, approximately 70% of the 

occurring ischemic strokes affected patients with no evidence of stenosis progression. 

Thus, implications of a low accuracy of the method for identifying high-risk patients 

occur (45).  

 

 

 

 

3.2.c. Identifying the “vulnerable/unstable” plaque: From Histology to Ultrasound 

 

Over the last decade, there has been a paradigm shift on the imaging-based risk 

stratification of carotid disease from static measurements of the degree of carotid 

artery stenosis to characterization of the dynamic biological processes occurring 

within carotid plaques. Clinical experience highlights the necessity to move beyond 

luminal stenosis. Firstly, we have to mention cryptogenic stroke, in other words, 

stroke with no definite cause despite extensive workup, which occurs in up to 30% of 

patients with ischemic stroke. One-third of them, have nonstenotic (mild or minimal 

stenosis) carotid atherosclerotic plaques ipsilateral to the stroke, but on Magnetic 

Resonance Imaging (MRI), these plaques often demonstrate variable characteristics of 
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vulnerability (46). Thus, it is likely that a high proportion of cryptogenic strokes are 

due to rupture or erosion of these nonstenotic, high-risk plaques. Furthermore, very 

often patients with a high degree of stenosis have stable plaques that are thought to be 

at low risk of rupture (47).  

In general, plaques that have been associated with increased risk of ischemic events 

are defined as unstable or vulnerable. Histologically, vulnerable plaques typically 

exhibit a thin, highly inflamed (mostly concentration of macrophages and monocytes), 

fibrous cap overlaying a large lipid pool, a large necrotic core, neovascularization, 

intraplaque hemorrhage, medial and adventitial changes with positive vessel wall 

remodeling and speckled or fragmented micro-calcification (48). Figure 1 depicts 

schematically the histopathological features of vulnerable plaque.  
 
 
 

 

 

 
 

 

 

Figure 1. Histological features of vulnerable plaque 

 
 

(Johri et al. Novel Ultrasound Methods to Investigate Carotid Artery Plaque Vulnerability. J Am Soc 

Echocardiogr. 2017;30(2):139-48) 
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3.2.d. Ultrasound markers of plaque vulnerability 

 

Sonographic characteristics of vulnerable carotid plaques constitute an important field 

of interest of many studies, for better cardiovascular risk stratification.  

 

 

 
 

3.2.d. A.  Plaque echogenicity and heterogeneity 

 

Traditionally, morphology of carotid plaques, as assessed by ultrasound imaging, has 

been done by visual (qualitative) grading of the plaque’s echo-reflection 

(echogenicity), and its echo pattern (heterogeneous, homogeneous). Echogenicity 

describes the overall distribution of gray tones (overall brightness). Plaques with areas 

consisting of lipid, necrotic core or blood can be determined as “echolucent” 

(anechoic, hypoechoic), corresponding to dark/ black plaques on sonograms. On the 

contrary, plaques composed of calcified or fibrous tissue can be designated as 

‘‘echogenic’’ (hyperechoic), corresponding to bright/ white plaques (49).  

Based on the spatial variation of gray tones of the plaque in the image, plaques are 

defined as either ‘‘homogeneous,’’ correlated with a uniform echo pattern or 

‘‘heterogeneous,’’ correlated with a non-uniform echo pattern (plaques with mixed 

black and white areas) (49). More specifically, heterogeneity, is defined by >20% of 

the plaque area being occupied by two or more echogenicity grades that differ from 

the rest of the plaque (50). 

Gray-Weale criteria, introduced in 1988, using visual assessment of echogenicity and 

heterogeneity, describe five types of plaques (51): type I is uniformly echolucent, type 

II is predominantly echolucent (>50% echolucent), type III is predominantly 

echogenic (<50% echolucent), type IV is uniformly echogenic, and type V represents 

a highly calcified plaque and is considered unclassifiable due to acoustic shadowing. 

Several studies have reported an association between visually assessed carotid plaque 

echolucency and cerebrovascular disease, independent of the degree of stenosis (52). 

Figure 2 depicts sonograms of carotid plaques near to bifurcation, classified 

according to Gray-Weale criteria. However, visual evaluation of plaque echogenicity 

has some limitations because it is subjective and also plaque echogenicity could be 

affected by ultrasound machine settings during the patient’s examination (53). 

 

 

 
Type I                                                           Type II 
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Type III                                                        Type IV 

 
Type V 

 

Figure 2. Gray-Weale classification of carotid plaque 

 
(Casadei A. et al. Sonographic characteristics of carotid artery plaques: Implications for follow-up 

planning? Journal of Ultrasound.2012;15,151e157) 

 

 

 

 

One decade later, ACSRS study, had undertaken a number of computerized and thus 

quantitative plaque analysis studies, that constituted Gray Scale Median (GSM), 

(Nicolaides et al, 2010) (54). More specifically, GSM is a measurement of the “gray” 

values of plaque pixels after image normalization. Image normalization involves an 

area of blood being scaled to zero, while the brightest area of the adventitia is 

normalized to a gray scale of 190. Following image normalization, the lower the GSM 

the more echolucent is the plaque, while echogenic plaques seem to have a higher 

GSM. In the ACSRS study, asymptomatic plaques with a GSM >30 had a very low 

annual rate of stroke (0,6%), compared to 1,6% in patients with a GSM between 15-

30 and to 3,6% in patients with a GSM <15 (54).  

In addition to GSM evaluation, in ACSRS study, plaques could be objectively 

classified into four groups according to the percentage of echolucent pixels in the 

normalized images of the carotid plaques, based on Gray-Weale criteria modified by 

Geroulakos. Plaque type I was defined with <15% of pixels with gray-scale values 

>25 in the plaque area; in plaque type II pixels with gray-scale values >25 occupied 

15-50% of the plaque,  in type III 50-85% of the plaque and finally, type IV occupied 

>85% of the plaque (55). Patients with type IV plaques had a 0,4% annual risk of 

stroke, compared with 0,8% in type III plaques, while in patients with type I and II 

plaques the annual risk of stroke was 3,0% (54). Plaque area and juxta-luminal black 
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area (JBA) also emerged from ACSRS study, and can be used in risk stratification 

models (54). 

For the calculation of plaque area (mm²), the imaging software had used the distance 

scale on the side of the image frame for calibration, and the plaque area was outlined 

by the operator. Plaque area <40 mm² was correlated with a low annual rate of stroke 

(1,0%), which increased to 1,4% in patients with a plaque area of 40-80 mm². In 

patients with a plaque area >80 mm², was observed the highest annual rate of stroke 

(4,6%) (54). 

JBA (mm²), represent softer components of the plaque adjacent to the vessel lumen 

(histologically corresponding to necrotic core, lipid, hemorrhage, thrombus). JBA is 

defined as the area of the plaque components having grey-scale <25, without a visible 

echogenic cap, after image normalization. In ACSRS study, JBA had a linear 

association with future stroke rate. More specifically, JBA <4 mm² was accompanied 

by a 0,4% annual risk of stroke, which increased to 1,4% with a JBA between 4-8 

mm², up to 3,2% for a JBA of 8-10 mm² and 5,0% for a JBA >10 mm² (54). 

Additionally, presence of noncalcified (absence of acoustic shadow) discrete white 

areas (DWAs) within black areas are thought to indicate plaque heterogeneity and to 

correspond to plaque neovascularization. The ACSRS study demonstrated that 

DWAs, defined as areas with pixels having grayscale values>124, constituted a 

significant risk factor for cerebrovascular or retinal ischemic event (hazard ratio 2,32, 

p-value <0,05) (54).  

From ACSRS study, derived an algorithm for predicting the possibility of annual rate 

of stroke on individual basis, based upon a multivariate analysis of their ultrasound-

based parameters. For instance, a patient with asymptomatic stenosis of 80-99%, with 

no history of contralateral TIA, with plaque area <40 mm² and GSM >30 is predicted 

to have an annual stroke rate of 0,5%. On the contrary, a patient with an 80-99% 

stenosis, with a prior history of contralateral TIA, with plaque area >80 mm² and 

GSM <25, would be predicted to have a 10% annual rate of stroke, and would be the 

ideal candidate for interventional therapy (CEA/CAS) (54). 

Recently, in 2016, was published a systematic review and meta- analysis for the role 

of carotid plaque echogenicity in predicting the development of cardiovascular (CV) 

events in patients with asymptomatic and symptomatic carotid stenosis (56). Studies 

that were included, were cohort prospective studies, with ≥30 subjects, that explored 

the association of plaque echogenicity with symptoms (stroke, TIA, amaurosis fugax) 

and with US characterization of carotid artery plaque either visually based on Gray-

Weale criteria or using computer-assisted analysis [Geroulakos classification or grey 

scale median (GSM) cut-off]. Finally, eight studies with 7.937 asymptomatic patients 

and three studies with 499 symptomatic patients were meta-analyzed. Four studies 

(57-60) analyzed visually plaque echogenicity and six studies had performed 

computer assisted analysis (61-66). Two studies defined plaque echolucency based on 

a cut-off value of GSM of <69 and <75 (61, 63) and eight studies defined plaque type 

(PT) I and II as echolucent and PT III and IV as echogenic. All studies performed 

longitudinal section images to measure plaque echogenicity. Patients clinical outcome 

was defined as stroke, TIA or amaurosis fugax in seven studies (57-60, 62-64) and as 

recurrent CV accidents in two studies (65,66). One study (61) separately evaluated the 

risk of stroke in asymptomatic patients and recurrent CV accidents in symptomatic 

patients. Meta-analysis confirmed that echolucent carotid plaques predicted future CV 

accidents in asymptomatic patients with a pooled relative risk (RR) of 2,72 and 

recurrent events in symptomatic patients with a pooled RR of 2,97. A clear 

association between echolucent plaques and future CV symptoms was shown for all 

degrees of stenosis, and indeed was higher among patients with severe stenosis. Also, 
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studies that included US data collected after 2000 showed higher RR (4,65) than those 

before year 2000 (RR 1,97), implying that more advanced US devices and computer- 

assisted analysis of plaque echogenicity seem to help for better recognition of plaque 

echolucency and as a consequence, accurate prediction of future ischemic events.  

However, from a clinical perspective, even though carotid plaque echogenicity 

quantification is a technique with great potential in daily clinical practice for better 

patient stratification, still is not a real-life analysis; since it needs special software and 

expertise, as it is an operator-dependent technique with some potential technical 

difficulties in some patients. 

Another limitation of GSM analysis is that if a plaque contains both soft (black) and 

hard (bright) components, by analyzing the median gray value of the plaque as a 

whole, it may overlook significant heterogeneity within the plaque and misrepresent 

vulnerability. As an alternative technique, is proposed texture analysis, which takes 

heterogeneity and spatial variations in pixel intensity into consideration, giving 

information about structure or composition of the plaque (67). Several different 

computer-assisted techniques have been developed for measuring plaque texture (50), 

however, there is no standard method. Probably, the combination of GSM and texture 

analysis is the key for the identification of echolucent sites of a plaque and 

localization of specific vulnerable regions in a plaque (68). 

Finally, another computer-assisted technique for objective plaque echogenicity 

evaluation is integrated backscatter (IBS) analysis. It is based on measurement of 

radiofrequency signals and relies on the scattering of acoustic waves in all spatial 

directions when they encounter a structure. Scattered signals of different intensities are 

received by the transducer and translated into the 2D image (69). Higher IB values 

correspond to echogenic structures, whereas lower IB values correspond to echolucent 

structures (for example lipids) (70). As far the carotid arteries, it has been found that 

echolucent carotid plaques with low IBS values predict the presence of complex 

coronary plaques and the development of future coronary events, in patients with 

stable coronary disease, suggesting that IBS is clinically useful for the assessment of 

coronary plaque vulnerability (71). Also, IBS analysis evaluated the effects of statin 

therapy on carotid plaque morphology and found increased plaque IBS, suggesting 

that statin therapy stabilizes plaque morphology (72). 
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3.2.d.B. Surface Plaque Morphology 

Plaque surface morphology, and especially carotid plaque ulceration is an important 

feature of vulnerability and a strong predictor of cerebrovascular events. Two large 

studies, in healthy populations, in Japanese population (1.358 subjects) (73) and the 

North Manhattan Stroke Study (1.939 subjects) (74) evaluated the association of 

carotid plaque surface irregularity and the risk of ischemic stroke and confirmed 

plaque surface irregularities as prognostic factor for stroke. 

From a histologic point of view, ulceration describes an endothelial defect of at least 

1.000 μm in width, resulting in the exposure of the plaque’s necrotic core to blood 

circulation (75). In terms of imaging, carotid plaques are typically classified into 

smooth, irregular or ulcerated (76). Smooth surface is characterized by a regular 

luminal morphology, which indicates plaque’s stability. Irregular morphology 

corresponds to plaques whose surface fluctuates from 0,3 mm to 0,9 mm, while 

ulceration corresponds to cavities measuring at least 1 mm (77) or 2 mm (78) 

according to different studies.  

Ulcerations more often affect fatty plaques, less often fibrous and rarely calcified ones 

and are strongly associated with plaque hemorrhage (75). On the basis of ulceration 

location, studies demonstrated that the majority of cases affect the site proximal to 

maximum stenosis, as a consequence of the applied higher shear stress (75). The 

degree of stenosis is associated with ulceration frequency; thus, the incidence is 

higher in greater stenosis (75). Nevertheless, ulceration is also significant even in 

plaques with mild stenosis <50% (79).  

US is the first line modality for evaluation of carotid plaque ulceration, but with some 

limitations. The case seems easy as far as large plaque ulcerations is concerned, which 

are easily identified as obvious craters within the plaque with reversed or stagnated 

flow. During recent years, the image quality and resolution power of ultrasound 

machines have been markedly improved by the introduction of higher-frequency 

transducers and digital technologies, providing improved diagnostic accuracy (80). 

Several different criteria have been used to define sonographic features of ulceration. 

The most widely used criteria were proposed in 1997 by de Bray et al; according to 

them plaque ulcer requires the size of the concavity to be at least 2 mm in depth and 2 

mm in length, with a well-demarcated posterior wall at its base on B-mode 

sonography and an area of reversed flow within the recess on Doppler color-flow 

imaging (81). De Bray criteria lack in sensitivity (35,7%), though demonstrate a 

specificity of 75%. In 2012, newer criteria proposed that simplified the sonographic 

ulceration diagnosis, increasing both sensitivity and specificity (85,7% and 81,3% 

respectively) (81). According to them, any concavity with an echogenic line at the 

plaque base compared to the nearby endothelium corresponds to a plaque ulcer, 

irrespective of size or the findings obtained from Doppler color-flow imaging. A 

limitation that still exists even with the new criteria, is the acoustic shadow caused by 

calcified plaques. Modern studies proposed indirect findings of ulceration, such as a 

fine trembling motion of echogenic structures inside the plaque (sensitivity 93%, 

specificity 60%) (82). 

Contrast enhanced US (CEUS) and 3D reconstructions were found to detect more 

ulcers than conventional US and may play a prominent additive role in risk stratifying 

patients (83, 84). On CEUS the ulcer definition requires the interruption of the 

plaque-lumen border for at least 1 × 1 mm (77), and for 3D US, the volume criterion 

of a cavity measuring at least 1 mm³ has been used (85). 
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3.2.d.C. Neovascularization and intraplaque hemorrhage 

 

Normally, adventitia of the middle and large size arteries presents with a vasculature 

network (vasa vasorum) that supplies the outermost part of the artery with oxygen and 

nutrients, while intima is supplied with oxygen from the lumen through diffusion. In 

atherosclerosis, oxygen cannot achieve the deeper parts of the plaque, resulting in an 

imbalance between oxygen supply and oxygen demand. Hypoxia, as a consequence, 

activates transcription factors and microvessels proliferate from the adventitia towards 

the intima, known as neovessels (86). These microvessels are formed by simple 

endothelial cells, with no surrounding connective tissue, basilar membrane, or 

receptors for blood flow or blood pressure. Their wall is thus immature, very fragile 

and leaky and therefore they are prone to rupture and intraplaque hemorrhage. 

Additionally, due to wider gap junctions they serve as a port of entry for other 

inflammatory cells, lipids, which contribute to plaque growth. In particularly, 

macrophages produce MMPs, like MMP-9 and other collagenases that destroy the 

connective fibrous tissue, thus stimulating the neovessels growth (87). 

This hyperplastic network of vasa vasorum characterize vulnerable patients suffering 

from symptomatic atherosclerosis, with diabetes, and affects different arterial beds, 

supporting the concept of symptomatic atherosclerosis as a panarterial disease. 

Ectopic microvessels in the intima and media are associated with advanced 

atherosclerotic lesions (88).  

CEUS represents one of the major breakthroughs in the field of diagnostic ultrasound. 

In the setting of carotid stenosis, CEUS can be used to distinguish between total 

carotid occlusion and high-grade stenosis (89), identify plaque ulceration (83), and 

evaluate carotid plaque neovascularization (90).  

The method involves the injection of highly echogenic gas-filled microbubbles 

(diameter of 1-10μm) with a phospholipid or albumin coating, containing a low 

solubility perfluorinated gas, into the circulation. Owing to their small size, these 

bubbles do not diffuse into surrounding tissues like other contrast agents; as a 

consequence, all signals from CEUS examinations are intravascular, which allows for 

accurate assessment of vessel lumen and neovascularity within the carotid plaque  

(91). These microbubbles stay in the vascular system for few minutes and then are 

eliminated by the respiratory tract. Among advantages of ultrasound contrasts, are not 

nephrotoxic, do not require radiation, and complications such as severe anaphylactic 

reactions are rare (<1 in 100,000). The more common side effects are minor and 

include headache, injection site pain, burning, or paresthesias. Contraindications 

include patients with known right-to-left shunts, severe pulmonary hypertension, 

uncontrolled systemic hypertension, acute heart failure, endocarditis, unstable angina 

and patients with adult respiratory distress syndrome (92).  

CEUS has the ability to directly visualize the spatial and temporal heterogeneity of 

intraplaque and adventitial neovascularization within the vessel wall. The adventitial 

vasa vasorum appears as echogenic bubbles within the adventitial or periadventitial 

layer, while intraplaque neovascularization may be identified by the presence of 

microbubbles within the plaque moving from the adventitial side or plaque shoulder 

toward the plaque core (91).  

Importantly, intraplaque enhancement in contrast-enhanced ultrasound studies 

correlates well with histologically verified intraplaque neovascularization and 

hemorrhage, as well as macrophage infiltration (93, 94). 

Plaque enhancement has been studied both in asymptomatic and symptomatic 

patients, and demonstrated that the enhancement is markedly increased in patients 

with symptomatic plaque and is associated with a higher rate of cardiovascular events 
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in general (91), (95, 96). After the administration of ultrasound contrast, some carotid 

plaques remain enhanced for a long period of time; even up to 30 minutes post-

injection. This observation has been described as “late phase enhancement” and can 

be identified objectively by imaging the plaque six minutes after contrast 

administration, and has been attributed to macrophages that phagocytose the contrast 

agent (97). Studies that supported this observation found that plaques with higher late-

phase CEUS signals have significantly higher levels of chemical markers of 

angiogenesis and inflammation, predisposing the plaque to early rupture (98, 99). 

Additionally, many studies concluded that enhancement on CEUS and thus 

histological neovascularization is higher within hypoechoic or mixed type plaques, 

compared to calcified ones, a parameter that concur with the overall greater 

vulnerability of hypoechoic carotid plaques (93, 95), (100). 

Both visual grading (qualitative) and semi-quantitive techniques have been used for 

the analysis of the images obtained with CEUS. Intraplaque neovascularization can be 

classified by visual interpretation into three grades: mild when moving microbubbles 

are seen only at the outer part of the plaque near the adventitia; moderate when 

microbubbles are present at the plaque shoulder and inside the plaque but not at the 

plaque’s apex, and severe when microbubbles are present throughout the plaque 

including its apex (83). This visual technique allows a direct interpretation of the 

CEUS examination as is easy applicable, however, it is highly operator dependent and 

prone to high interobserver variability (101). Schematically, Figure 3 (A-D), depicts 

unenhanced B-mode imaging of a hypoechoic plaque at the origin of the ICA (A), 

followed of corresponding consecutive frames on contrast enhanced ultrasound 

imaging with visible microbubbles within the plaque (arrows) (B-D). 

 

 

 

 
 

 

Figure 3. Carotid artery with plaque neovascularization on contrast-enhanced 

ultrasound imaging. 

 
(Eyding et al. Current strategies and possible perspectives of ultrasonic risk stratification of ischemic 

stroke in internal carotid artery disease. Ultraschall Med. 2011 Jun;32(3):267-73.) 
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Alternatively, semi-automated methods developed, using specialized software. They 

analyze the variation of enhancement intensity over time in a region of interest, and 

therefore CEUS is often described on the basis of location of microbubbles and the 

extent of enhancement. Although variations of this grading system exist, a typical 

quantitative classification is of Huang et al. in four grades (Figure 4, A-D corresponds 

to Grade I-IV respectively). Grade I indicates no plaque enhancement, grade II 

indicates enhancement only of the arterial wall vasa vasorum, grade III indicates 

enhancement of intraplaque neovascularization at the adventitial side or shoulder of 

the plaque, and grade IV indicates extensive enhancement within the plaque core 

arterial wall vasa vasorum and also plaque shoulder enhancement (102). The rate of 

ischemic stroke in patients with grade Ⅳ or Ⅲ plaques was significantly higher than 

that in patients with grade Ⅰ or Ⅱ plaques (102). 

 

 

 

 

 
 

 

Figure 4. Grades of plaque enhancement. 

 

 

 

 

Recently, in 2016, was published a meta- analysis and a systematic review of studies 

evaluating the accuracy of quantitative and qualitative analysis of CEUS intensity for 

the diagnosis of intraplaque neovascularization compared to histologic findings and/or 

symptomatic carotid disease (103). Finally, 20 studies met the inclusion criteria for 

systematic review and seven for meta- analysis. 461 patients were included, 188 of 

whom were symptomatic. Reference tests were histology in three studies (104-106) 

and clinical diagnosis of symptomatic plaque in four studies (95), (102), (107), (108). 

Four studies (95), (102), (105), (107), reported quantitative evaluations of signal 

intensity after echocardiographic contrast agent infusion, using different 

quantification methods of signal enhancement. As a final outcome, both qualitative 

and quantitative methods had good diagnostic accuracy, but qualitative assessment 

had a higher diagnostic odds ratio than quantitative methods (15,54 versus 7,06 
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respectively). Undoubtedly, this meta- analysis presented some important limitations. 

Firstly, a priori, included studies were heterogeneous and a random-effects model was 

used for all pooled analysis. Also, the reference test was either histology or 

symptoms, revealing a sample selection bias. Firstly, sample selection bias was due to 

the difference between the histologic sample plane and the ultrasound image plane, 

and the difference between microvessel anatomy and perfusion that may reduce the 

correlation between tissue specimens and CEUS. Secondly, histologic sample as 

reference test, implies generally high-grade stenotic plaques that are subject to carotid 

endarterectomy. However, vascularization is also detectable in plaques without 

significant stenosis. Among other general limitations of CEUS, we have to mention 

that CEUS is prone to an artifact known as pseudoenhancement, in which ultrasound 

waves are propagated through the contrast agent leading to increased signal in the 

vessel wall furthest from the probe, thus leading to overinterpretation of vessel wall 

enhancement, leading to false positive results (109). Furthermore, quantitative 

analysis can be difficult to achieve because the contrast material does not enter the 

vasa vasorum as a bolus but rather as individual bubbles that pass through the 

intraplaque microvessels a few at a time; as a result, the analysis of multiple frames 

can be difficult because of movement of the plaque with arterial pulsation. Efforts 

have been done to overcome these difficulties with new software, but it has not been 

validated with histology (110). 

From the data collected in literature definitely, CEUS is a promising noninvasive 

diagnostic modality for detecting intraplaque neovascularization and further define 

the cerebrovascular risk stratification. Therefore, it becomes mandatory to create a 

generally shared operative protocol for the interpretation of CEUS results. 
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3.2.d.D. Microembolic signals in Transcranial Doppler Ultrasound 

 

Detection of microembolic signals (MES) on transcranial Doppler (TCD), constitutes 

another important factor characterizing plaque instability in asymptomatic patients, 

since it is argued that microemboli detection is perhaps the best-validated factor for 

the identification of plaque vulnerability (111).  

TCD is a portable and noninvasive technique used for the imaging of intracranial 

vasculature. The principle role of TCD in carotid imaging is the detection of 

circulating emboli on monitoring of the ipsilateral middle cerebral artery (MCA), 

demonstrating high sensitivity and specificity in vivo (112) and in vitro (113). Criteria 

for the definition of MES, are established since 1995 and according to them, these 

emboli appear as transient signals with short duration (of less than 300 milliseconds), 

with high-intensive amplitude (of at least 3 decibels greater than the spectral 

background), unidirectional and accompanied by a characteristic chirping sound 

(114). Figure 5 demonstrates microembolic signal on TCD (the arrow points to an 

image of a microembolus). 

 

 

 

 

 
 

 

Figure 5. Microembolic signal on transcranial Doppler 

 
(Spence JD. Transcranial Doppler monitoring for microemboli: a marker of a high-risk carotid plaque. 

Seminars in vascular surgery. 2017;30(1):62-6.) 

 

 

A number of studies have suggested that MES are a strong marker of unstable plaque.  

In 2005, Spence et al, observed that patients with asymptomatic stenosis with two or 

more microemboli during an hour of TCD monitoring, had a 15% 1-year risk of 

stroke, compared with only a 1% risk among patients without microemboli (115). The 

same year, Markus et al. studied symptomatic patients with >50% carotid stenosis 

with TCD. The absence of MES identified a group at low risk for stroke, implying 

better therapeutic decisions for the future (116). In 2008, a systematic review was 
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conducted by Ritter et al. and found approximately that 40% of patients with 

symptomatic carotid stenosis had MES on TCD compared with just 10% of 

asymptomatic patients. Furthermore, presence of just 1 MES was associated with 

higher odds of future symptomatic event (7,5 times in symptomatic patients and 13,4 

times in asymptomatic respectively) (117).  

Subsequently, in 2010, was published the first prospective observational multicenter 

Asymptomatic Carotid Emboli Study (ACES), in 482 asymptomatic patients with a 

stenosis at least of 70% (118). Its aim was the predictive value of the detection of 

embolic signals in a 2 year follow up. More specifically, patients with MES on TCD 

demonstrated an absolute annual risk of ipsilateral stroke of 3,6%, in contrast with the 

0,7% of patients without MES.  

In 2016, a meta- analysis about the role of TCD in detection of MES, as a predictor of 

cerebral events in patients with symptomatic and asymptomatic carotid disease was 

published (119). 28 studies were included, of whom 22 papers reported data on stroke 

and TIA as an outcome, 19 on stroke alone, and 8 on stroke and TIA with increased 

positivity threshold, 3 studies used two microemboli as positivity rather than one and 

1 study had TCD recordings for 30 min rather than an hour. As far the stroke outcome 

alone, the sensitivity and specificity were 73,14 and 70,27 respectively. At the median 

pre-test probability of stroke of 3,0%, the post-test probabilities of a positive and 

negative TCD were 7,1% and 1,2% respectively. The same analysis was performed 

separately for pre-operative patients and peri and post-operative patients. For the pre-

operative group, the sensitivity and specificity were 71,27 and 83,72 respectively. At 

the median pre-test probability of 3,0%, the post-test probabilities of a positive and 

negative test were 12% and 1,1% respectively. For the peri- and post-operative group 

the sensitivity and specificity were 78,86 and 47,43 respectively. At the median 

pretest probability of 3,0%, the post-test probabilities of a positive and negative test 

were 4,5% and 1,4% respectively. The differences between subgroups were found to 

be significant. Consequently, TCD has a different ability to predict stroke or TIA in 

pre-operative patients and peri- or post-operative patients. MES counts tend to be very 

high during surgery and in the immediate post-operative period because of the 

physical stress exerted on the plaque, as well as iatrogenic sources of emboli. In this 

period the baseline number of microemboli that indicates high risk of plaque rupture 

should be raised. From this meta-analysis, certain limitations were raised, as the 

general quality of the evidence was low and there were methodological issues with 

patient selection because of the observational nature of the data, making mandatory 

the design of large-scale randomized control trials in order to incorporate TCD into 

assessment of patients with carotid disease. 

TCD is especially helpful when combined with other imaging modalities. In ACES 

study, studied in 435 patients the predictive value of a score based on echolucent 

plaque morphology on carotid ultrasound and MES in the ipsilateral MCA on TCD. It 

was demonstrated that the combination of plaque echolucency on B-mode US and 

MES on TCD was associated with a 10 times higher risk of stroke in patients with 

asymptomatic carotid stenosis. These patients had an annual stroke risk of 8% 

compared with < 1% in the low-risk cohort (64). Additionally, MES detection on 

TCD could be combined with CEUS as surrogate markers of future vascular events 

(120). 

Finally, the fact that MES constitute an important marker of plaque instability is 

further supported by the observation that MES rapidly diminish following CEA (121) 

and intensive medical treatment, implying that their reduction increases plaque 

stability (122, 123). 
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3.2.e. Evaluation of cerebrovascular reserve capacity 

Hemodynamic factors may play an important role in the pathogenesis of 

ischemic stroke for patients with extracranial or intracranial artery stenosis. 

Assessment of cerebrovascular reserve with TCD may further allow identification of 

patients with carotid artery stenosis who are at higher risk for stroke, and thus, are 

better candidates for revascularization procedures (124).  

A hemodynamically severe stenosis of extracranial or intracranial artery can result to 

a decrease in cerebral perfusion pressure (CPP), in other words in cerebral 

hypoperfusion. Brain, in order to compensate and preserve normal regional cerebral 

blood flow (rCBF), activates collateral circulation (125) and autoregulatory vascular 

mechanisms (124). In particularly, cerebral autoregulation or cerebrovascular reserve 

(CVR) refers to the capacity of the brain to increase cerebral blood volume (CBV) 

and to maintain a constant rCBF, when CPP is decreased. CVR is mediated through 

complex mechanisms (myogenic, chemical, neuronal and metabolic). As far as the 

chemical mechanisms are concerned, hypoxia and hypercapnia cause cerebral 

vasodilation. More specifically, on the basis of a CPP reduction, local hemodynamic 

changes include firstly (Stage 1) autoregulatory vasodilation of arterioles to maintain 

a constant rCBF, with increase in CBV and mean transit time, while oxygen 

extraction fraction (OEF) remains normal. Subsequently, Stage 2 is characterized by 

hemodynamic failure, as maximally dilated arterioles are unable to maintain normal 

rCBF and OEF increases. Finally, ischemia results when cerebral metabolic rate of 

oxygen decreases (126). 

TCD constitutes the easiest, fastest, harmless and less expensive study in order to 

assess CVR capacity. The method is based to the fact that changes in CO₂ 

concentration induce a vasomotor response that changes rCBF in parallel with 

velocity changes. In particular, TCD measurements of vasomotor reactivity (VMR), 

involve mean flow velocities (MFVs) from both M1-MCA segment, both before and 

after a vasodilatory stimulus (127). Various vasodilatory stimuli have been reported in 

the literature; they include increasing levels of CO₂, such as with breath-holding or 

inhalation of gas mixtures (128) and pharmacological challenge with acetazolamide 

(129). Voluntary breath-holding maybe represents the simplest method of VMR 

assessment (130). Baseline MFVs are obtained during inhalation of room air, 

followed by a 30 seconds of apnea, followed by a 4 seconds recording of the highest 

MFV. Breath holding index (BHI) is defined as the ratio of the percent MFV increase 

during hypercapnia over the time of breath-holding (in seconds). In other words, BHI 

is given by the formula [MFV at the end of breath-holding minus MFV at rest divided 

by MFV at rest] multiplied by 100, divided by seconds of breath- holding (131). 

Normally, BHI is usually greater than 1 (124), while values less than 0,69 are 

generally considered abnormal (131). Additionally, significant asymmetry of BHI 

between the two MCAs should always been taken into consideration. In Figure 6 is 

demonstrated the normal vasomotor reactivity during voluntary breath holding of 30 

seconds. 
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Figure 6 

 
TCD of the left MCA shows gradual increase of MFV (from a baseline of 46 cm/sec to 61 cm/sec) 

(Tsivgoulis G, Alexandrov AV. Cerebral hemodynamics in acute stroke: pathophysiology and clinical 

implications. Journal of vascular and interventional neurology. 2008;1(3):65-9.) 
 

 

 

 

Impaired cerebrovascular reactivity is proposed as an independent predictor of stroke 

and TIA.  

Indicatively, in 2000 in a prospective cohort of 94 patients with asymptomatic carotid 

stenosis ≥70% who underwent TCD CVR testing with a medium follow-up of 

approximately 2 years, the annual risk of ischemic events was 4% in those with 

normal CVR, contrary to 14% in patients with an abnormal CVR (BHI <0,69) (131).  

In 2012, a systematic review and a meta-analysis were published about the association 

of CVR impairment and risk of stroke (132). More specifically, 13 studies were 

included with a total of 991 patients with a carotid stenosis of at least 70%, in whom 

CVR testing was performed via TCD [8 studies], (131), (133), (134), (135), (136), 

(137), (138), (139) or nuclear medicine flow studies [5 studies], (140), (141), (142), 

(143), (144).  Among the studies, 5 included only asymptomatic patients (131, 133-

136), 4 studies only symptomatic (140-143) and other 4 studies both asymptomatic 

and symptomatic patients (137-139, 144). Additionally, different vasodilatory stimuli 

were administrated. With a mean follow-up of 3 years after baseline CVR testing, the 

presence of impaired cerebrovascular reserve was associated with an approximately 4-

fold increased risk of future stroke compared with patients with similar stenosis 

severity or occlusion but with a normal cerebrovascular reserve. A similar risk of 

future stroke was demonstrated in the studies with asymptomatic carotid stenosis 

alone, suggesting a significant positive relationship between impairment of CVR and 

development of stroke for both symptomatic and asymptomatic carotid disease. This 

meta-analysis was limited by combining different methodologies of estimating CBF 

(TCD vs nuclear medicine methods), different vasodilatory stimuli (CO₂ vs 

acetazolamide), by heterogeneous patient risk profiles (symptomatic vs asymptomatic 
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disease), cutoff values, and the definition of study end-points (stroke or TIA). Also, in 

the majority of the studies the investigators were not blinded to the CVR results.  

Two years later, in 2014 a meta-analysis was published, based on individual patient 

data focused exclusively on TCD CVR testing with a vasodilatory CO₂ challenge 

(145). The meta- analysis included individual data from 9 studies (131, 133,136, 138, 

139), (146-149) from 754 asymptomatic or symptomatic patients with carotid stenosis 

of at least 70% with a follow- up of approximately 2 years. Impaired CVR was found 

to be independently associated with increased risk of ipsilateral stroke in carotid 

disease (hazard ratio 3,69). Also, in the specific subgroup of asymptomatic patients, 

was found a highly predictive effect of impaired CO₂ reactivity (hazard ratio 2,90). 

Undoubtedly, this study had some limitations, including no information on changes in 

the degree of stenosis and treatment details during the follow-up period (medication, 

carotid revascularization) and some specific details about ischemic event (severity, 

border zone or embolic pattern in neuroimaging). 

It has been suggested that combining CVR testing with the detection of MES with 

TCD, may further improve risk stratification. The combination reflects the two 

distinct pathophysiologic mechanisms of stroke in carotid artery disease: embolization 

due to unstable plaque and poor hemodynamic compensation leading to impaired 

washout of emboli or cerebral hypoperfusion (150). In a preplanned substudy of 

ACES, 106 patients, were recruited with ≥70% asymptomatic carotid stenosis and 

underwent TCD testing of CVR with a vasodilatory challenge of CO₂ or 

acetazolamide. A relation between lower CVR and increased number of MES was 

found, but the low recurrent event rate meant that it was underpowered (133).  

Recently, in 2016 a study was published with 60 patients, with symptomatic (38 

individuals) or asymptomatic (22 individuals) atherosclerotic ICA stenosis ≥50% 

(151). The vasoreactivity parameters that were calculated were vasomotor reactivity 

reserve (VMRr) and BHI. VMRr test was calculated as the percentage change of 

mean velocity in the MCA measured during hypocapnia obtained through 

hyperventilation (duration of 2 minutes) in relation to hypercapnia caused by breath 

holding (for 30 seconds). These parameters were found significantly lower in the 

group of patients with stenosis ≥70% and in patients with ulcerations on the plaque 

surface. Also, patients who showed MES had significantly lower values of VMRr and 

mean velocity in the MCA than the patients without MES.  The BHI was also lower, 

in the MES subgroup, but the difference did not reach statistical significance, 

probably because of the small number of the studied group and the methodological 

differences (VMRr test is based on the measurement of mean velocity during hypo- 

and hypercapnia while in the BHI only hypercapnic phase is included). 

A suggestion for the future could be the design of a prospective study of CVR 

measurement in patients with asymptomatic carotid disease receiving current optimal 

medical therapy, that would evaluate whether treatment strategies in ACS based on 

CVR testing could improve patient outcomes. 
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3.3.  Treatment Strategies For Asymptomatic Carotid Disease: 

Ongoing Trials 

 

For decades ago, three landmark randomized controlled trials, the Veterans Affairs 

trail (VACS) (152), the ACAS (8) and the ACST-1 (9), demonstrated that CEA 

offered a 50% reduction in the 5-year stroke risk compared with BMT alone. As a 

result, CEA was considered as the treatment-of-choice for patients with ACS for a lot 

of years. However, in the early and mid-2000s, this began to change, because the 

concept of BMT was far from the current guidelines of aggressive medical therapy 

(antiplatelets, antilipidemic agents, hypertension and diabetes mellitus control) 

combined with lifestyle modifications (Mediterranean diet, smoking cessation, 

exercise). Due to improvements in BMT, the annual risk of ipsilateral stroke with 

intensive medical therapy is now 1% (11). This fact has led to the need for 

contemporary RCTs that would clarify treatment strategies in asymptomatic patients 

by including an additional limb for BMT. 

Firstly, in 2009, the Stent-protected Angioplasty in Asymptomatic Carotid Artery 

Stenosis versus Endarterectomy trial (SPACE-2) was planned as a three-armed RCT 

(BMT alone versus CEA plus BMT versus CAS plus BMT) (153). The goal was to 

randomize more than 3.000 patients over a 5-year period. Because of slow patient 

recruitment, the three-arm study design was amended in July 2013 to become two 

parallel randomized studies (BMT alone versus CEA plus BMT and BMT alone 

versus CAS plus BMT). However, again because of slow recruitment, the trial was 

ceased after randomization of 513 patients over a 5-year period.  

The second Carotid Revascularization versus Stenting Trial (CREST-2) (154) and the 

second Asymptomatic Carotid Surgery Trial (ACST-2) (155) are currently running to 

provide level A of evidence in regards of treatment strategy for asymptomatic carotid 

artery disease.  

More specifically, CREST-2 will clarify whether revascularization interventions 

provide long-term benefit to patients treated by current best-available medical therapy 

and consists of two parallel RCTs. The first trial will compare BMT to CEA plus 

BMT and the parallel trial will compare BMT to CAS plus BMT. An estimated 2.480 

participants will be enrolled in CREST-2 at approximately 120 sites in the United 

States and in several Canadian sites. A total of 574 patients have been recruited as of 

April 13, 2017, and recruitment and follow-up are ongoing. 

ACST-2 is a large international RCT comparing CEA versus CAS in patients with 

asymptomatic carotid stenosis. ACST-2 is currently recruiting patients from over 112 

centers in over 20 countries worldwide. The trial is on track to recruit 3.600 patients 

by 2019.  

Finally, the French randomized trial Asymptomatic Severe Atherosclerotic Carotid 

Artery Stenosis at Higher than average Risk of Ipsilateral Stroke (ACTRIS) has not 

yet started, but will compare BMT and CEA/CAS in asymptomatic patients who 

exhibit one or more features suggestive of them being at higher risk of suffering a late 

ipsilateral stroke (156). 
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Conclusion 
 

 

Traditionally, risk stratification and patient management with carotid disease was 

based on the presence or absence of symptoms and the degree of stenosis.  For 

asymptomatic carotid disease, the therapeutic options include the optimal medical 

treatment either alone or combined with revascularization procedures (CEA or CAS). 

However, it is estimated that the benefit of CEA in asymptomatic patients remains 

small, as the number needed to treat based on existing guidelines is rather high. 

Moreover, medical therapy has advanced and nowadays the optimal medical 

treatment is superior to that tested in the 3 landmark RCTs in the decades of 1980s 

and 1990s, fact that has questioned further the invasive intervention. Consequently, in 

order to select the appropriate therapeutic strategy and finally improve stroke 

prevention, the search for a better risk stratification of patients with asymptomatic 

carotid artery stenosis is obligatory. 

To that direction, there is growing evidence over the last years that moving beyond 

the degree of luminal stenosis is mandatory, as it is commonly observed that many 

patients with high-grade carotid stenosis remain asymptomatic for many years, while 

others with moderate stenosis develop neurologic symptoms sooner. Additionally, the 

inadequacy of degree of stenosis is illustrated by the entity of cryptogenic stroke, in 

which one-third of the patients have carotid atherosclerotic plaques ipsilateral to the 

stroke that cause only mild or minimal stenosis. Therefore, the concept of plaque 

vulnerability has emerged, and the sonographic characteristics of vulnerable carotid 

plaque constitute an important marker that may help for better risk stratification in 

asymptomatic patients, identifying a subgroup of “high risk” patients that will benefit 

from revascularization procedures. 

While awaiting data from CREST-2, ACST-2, and ACTRIS aiming to shed light into 

the optimal management of asymptomatic carotid stenosis, the new guidelines by the 

European Society for Vascular Surgery in 2017 recommend that in average surgical 

risk patients with a 60%–99% ACS, CEA (Class IIa; Level of Evidence: B) or CAS 

(Class IIb; Level of Evidence: B), should be considered for intervention in the 

presence of one or more imaging characteristics that may be associated with an 

increased risk of late ipsilateral stroke, provided that documented perioperative 

stroke/ death rates are <3% and the patient’s life expectancy exceeds 5 years. More 

specifically, the incorporation of various neurosonological diagnostic tools in clinical 

practice based on current literature, seem to provide valuable information on risk 

stratification of asymptomatic carotid disease. Neurosonology examinations (CDU 

and TCD) represent the extension of the clinical examination, as are safe, may be 

easily repeated as needed, are inexpensive and demonstrate excellent sensitivity and 

specificity.  

Several neurosonological methods have been proposed as reliable predictors for the 

identification of ACS individuals at high risk of stroke. Firstly, stenosis progression 

and also bilateral carotid disease with the degree of contralateral carotid artery to 

represent an independent risk factor. Additionally, evidence of plaque vulnerability 

represents strong predictor of ischemic stroke. In particular, plaque echolucency 

(predominantly echolucent plaque), large plaque area, large juxta-luminal black area 

on computerized plaque analysis, intraplaque neovascularization and plaque 

ulceration by using contrast-enhanced ultrasound studies and detection of 

microembolic signals on TCD constitute markers of vulnerable plaque. Moreover, 
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impaired cerebrovascular reserve and collateralization with TCD, represent an 

additional independent risk factor of stroke and TIA.  

Further research on the above (and other possible) imaging markers of carotid plaque 

burden is essential in order to develop validated algorithms for appropriately selecting 

a subgroup of patients of “high risk” for stroke, who could benefit from 

revascularization procedures. 
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