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Abstract
Introduction: In selecting patients for carotid revascularization, relying solely 
on symptoms and/or degree of stenosis is not sufficient. Patients with severe 
stenosis often remain asymptomatic, while other patients with moderate stenosis 
experience stroke. In contemporary practice, surgery or intervention is carried out 
much more often in asymptomatic patients. With the advent of improved medical 
management, the indications for surgery or intervention in the asymptomatic 
have become unclear. We utilized a technique for measuring Plaque Vasa-
vasorum Volume (PVV) using Contrast Enhanced Carotid Duplex Ultrasound (CE-
CDU) as a novel method for identifying asymptomatic patients with carotid artery 
stenosis who are at highest risk for stroke and thus more likely to benefit from 
early revascularization.

Objective: To establish the diagnostic accuracy and reliability of PVV measured by 
CE-CDU in identifying high risk carotid plaques and to identify a diagnostic cut-off 
point beyond which the risk of stroke exceeds the risk of surgery/intervention in 
asymptomatic patients with carotid stenosis. 

Methods: The Stroke Prevention with Plaque Vasa-vasorum in Carotid Stenosis 
Study (SPIVICS) is a two phase multi-center double blinded prospective study. 
The first phase is a cross-sectional study of patients who qualify for carotid 
endarterectomy per current guidelines (asymptomatic patients with >70% 
stenosis and symptomatic patients with >50% stenosis). End points are analyzed 
using standard univariate and multivariate regression, correlation and diagnostic 
analyses.

Outcomes: Primary outcome relating to plaque morphology is the PVV volume. 
Clinical outcomes are neurologic symptoms (Amaurosis fugax, transient ischemic 
attack, and stroke) and asymptomatic events detected on imaging.

Results: A total of 16 patients were examined in this pilot study. Three were lead-
in subjects and four of them had severe calcified plaque and VV was not visualized. 
For those who had a successful screen, Mean age was 69 (± 7) years, Five males 
and the mean plaque VVV was 0.29 (± 0.62) mm.

Conclusion: Plaque Vasa-vasorum Volume is a promising predictor of stroke risk. 
By identifying patients who are truly at high risk for stroke, PVV measured by CE-
CDU will establish more reliable criteria for patient selection for intervention. This 
in turn will help with stroke prevention, limit disability, save lives, and expend 
health care resources in a more selective manner. 
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Introduction
Carotid artery stenosis remains a significant cause of stroke [1,2] 
and stroke is the third leading cause of death and the primary 
cause of serious, long-term disability in the United States [3-5]. 
The availability of advanced imaging modalities for detecting 
and quantifying asymptomatic carotid artery stenosis is of 
considerable interest in contemporary practice. Advancements 
in medical therapy heighten the need to identify patients with 
carotid stenosis whose risk of stroke clearly exceeds the risk of 
revascularization.

Current treatment modalities for prevention of stroke in patients 
with carotid artery stenosis include medical management, 
Carotid Endarterectomy (CEA), and Carotid Angioplasty and 
Stenting (CAS). In contemporary practice, patient selection 
is based on the severity of the stenosis and the occurrence of 
symptoms such as Amaurosis fugax, transient ischemic attack, 
or stroke. The indications for CEA are carotid stenosis greater 
than 50% in symptomatic patients or stenosis greater than 60% 
in asymptomatic patients [6-8]. Patients who are at high risk for 
surgery (CEA) might be considered for CAS [9]. 

Clinically, however, it is not infrequently observed that patients 
with severe stenosis remain asymptomatic while some patients 
with moderate stenosis experience stroke. This implies that the 
degree of stenosis may not be the most reliable predictor of 
stroke risk, but rather plaque instability may be a more sensitive 
metric [10]. The reliance on symptoms is also not desirable 
because Amaurosis fugax and Transient Ischemic Attacks (TIA) 
are not entirely benign. Furthermore, the majority of patients are 
asymptomatic until they experience a stroke. Among those who 
experience a TIA before a stroke, the symptoms not infrequently 
occur on the day or within 24 h of the stroke, affording the 
clinician very limited time to intervene. Therefore, it is essential 
to identify asymptomatic individuals who truly have an increased 
risk of subsequently becoming symptomatic. Additionally, the 
majority of CEA and CAS procedures are performed today for 
asymptomatic disease. A better method for identifying higher 
risk asymptomatic carotid plaques would allow for a more 
informed method of selecting patients for intervention. There 
is a critical need for an objective, non-invasive diagnostic tool 
beyond degree of stenosis that more accurately predicts plaque 
instability and thus the risk of stroke in asymptomatic patients. 

Prior studies have demonstrated that patients with uns-
atherosclerotic carotid plaques carotid plaques are at highest 
risk for stroke [10]. However, no diagnostic tool or technique in 
current use has the ability to predict with certainty the instability 
of plaque atheroma and the subsequent risk for stroke [11]. 
The evolution of plaque instability involves vasa-vasorum (VV), 
which is the network of micro-vessels that supply or drain the 
walls of larger arteries such as the carotid artery. By applying 
contrast to duplex ultrasound, we have developed a method for 
estimating stroke risk in asymptomatic patients by measuring 
the volume of plaque vasa-vasorum in the carotid arteries based 
on a priori hypothesis derived from the literature and clinical 
knowledge. Herein, we present the result of a pilot study aimed 

at establishing Plaque Vasa-vasorum Volume (PVV) measured by 
Contrast Enhanced Carotid Duplex Ultrasound (CE-CDU) as a valid 
and reliable diagnostic tool for predicting stroke risk in patients 
with asymptomatic carotid artery stenosis.

Methods
Design and patient population
The Stroke Prevention with Plaque Vasa-vasorum in Carotid 
Stenosis Study (SPIVICS) is a two phase multi-center double 
blinded prospective study. Study approval was granted by the 
Johns Hopkins institutional review board and all subjects gave 
written informed consent. The first phase is a cross sectional 
study of patients who qualify for carotid endarterectomy per 
current guidelines (asymptomatic with >70% carotid stenosis or 
symptomatic patients with >50% carotid stenosis). The second 
phase is a prospective study of asymptomatic patients with 50-
69% carotid stenosis. Adults with no child bearing potential or 
have negative pregnancy test within one week prior to enrollment 
with proper indication for CEA were included. Patients were 
excluded if they are having an evolving stroke, active bleeding or 
severe dementia. Further detailed inclusion and exclusion criteria 
are outlined in Table 1. All potential participants were evaluated 
for eligibility by the study vascular surgeon and coordinator. 

Cross Sectional Phase
Contrast enhanced carotid duplex ultrasound
Consenting and eligible patients initially undergo standard 
carotid duplex ultrasound and stenosis is graded in accordance 
with the Society of Radiologists in Ultrasound Consensus (Table 
2) [12]. After informed consent is obtained within 24 h of the 
scheduled CEA, contrast enhanced carotid duplex ultrasound (CE-
CDU) is carried out with: OPTISON contrast Perflutren protein-
type A microspheres injectable suspension, USP (General Electric 
Company, Fairfield, CT) and Philips IU22 ultrasound machine 
equipped with L9-3 linear probe (Philips Healthcare, Andover, 
MA). The recommended dose of OPTISON (0.5 mL) is injected 
into a 16-22 gauge or larger peripheral intravenous access line 
followed by a saline flush. Within 10-12 sec, contrast enhanced 
ultrasound images are obtained. If the contrast enhancement is 
inadequate after the initial dose of 0.5 mL, additional doses in 
increments of 0.5 mL may be repeated guided by the following 
protocol: (1) The injection rate will not exceed 1 mL per second, 
(2) Optison injection will be followed with a flush of 0.9% Sodium 
Chloride, USP, or 5% Dextrose, USP, (3) Maximum total dose will 
not exceed 5.0 mL in any 10 min period, and (4) Maximum total 
dose will not exceed 8.7 mL in any patient per study.

Two independent vascular specialists identify vasa-vasorum (Yes/
No) and take serial cross sectional measurements of PVV using 
Med-streaming Vascular Imaging Software. The bifurcation of the 
Common Carotid Artery (CCA) is considered the reference point 
for the measurements and all images and records are stored in 
Digital Imaging and Communications in Medicine format. For 
standardization, the volume of PVV measured is restricted to the 
region 5 mm proximal and 5 mm distal to the bifurcation of the CCA. 
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Inclusion criteria
1.	 Age > 18 years old.
2.	 Symptomatic status.

•	 Symptomatic: Evidence of Transient Ischemic Attack (TIA), amaurosis fugax, minor or non-disabling stroke (in the hemisphere supplied 
by the target vessel), within 180 days of the date of enrollment. 

•	 Asymptomatic: Patients who do not meet the definition of symptomatic status. These include, patients with no prior carotid territory 
symptoms or, with symptoms arising from the hemisphere contralateral to the target vessel, symptoms in either hemisphere >180 
days prior to the enrollement, or vertebrobasilar symptoms only.

3.	 No child bearing potential or has negative pregnancy test within one week prior to enrollment.
4.	 Written informed consent.
5.	 Lesion located in the carotid artery with or without involvement of the common carotid artery.

Exclusion criteria
1.	 Evolving stroke.
2.	 Intolerance to contrast media.
3.	 Active bleeding diathesis or coagulopathy or will refuse blood transfusion.
4.	 Prior major ipsilateral stroke.
5.	 Severe dementia.
6.	 Spontaneous intracranial hemorrhage within 12 months.
7.	 Neurologic illness within past year characterized by fleeting or fixed neurologic deficit that cannot be distinguished from TIA or stroke.
8.	 Inability to understand and cooperate with study procedures or provide informed consent.
9.	 Chronic atrial fibrillation.
10.	Other sources of cardiac emboli: Left ventricular aneurysm, cardiomyopathy, aortic or mitral prosthetic heart valve, calcific aortic stenosis, 

endocarditis, mitral stenosis, atrial septal defect, atrial septal aneurysm, left atrial myxoma.

Table 1: Eligibility criteria.

Symptomatic Asymptomatic
ICA Stenosis >50% >70%

ICA Peak Systolic Velocity (PSV) 126-230 cm/s >230 cm/s
End Diastolic Velocity (EDV) 40-99 cm/s ≥ 100 cm/s

ICA/CCA PSV Ratio 2.0-4.0 ≥ 4.0
ICA: Internal Carotid Artery; CCA: Common Carotid Artery   

Table 2: Society of radiologists in ultrasound consensus for quantifying degree of carotid stenosis.

Carotid endarterectomy and histometric 
measurement of PVV in excised plaque
Patients undergo CEA per our routine standard of care. During 
CEA, the plaque is excised intact and marked at the bifurcation 
of the Common Carotid Artery (CCA) and its most proximal 
superficial point for orientation. The marked bifurcation of the 
CCA is regarded as the reference point for all measurements. The 
excised plaque is transported in formaldehyde to pathology core 
lab for histometric analyses. The plaque is decalcified using Rapid 
Cal-Immuno (BBC Biochemical, Seattle, WA). Subsequently, 3 mm 
cuts are made through the specimen starting from 1 cm proximal 
to 1 cm distal to the bifurcation of the CCA. Specimen sections 
are immunostained with CD-34 to identify vasavasorum. Cross 
sectional measurements of PVV are carried out and histometric 
volume is reconstituted by two independent pathologists. 

Prospective phase
At baseline, the following procedures are carried out: (1) 
standard carotid duplex; (2) CE-CDU; (3) Transcranial Doppler 
(TCD). Discrete measurements of PVV using CE-CDU are 
obtained based on the protocol outlined in the cross sectional 
study. TCD is carried out in accordance with standard protocol 
using a “ROBOTOC2MD” digital transcranial ultrasound system 
(Multigon Industries INC, Yonkers, NY, USA) to detect embolic 

signals. Microembolic events are identified during 1 h long TCD 
recordings taken from the ipsilateral middle cerebral artery in 
accordance with the criteria of the Ninth International Cerebral 
Hemodynamic Symposium [13] and the recommendations of the 
International Consensus Group on Microembolus Detection [14].

These medically managed patients are routinely contacted every 
3 months to ascertain the occurrence of symptoms (Amaurosis 
fugax, TIA, stroke). If asymptomatic, patients undergo standard 
carotid duplex ultrasound, CE-CDU, and TCDs semi-annually. If a 
symptom occurs, PVV is measured by CE-CDU and microembolic 
events are measured with TCD within 1 week of the event. 
For both cohorts, demographics, medical characteristics and 
medication profiles are recorded at baseline and through the 
entire study period.

Outcomes
In the cross sectional phase, the outcomes are the validity and 
reliability of PVV volume measured by CE-CDU in comparison to 
PVV volume measurements from histology as gold standard. In 
the prospective phase, the primary outcome is the occurrence 
of symptoms (Amaurosis fugax, TIA and stroke). This is based on 
the primary hypothesis that PVV volume measured by CE-CDU 
predicts the occurrence of ipsilateral symptoms in patients with 
carotid artery stenosis. Similarly, the secondary hypothesis is 
that PVV volume measured by CE-CDU increases in tandem with 
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the occurrence of symptomatic neurologic events. As such, the 
secondary outcome is the occurrence of embolic signals on TCD. 

Study duration
Enrollment into the cross-sectional phase commenced in 
October, 2013. Enrollment into the prospective cohort will begin 
in May 2016 with follow up anticipated to be carried out over 5 
years (Figures 1-3).

Statistical analyses
In the cross sectional cohort, the reliability of CE-CDU is assessed 
by comparing measurements obtained by the two evaluators 
using Kappa, Bland-Altman and Pearson product-moment 
correlation analyses. The diagnostic accuracy of CE-CDU is 
ascertained in reference to histometry by computing measures 
of validity (sensitivity and specificity) as well as positive and 

negative predictive values. In order to detect a kappa for inter-
class agreement of 0.70 from a two tailed test with null=0.4, 
given 70% proportion of positive rankings, the required number 
of patients (N) =48. This is based on the goodness of fit formula 
provided by Donner and Eliasziw [15].

Results
During the enrollment period, sixteen patients were examined. 
Three of them were used as lead-in subjects. They were cardiac 
patients undergoing catheterization and we sought to validate 
the CE-CDU. Of the remainder, four patients had highly calcified 
plaques and we were unable to visualize the VV. Mean age for 
the screened patients was 69 years and five of them were males 
(55.6%). The average vasa-vasorum volume detected was 0.29 (± 
0.62) mm3. The measured PVV via the CE-CDU ranged from (0.0-
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Carotid artery duplex ultrasound. (A) With contrast: Delineating artery lumen, plaque (yellow) and 
vasa-vasorum (red); (B) Without contrast.

Figure 1

 

Vasa-vasorum volume obtained from serial cross sectional carotid ultrasound measurements (red 
circles).

Figure 2
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1.88 mm3). The histometry measurement yielded a very close 
range of (0.49-1.81 mm3) (Tables 3 and 4). 

Discussion
Several randomized trials have compared treatment modalities 
for carotid stenosis in the prevention of disease progression, 
stroke and death [16-21]. The investigators in these trials have 
consistently identified proper patient selection as the key to 
maximize benefits from each treatment modality. The Clinical 
Practice Guidelines of the Society for Vascular Surgery and 
other professional societies also recommend management of 
asymptomatic patients based on individual risk profiles [6,22,23]. 
The case for careful patient selection is supported by the fact 
that surgery/intervention is not free of complications. Carotid 
endarterectomy in asymptomatic patients is associated with risk 
of death (0.3%), stroke (2.3%) and myocardial infarction (2.3%) 
[20]. Guay and Ochroch in their meta-analysis demonstrated that 
[11] carotid endarterectomies are required to prevent one stroke 
in asymptomatic patients with high grade carotid artery stenosis 
[24].

The shortcoming in the current modalities for diagnosis is 
the result of the confounded association between the degree 
of stenosis and stroke by intrinsic properties of plaque that 
predispose to rupture or ulceration (Figure 4). The framework for 
this project is based on the innovative concept that PVV mediates 

the association between degree of stenosis, potential to rupture/
ulcerate, and stroke (Figure 5).

The pathophysiological mechanisms for the development of 
carotid artery stenosis involve the accumulation of atheromatous 
plaque. This occurs under the influence of risk factors such as 
smoking, hypertension, diabetes and dyslipidemia that are 
the target of medical management for stroke prevention. 
The progression to an ischemic event from carotid artery 
stenosis commonly involves unstable plaque formation. The 
manifestation of certain cytokins such as FGF, TGF-B, TNF-a 
have been observed within atheromatic plaques and might 
accelerate the development of the plaque and its destabilization 
[25]. Unstable lesions had shown distinct protein expressions. 
For example, ST2L (Suppression of tumorigenity) was more 
expressed in membrane pattern of macrophages in symptomatic 
rather than asymptomatic plaques [26]. An unstable plaque is 
one that is at an increased risk of rupture because it consists 
of a thin fibrous layer overlying a necrotic lipid core. A novel 
proposed detection tool for the propensity of plaque rupture had 
been evaluated by Niccoli Asabella et al. via 18F-FDG positron 
emission tomography/computer tomography in which 18F-FDG 
uptake demonstrated inflammatory activation of plaque 
macrophages [27]. The evolution of plaque instability involves 
vasa-vasorum (VV). It has been shown that cellular hypoxia in the 
plaque prompts angiogenesis [28]. Adventitial VV hyperplasia 
and intimal neovascularization cause plaque instability. We 
believe that when vasa-vasorum volume reaches a critical point 
that exceeds fibrous cap strength, the plaque ruptures. At this 
point, the ruptured plaque may protrude into the lumen causing 
rapid progression to severe stenosis or complete occlusion at the 
region of stenosis.

Debris from the ruptured plaque might also travel to occlude 
distal cerebral small caliber vessels, causing ischemic brain injury. 
A second but less common mechanism of progression of carotid 
artery stenosis to stroke involves the formation of thrombus on 
ulcerated plaque. A significant correlation between ulcerated 
plaque and neovascularization has also been reported [29]. The 
unique presence of an intraplaque vessel under every ulcerated 
plaque points to neovascularization (plaque vasa-vasorum) as 
a key part of both pathways that lead to stroke. The fact that 
patients with unstable atherosclerotic plaques have the highest 
risk for stroke is also well known [10]. In this study, we present 
PVV as a novel surrogate for accurately predicting the instability 
of plaque atheroma. 

Studies in animal models have shown that vasa-vasorum 
proliferate under the positive influence of risk factors [30]. 
In human studies, neovascularization in carotid and coronary 
plaques has been shown to increase in the presence of 
cardiovascular risk factors and regress when these factors are 
controlled [31]. In a recent study, vasa vasorum volume showed 
to predict progression of plaque volume in coronary arteries after 
heart transplantation [32]. However, no prior study has evaluated 
cerebrovascular disease progression based on objective and 
reproducible measurements of neovascularization using PVV 
in carotid arteries. Additionally, complex techniques such as 
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Vasa-vasorum seen on of a section of plaque 
immunostained with CD34.

Figure 3

Baseline characteristics Values
Mean age (± SD), in years 69 (± 7)

Gender 
Male

Female
5 (55.6%)
4 (44.4%)

Mean VVV, (± SD) in mm3 0.29 (± 0.62)

Table 3: Baseline characteristics of the screened patients in the pilot 
study.

Vasa-vasorum volume Range (mm3); N=9
CE-CDU 0.00–1.88

Histometry 0.49–1.81

Table 4: PVV measurements obtained from CE-CDU and histometry in 
the pilot study.
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3D optical coherence tomography has been used to evaluate 
coronary adventitial vasa-vasorum [33] yet, to our knowledge, 
no previous study had adequately studied the role of the simple, 
cost-effective duplex ultrasound in measuring PVV. 

CE-CDU is innovative in its use of contrast in carotid 
ultrasonography. In current practice, carotid ultrasonography 
involves standard imaging without contrast. Contrast is made 
up of micro bubbles that are approximately 1-8 μm in diameter. 
When introduced into the vessel, the contrast agent acts as 
a tracer because the size of the bubble approximates that 
of a red blood cell, rendering it trapped in the intravascular 
space. This property of contrast agents allows for the precise 
delineation of the arterial lumen, plaque atheroma, ulcerations 
and vasa-vasorum. Within minutes of administration, contrast is 
eliminated through the reticulo-endothelial system in the lungs. 
To date, there is paucity in the literature evaluating the precision 
of CE-CDU in measuring carotid PVV. For example, the authors 
of a recently published meta-analysis were able to identify only 
seven studies that report the sensitivity and specificity of CE-CDU 
and the reference tests varied among the studies included in the 
meta-analysis [34].  

Studies on human coronary and carotid arteries have shown 
the ability of contrast-enhanced ultrasound to picture 
neovascularization [35-47]. These previous assessments of 

neovascularization were based on qualitative and subjective 
methods such as visual scoring and grading of signal enhancement 
only. No prior study has measured the volume of the PVV in 
carotid arteries. Neovascularization has been described as an 
initial phase that is characterized by hypertrophy of adventitial 
vasa-vasorum and a later phase that consists of proliferating new 
small vessels in the media and intima. This is the first study that is 
targeted at the objective quantification of neovascularization in 
carotid plaque based on vasa-vasorum volume (PVV). 

Previous studies have shown that PVV can be identified on 
plaque atheroma excised from human carotid and coronary 
arteries [29,35-39]. However, the assessments of the degree 
of neovascularization were based on qualitative methods. 
These assessments were subjective and at best based on visual 
appreciation of the density of neovascularization or increased 
amount of immunostaining.

The occurrence of symptoms signifies disease that is advanced 
in its course such that a fatal or disabling stroke might occur. 
Therefore, in asymptomatic patients, it is desirable and indeed 
essential to identify those in whom progression of disease is 
likely and thus for whom intervention should be considered. We 
believe that the volume of vasa-vasorum increases in tandem 
with the progression to instability in plaque atheroma. Thus 
the measurement of PVV in asymptomatic patients with carotid 

Stroke Carotid stenosis 

Plaque rupture 

Plaque ulceration 

Risk factors 

Directed acyclic graph showing the association between carotid stenosis and stroke, which is confounded 
by the intrinsic properties of plaque to rupture or ulcerate.

Figure 4

 

Vasa-vasorum Volume 

Potential for ulceration 

Potential for rupture 

Carotid stenosis Stroke 

Directed acyclic graph showing the role of vasa-vasorum as a mediator of the multiple influences that lead 
to stroke, hence serving as a good predictor of stroke risk.

Figure 5
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stenosis will reliably indicate the stage of disease at which the risk 
of cerebrovascular events increases, thereby identifying those 
patients who would benefit most from surgery or intervention 
for stroke risk reduction.

The results of this investigation should be interpreted with caution 
since we are presenting the preliminary results of a prospective 
ongoing study. The conclusions are limited by the small sample 
size and the homogeneity of the institutional environment which 
might question the generalizability of the results to other settings 
until sufficient validation studies are available. 

Conclusion
In this preliminary small pilot study, plaque vasa-vasorum volume 

is a promising potential predictor of stroke risk in patients with 
asymptomatic carotid artery stenosis. Contrast Enhanced Carotid 
Duplex Ultrasound (CE-3DCDU) is a safe, noninvasive, portable 
and inexpensive diagnostic tool for carotid artery stenosis. By 
identifying patients who are truly at high risk for stroke, PVV 
measured by CE-CDU has the potential to change clinical practice. 
This will enhance precise patient selection for intervention, thus 
maximizing benefits and reducing risk exposure in the fragile 
population of seniors, and reduce health care costs. This is a 
major step in the efforts to prevent stroke, save lives, expend 
health care resources in a more informed and selective manner, 
and limit the burden of disability in this era.
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