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Aims It is thought that the majority of cardiovascular (CV) events are caused by vulnerable plaque. Such lesions are rup-
ture prone, in part due to neovascularization. It is postulated that plaque vulnerability may be a systemic process
and that vulnerable lesions may co-exist at multiple sites in the vascular bed. This study sought to examine whether
carotid plaque vulnerability, characterized by contrast-enhanced ultrasound (CEUS)-assessed intraplaque neovascu-
larization (IPN), was associated with significant coronary artery disease (CAD) and future CV events.

...................................................................................................................................................................................................
Methods
and results

We investigated carotid IPN using carotid CEUS in 459 consecutive stable patients referred for coronary angiog-
raphy. IPN was graded based on the presence and location of microbubbles within each plaque (0, not visible; 1,
peri-adventitial; and 2, plaque core). The grades of each plaque were averaged to obtain an overall score per pa-
tient. Coronary plaque severity and complexity was also determined angiographically. Patients were followed for
30 days following their angiogram. This study found that a higher CEUS-assessed carotid IPN score was associated
with significant CAD (>_50% stenosis) (1.8 ± 0.4 vs. 0.5 ± 0.6, P < 0.0001) and greater complexity of coronary lesions
(1.7 ± 0.5 vs. 1.3 ± 0.8, P < 0.0001). Furthermore, an IPN score >_1.25 could predict significant CAD with a high sen-
sitivity (92%) and specificity (89%). The Kaplan–Meier analysis demonstrated a significantly higher proportion of
participants having CV events with an IPN score >_1.25 (P = 0.004).

...................................................................................................................................................................................................
Conclusion Carotid plaque neovascularization was found to be predictive of significant and complex CAD and future CV

events. CEUS-assessed carotid IPN is a clinically useful tool for CV risk stratification in high-risk cardiac patients.
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Keywords contrast-enhanced ultrasound • neovascularization • coronary artery disease • vulnerable plaque • carotid

Introduction

Atherosclerotic plaque rupture accounts for about 70% of all fatal
cardiovascular (CV) events.1 Plaque progression and instability are
associated with extensive intraplaque neovascularization (IPN),
which increases susceptibility of the plaque to haemorrhage and rup-
ture.1 Contrast-enhanced ultrasound (CEUS) is a simple and minimal-
ly invasive technique that allows for the visualization of IPN in large
arteries, such as the carotid.2,3 In CEUS, IPN is identified by the pres-
ence of contrast microbubbles within the plaque moving from the ad-
ventitial side or plaque shoulder towards the plaque core.4,5 The

reliability of CEUS for detecting IPN has been validated in previous
studies, which showed that IPN assessed by CEUS correlated strong-
ly with histological density of neovessels.6–8

Studies have shown that plaque instability often co-exists at mul-
tiple sites in the systemic vascular bed.1,9 IPN in the carotid artery has
been associated with coronary lesion complexity and extent in
patients with severe coronary lesions (>_70% stenosis).10 However, it
has yet to be determined whether carotid IPN is able to predict sig-
nificant coronary artery disease (CAD) and future CV events for the
purpose of risk stratification. In this study, we investigated whether
assessment of IPN using semi-quantitative analysis of CEUS of the
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..carotid artery could predict significant CAD and future events in
patients referred for coronary angiography.

Methods

Study design and population
This prospective study enrolled 459 consecutive patients who underwent
coronary angiography from December 2016 to June 2018. The inclusion
criteria were (i) >_18 years of age; (ii) referred for clinically indicated angi-
ography for assessment of CAD; and (iii) absence of clinical contraindica-
tion to angiography. Exclusion criteria were (i) previous carotid
endarterectomy; (ii) allergy to perflutren; (iii) known or suspected cardiac
shunt; (iv) previous percutaneous coronary intervention (>_1 week) or
coronary artery bypass graft surgery; and (v) prior myocardial infarction
(MI), stroke, or transient ischaemic attack (>_1 week). None of the
patients enrolled in the study had known significant CAD (>_50% sten-
osis). Written informed consent was obtained from all participants prior
to the study. This study conforms to the ethical guidelines of the 1975
Declaration of Helsinki, as reflected in a priori approval by the Queen’s
University Health Sciences and Affiliated Teaching Hospitals Research
Ethics Board.

Evaluation of coronary lesions
Angiograms were scored by researchers blinded to the clinical features
of the participants, as previously described.11,12 Briefly, stenosis in the left
main, left anterior descending, circumflex, and right coronary arteries
were graded as follows: 0 = no or minimal disease (0–19% narrowing in
any segment), 1 = mild disease (20–49% narrowing in any segment),
2 = moderate disease (50–69% narrowing in any segment), and 3 = severe
disease (>_70% narrowing within any segment of the main branches of the
coronary artery or >_50% in the left main coronary artery). Significant
CAD was classified as >_50% stenosis in any of the main coronary arteries.

In addition, coronary plaque lesions were assessed for complexity.
Lesions were considered to be complex if they possessed any one of the
following characteristics: presence of a filling defect consistent with a
thrombus, presence of diffuse disease, or a chronic total occlusion
>3 months old.13

Focused ultrasound of the carotid artery
A focused B-mode carotid ultrasound was performed on all study partici-
pants as previously described,12 using a vascular ultrasound device
equipped with a 9L-D linear-array transducer (2.4–10.0 MHz) (Vivid E9
Ultrasound System, GE Healthcare). Briefly, longitudinal images of each
carotid artery were used to measure average carotid intima-media thick-
ness (CIMT), maximum plaque height (MPH), defined as the maximum
distance from the intima-lumen interface to the media-adventitia interface
after comparing both left and right sides, and total plaque area (TPA),
defined as the sum of the areas of all plaque lesions located in the carotid
bifurcation and the proximal 1 cm of the internal and external carotid
arteries of both sides.12,14 Atherosclerotic plaques were defined as focal
structures encroaching into the arterial lumen with a height >1.5 mm or
50% intima-media thickness.15

CEUS of the carotid artery
Carotid CEUS studies were performed and analysed by a researcher
blinded to the history and characteristics of the patients. CEUS was per-
formed using an ultrasound contrast agent, DEFINITYVR (Lantheus
Medical Imaging, Billerica, MA, USA). The mechanical index was lowered
to 0.18, the dynamic range to 36, and the gain and compression adjusted
to provide the highest contrast effect. After an intravenous injection of
0.2 mL of DEFINITYVR diluted in 2.8 mL of 0.9% saline, ultrasound cine-
loops were recorded. IPN was identified by rapid movement of the echo-
genic reflectors of microbubbles within the plaque and scored as: 0, no
visible microbubbles within the plaque; 1, minimal microbubbles confined
to the shoulder or adventitial side of the plaque; or 2, microbubbles

Figure 1 Carotid intraplaque neovascularization scoring method. Representative contrast-enhanced ultrasound images of carotid plaques. 0, no
visible microbubbles within the plaque; 1, minimal microbubbles confined to peri-adventitial areal; 2, microbubbles present throughout the plaque
core. The yellow dotted line outlines the plaque lesion. Yellow circles depict intraplaque contrast microbubbles.

1240 L.E. Mantella et al.
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..throughout the plaque, as previously described10 (Figure 1). The plaque
scores on both sides were averaged to obtain a single overall neovascula-
rization score per patient.

Follow-up study
Participants were followed for a period of 30 days or until the occurrence
of one of the following CV events: coronary revascularization (i.e. percu-
taneous coronary intervention, coronary artery bypass surgery), heart
failure, non-fatal MI, stroke, or cardiac death. Participants with acute cor-
onary syndrome at the time of their original coronary angiogram were
excluded from the follow-up analysis to reduce bias. In addition, coronary
revascularization within 7 days of the original angiogram was excluded
from analysis to prevent planned revascularization therapy from being
assessed.

Statistical analysis
All descriptive data are expressed as the mean value ± standard deviation.
Differences between two groups were compared with the independent
t-test. The frequencies of binary variables were compared between two
groups using the v2 analysis. A receiver operating characteristics curve
was used to determine the optimal threshold values of each predictive
test. Contingency tables were used to determine the positive predictive
value, negative predictive value, sensitivity, and specificity of each plaque
analysis method relative to CAD. Univariate and multivariate logistic re-
gression analyses were applied to determine risk factors associated with
CAD and to adjust the model for significant risk factors, respectively.
Survival analysis was carried out using the Kaplan–Meier method. The risk
ratio for CV events during the follow-up period was assessed by Cox
proportional hazards analysis. Interobserver and intraobserver reliability
were assessed using the intraclass correlation coefficient (ICC) in a subset
of 30 participants. All statistical analyses were carried out using JMPVR

Version 13 (SAS Institute Inc., Cary, NC, USA). A P-value of <0.05 was
considered to be significant.

Results

Sample population characteristics in
participants with and without significant
CAD
Of 1211 participants screened, 610 met the inclusion and ex-
clusion criteria of the study. Scans were completed on 500 par-
ticipants. The contrast agent was well tolerated in all patients
and no adverse events reported. Loss of consented participants
was mainly due to withdrawn consent (Figure 2). Upon image
analysis, 41 participants were excluded due to the absence of
carotid artery plaque. Overall, 459 participants were included in
the study. There was a significant difference in age (66 ± 10 vs.
64 ± 11 years, P = 0.02) and sex (77% vs. 61% male, P = 0.0001)
between participants with significant and non-significant CAD as
well as in the number of participants with pre-existing diabetes,
hyperlipidaemia, and smoking history (27% vs. 19%, P = 0.04;
64% vs. 50%, P = 0.003; and 71% vs. 61%, P = 0.02, respectively).
There were also a significantly higher percentage of participants
on statins, beta-blockers, and anti-platelets/coagulants in partici-
pant with significant CAD (all P < 0.05). Reasons for referral for
coronary angiography included MI, chest pain, shortness of
breath, positive stress test, or pre-operative coronary angio-
gram (Table 1).

Plaque characteristics of participants
with significant CAD
The sample population mean for CIMT, MPH, and TPA were found
to be 0.76± 0.2 mm, 2.9± 1.2 mm, and 52± 44 mm2, respectively
(Table 2). CIMT, MPH, and TPA were significantly higher in partici-
pants with significant CAD (all P < 0.001) (Table 2). CEUS cineloops

Figure 2 Enrolment and analysis of study participants. In total, 1211 were assessed for eligibility, 610 participants were consented, 500 were
scanned, and 459 were included in the analysis. Loss of participants were largely due to unmet inclusion/exclusion criteria, declining to participate,
withdrawal of consent, or lacking carotid plaque.

Carotid IPN predicts CAD and CV events 1241
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were taken in order to analyse IPN and resultant plaque vulnerability.
The mean IPN score in all participants was 1.3± 0.8. Participants with
significant CAD had a greater carotid IPN score than those with no
or mild CAD (1.8 ± 0.4 vs. 0.5± 0.6, P < 0.0001) (Table 2). In addition,
408 participants in whom coronary plaque was present were
assessed for lesion complexity. We found that IPN score was signifi-
cantly increased in participants who possessed at least one complex
coronary lesion (1.3 ± 0.8 vs. 1.7 ± 0.5, P < 0.0001) (Figure 3).

Univariate and multivariate analysis for
participants with significant CAD
In total, 284 participants were found to have significant CAD after
their angiogram. Of these patients, 147 received a coronary stent
during their procedure. In the univariate logistic regression analysis,
participants with significant CAD had a significant association with
age [odds ratio per year (OR) 1.02], male sex (OR 2.24), smoking his-
tory (OR 1.63), hyperlipidaemia (OR 1.80), diabetes (OR 1.63),

....................................................................................................................................................................................................................

Table 1 Sample population baseline characteristics

Variables Overall

(n 5 459)

Significant CAD

(n 5 284)

Non-significant

CAD (n 5 175)

P-value

Age (years) 65.1 ± 10 66 ± 10 64 ± 11 0.02

Male sex, n (%) 326 (71) 220 (77) 106 (61) 0.0001

BMI (kg/m2) 30.1 ± 5.9 29.9 ± 5.8 30.4 ± 6.2 0.34

eGFR (mL/min*1.73 m2) 78.3 ± 18 77.3 ± 18 80.0 ± 18 0.12

Hypertension, n (%) 317 (69) 204 (15) 113 (65) 0.12

Hyperlipidaemia, n (%) 269 (59) 182 (64) 87 (50) 0.003

Diabetes mellitus, n (%) 111 (24) 78 (27) 33 (19) 0.04

Smoking history, n (%) 309 (67) 203 (71) 106 (61) 0.02

Family history of CVD, n (%) 297 (65) 189 (67) 108 (62) 0.32

Medication use, n (%)

Statin 209 (46) 167 (59) 83 (47) 0.02

ACEI 179 (39) 113 (40) 66 (38) 0.69

ARB 44 (10) 32 (11) 12 (7) 0.14

b-blocker 221 (48) 153 (54) 68 (39) 0.002

Ca-blocker 87 (19) 53 (19) 34 (19) 0.90

Antiplatelet/coagulants 339 (74) 225 (79) 114 (65) 0.001

Diuretics 92 (20) 54 (19) 38 (22) 0.55

Reasons for referral, n (%)

Myocardial infarction 154 (34) 142 (50) 12 (7) <0.0001

Chest pain 191 (42) 130 (46) 61 (35) 0.59

Shortness of breath 108 (24) 67 (24) 41 (23) 0.051

Positive stress test 124 (27) 74 (26) 50 (29) 0.005

Pre-operative 49 (11) 27 (10) 22 (13) 0.19

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CAD, coronary artery disease; CVD, cardiovascular disease; eGFR,
estimated glomerular filtration rate.

....................................................................................................................................................................................................................

Table 2 Relationship between plaque characteristics and angiographic coronary artery disease

Variables Overall,

mean 6 SD

(n 5 459)

Significant CAD,

mean 6 SD

(n 5 284)

Non-significant

CAD, mean 6 SD

(n 5 175)

P-value

CIMT (mm) 0.76 ± 0.2 0.78 ± 0.2 0.72 ± 0.1 <0.0001

MPH (mm) 2.85 ± 1.2 3.1 ± 1.3 2.43 ± 1 <0.0001

TPA (mm2) 51.8 ± 44 59.7 ± 45.9 38.9 ± 37.3 <0.0001

aIPN 1.26 ± 0.8 1.76 ± 0.4 0.45 ± 0.6 <0.0001

aIPN, average intraplaque neovascularization; CAD, coronary artery disease; CIMT, carotid intima-media thickness; MPH, maximum plaque height; SD, standard deviation; TPA,
total plaque area.

1242 L.E. Mantella et al.
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CIMT (OR 1.90), MPH (OR 2.32), TPA (OR 1.92), and IPN (OR
2.41) (Table 3). Multivariate logistic regression analysis including all
factors found to be significant on univariate analysis also showed that
B-mode ultrasound assessed CIMT, MPH, and TPA, as well as CEUS-
assessed IPN score remained a significant independent risk factor for
significant CAD (Table 3).

Value of IPN as a risk-stratification tool
for significant CAD
The receiver operating characteristics curves and c-statistics indi-
cated that carotid IPN was a better predictor of significant CAD
(>_50% stenosis) [area under the curve (AUC) = 0.940] than MPH
(AUC = 0.661), TPA (AUC = 0.665), and CIMT (0.625). Using a cut-
off score of 1.25, carotid IPN was able to predict significant CAD
with a higher sensitivity (92%) and specificity (89%) than CIMT, MPH,
or TPA (Table 4A). The positive and negative predictive values of ca-
rotid IPN were 93% and 87%, respectively (Table 4A). It is note-
worthy that when the threshold for significant CAD was increased to
70% stenosis, the predictive values of IPN decreased slightly, but
remained higher than MPH, TPA, and CIMT (Table 4B).

Value of IPN in predicting future CV
events
All participants that were stable at the time of admission for their
angiogram (n = 309) were followed for 30 days. Participants with an
IPN score of 1.25 or greater (n = 159) had 25 CV events during the
follow-up period, whereas participants with an IPN score of less than
1.25 (n = 150) had four CV events. A Kaplan–Meier analysis demon-
strated that an IPN score >_1.25 was associated with a significantly
higher occurrence of CV events (P < 0.0001) (Figure 4). Univariate
Cox proportional hazards model analysis showed that IPN and MPH
were both significant risk contributors of future CV events (Table 5).

Multivariate Cox proportional hazards model analysis demonstrated
that IPN (risk ratio: 1.34; 95% confidence interval: 1.13–1.63;
P = 0.001) was a significant and independent contributor of future CV
events in patients with stable CAD.

Reproducibility of CEUS analysis
To establish the reproducibility of a qualitative CEUS assessment,
intraobserver and interobserver reliability analyses were conducted.
For intraobserver reliability, 30 participants were reassessed by the
same reader 30 days after the initial assessment. Interobserver reli-
ability was assessed in two ways: first by having two different readers
assess the same cineloops, and second, by having two operators per-
form the CEUS scans and then assessing their own cineloops. The
ICC for intraobserver reliability was 0.88, which corresponded to
good reliability.16 The ICC for two-reader reliability also showed
good reliability at 0.87, whereas the ICC for two-operator reliability
was 0.70, which corresponded to moderate reliability.

Discussion

The present study demonstrated that a higher grade of carotid IPN
assessed using CEUS was associated with the presence of significant
CAD (>_50% stenosis) in participants referred for coronary angiog-
raphy. Furthermore, this study showed that after adjustment for trad-
itional cardiac risk factors, carotid IPN was an independent predictor
of CAD and demonstrated a greater sensitivity and specificity for pre-
dicting CAD than carotid CIMT, MPH, or TPA. In a 30-day follow-up
period, participants with an IPN score meeting our pre-determined
cut-off value of 1.25 for predicting CAD, had a higher probability of
experiencing a CV event. Overall, this study outlines the potential
utility of CEUS-evaluated carotid IPN as a clinically and practically in-
formative CV risk stratification tool and a minimally invasive vascular
imaging biomarker for CAD.

It is crucial that biomarkers that aid in stratifying participants based
on their risk of future CV events are also able to predict the presence
of significant CAD, since this is often a precursor of acute ischaemic
cardiac events. Previously, we determined that MPH and TPA in the
carotid artery were able to predict CAD.11,12 Furthermore, it has
been shown that carotid plaque is a better predictor of CAD than
CIMT.17 This is consistent with our finding that both MPH and TPA
had higher sensitivities for predicting CAD than did CIMT in this co-
hort. However, the specificities of these tests are often low, partly
because the testing population is higher risk, and partly because ath-
erosclerosis is known to progress over time.18 Many individuals
referred for coronary angiography have age-related carotid plaque
development, limiting the use of MPH and TPA as an imaging bio-
marker for CAD. This outlines the importance of assessing both
quantity and quality of carotid plaque when establishing risk-
stratification tools for CAD.

CEUS of the carotid artery is a useful non-invasive tool that allows
for the visualization of IPN. This technique can detect even the small-
est microvasculature within a plaque lesion. In this study, we found
that carotid IPN score had an even higher sensitivity for predicting
CAD than CIMT, MPH, or TPA. Of note, the c-statistics presented in

Figure 3 Carotid IPN is associated with complexity of coronary
disease. Carotid IPN assessed using contrast-enhanced ultrasound
is significantly increased in patients with angiographically assessed
complex coronary lesions. *P < 0.05.

Carotid IPN predicts CAD and CV events 1243
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.this study for MPH and TPA were lower than previously
recorded.11,12 This is largely due to the fact that this study included
only participants with carotid plaque that could be assessed for neo-
vascularization. In addition, this study concentrated on a patient
population with a slightly lower pre-test probability of CAD than

previously reported, as we excluded all participants with previous MI,
stroke, transient ischaemic attack, coronary stenting, and coronary
artery bypass surgery. However, in this high-risk cardiac population,
our data demonstrate the importance of assessing plaque quality ra-
ther than quantity.

......................................................................... .........................................................................

....................................................................................................................................................................................................................

Table 3 Univariate and multivariate logistic regression analyses for association between CAD and various
parameters

Variables Univariate analysis Multivariate analysis

Odds ratio 95% CI P-value Odds ratio 95% CI P-value

Age (per year) 1.02 1.00–1.04 0.02 1.03 1.01–1.05 0.002

Sex (male) 2.24 1.48–3.38 0.0001 2.13 1.38–3.30 0.001

Smoking 1.63 1.10–2.43 0.02 1.59 1.05–2.43 0.03

Hypertension 1.40 0.93–2.09 0.10

Hyperlipidaemia 1.80 1.23–2.65 0.003 1.59 1.05–2.42 0.03

Diabetes mellitus 1.63 1.03–2.58 0.04 1.4 0.85–2.29 0.19

BMI (kg/m2) 0.98 0.95–1.02 0.05

eGFR (mL/min*1.73 m2) 0.99 0.98–1.00 0.12

CIMT (per IQR) 1.90 1.42–2.55 <0.0001 1.59 1.17–2.16 0.003

MPH (per IQR) 2.32 1.72–3.14 <0.0001 1.9 1.38–2.63 <0.0001

TPA (per IQR) 1.92 1.47–2.51 <0.0001 1.56 1.17–2.08 0.003

aIPN (per score 0.25) 2.41 2.08–2.79 <0.0001 2.43 2.09–2.83 <0.0001

aIPN, average intraplaque neovascularization; BMI, body mass index; CI, confidence interval; CIMT, carotid intima-media thickness; eGFR, estimated glomerular filtration rate;
IQR, interquartile range; MPH, maximum plaque height; TPA, total plaque area.

....................................................................................................................................................................................................................

Table 4 Predictive values for CIMT, MPH, TPA, and IPN when used to predict CAD

Variables

(N 5 459)

AUC Cut-off Significant

CAD

Non-significant

CAD

PPV

(%)

NPV

(%)

Sens

(%)

Spec

(%)

LR1

(%)

LR2

(%)

A. For predicting (>_50% stenosis)

CIMT 0.625 >_0.80 mm TP 132 FP 43 75 46 46 75 189 71

<0.80 mm FN 152 TN 132

MPH 0.661 >_2.41 mm TP 186 FP 72 72 51 65 59 159 59

<2.41 mm FN 98 TN 103

TPA 0.665 >_27.6 mm2 TP 216 FP 83 72 58 76 53 160 46

<27.6 mm2 FN 68 TN 92

aIPN 0.94 >_1.25 TP 260 FP 20 93 87 92 89 801 10

<1.25 FN 24 TN 155

B. For predicting severe CAD (>_70% stenosis)

CIMT 0.603 >_0.75 mm TP 137 FP 85 62 55 56 61 143 72

<0.75 mm FN 106 TN 131

MPH 0.643 >_2.42 mm TP 161 FP 94 63 60 66 56 152 60

<2.42 mm FN 82 TN 122

TPA 0.667 >_24.8 mm2 TP 201 FP 117 63 70 83 46 153 38

<24.8 mm2 FN 42 TN 99

aIPN 0.853 >_1.25 TP 224 FP 56 80 89 92 74 356 11

<1.25 FN 19 TN 160

aIPN, average intraplaque neovascularization; AUC, area under the curve; CIMT, carotid intima-media thickness; FN, false negatives; FP, false positives; LR-, negative likelihood
ratio; LRþ, positive likelihood ratio; MPH, maximum plaque height; NPV, negative predictive value; PPV, positive predictive value; sens, sensitivity; spec, specificity; TN, true neg-
atives; TP, true positives; TPA, total plaque area.

1244 L.E. Mantella et al.
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..A limitation of assessing carotid IPN is the presumption that there
is a high correlation between two vascular beds. However, many
studies have shown that plaque instability is not a local characteristic,
but rather it occurs systemically.9,19 In support of this notion, we
found that IPN score was significantly increased in participants with
complex coronary disease. This aligns with the work done by
Deyama et al.,10 which demonstrated that in patients with severe
CAD (>_70% stenosis), carotid IPN was associated with complexity
and extent of the coronary lesions, as well as the number of diseased
vessels. Taken together, this data support the theory that plaque vul-
nerability is a systemic process, and higher degrees of neovasculariza-
tion in one vascular bed may be representative of others.

Past studies have identified the value of carotid plaque detection in
the prediction of future CV events. In 2015, Baber et al.20

demonstrated in roughly 6000 patients that carotid plaque burden
detected with 3D ultrasound was associated with major adverse car-
diac events. Furthermore, Sillesen et al.21 built upon this study by
determining that, like carotid plaque burden, increasing maximum ca-
rotid plaque thickness was associated with an increased risk of future
major adverse cardiac events compared with participants without ca-
rotid atherosclerosis. Thus, it follows that a high degree of carotid
IPN, which signifies a high probability for intraplaque haemorrhage
and rupture, would be associated with an increased risk for future
CV events.1 This study demonstrated that a higher IPN score corre-
lated to total 30-day CV events, including coronary revascularization,
heart failutre, MI, stroke, and cardiac death, indicating that carotid
IPN by CEUS assessment reflects systemic plaque vulnerability.
Other studies have also demonstrated similar findings in slightly dif-
ferent populations. For example, in patients with known stable CAD,
Zhu et al.22 found that the presence of contrast material enhance-
ment of carotid plaque was a significant and independent predict-
or of future coronary events. In addition, using quantitative region
of interest detection software, Nakamura et al.23 showed that pla-
que enhanced intensity in the carotid artery was an independent
predictor of secondary cardiac events in patients with severe
CAD (>_70% stenosis). This suggests that neovascularized carotid
plaque lesions are vulnerable and can indicate angiographically un-
stable coronary plaques and future CV events. Non-invasive, ac-
cessible, cost-effective, and accurate methods that detect the
instability of coronary lesions are crucial for the management of
high-risk patients. This need outlines the utility of CEUS assess-
ment of carotid plaque in providing clinically relevant information
to aid in risk stratification.

Certain imaging modalities such as coronary computed tomog-
raphy angiography and myocardial perfusion imaging are not practical
for the screening of all high-risk patients.24 Thus, there is a call for
minimally invasive and inexpensive screening methods with good pre-
dictive ability for CAD. Current commonly used risk-stratification

............................................. ....................................................................................................

....................................................................................................................................................................................................................

Table 5 Univariate and multivariate Cox proportional hazards analyses of risk factors for cardiovascular events

Univariate analysis Multivariate analysis

Variables Risk ratio 95% CI P-value Risk ratio 95% CI P-value

Age (per year) 1.01 0.97–1.07 0.46

Sex (male) 1.95 1.76–6.08 0.20

Smoking 0.64 0.29–1.56 0.30

Hypertension 0.66 0.27–1.67 0.36

Hyperlipidaemia 1.13 0.50–2.71 0.77

Diabetes mellitus 0.89 0.33–2.23 0.82

BMI (kg/m2) 0.99 0.91–1.06 0.72

eGFR (mL/min*1.73 m2) 1.01 0.98–1.03 0.54

CIMT (per IQR) 1.43 0.83–2.44 0.19

MPH (per IQR) 1.62 1.00–2.53 <0.05 1.18 0.75–1.83 0.46

TPA (per IQR) 1.11 0.72–1.50 0.61

aIPN (per score 0.25) 1.35 1.15–1.64 0.0007 1.34 1.13–1.63 0.001

aIPN, average intraplaque neovascularization; BMI, body mass index; CI, confidence interval; CIMT, carotid intima-media thickness; eGFR, estimated glomerular filtration rate;
IPN, Intraplaque neovascularization; IQR, interquartile range; MPH, Maximum plaque height; TPA, total plaque area.

Figure 4 Survival analysis of stable patients based on carotid IPN.
Kaplan–Meier curves show cumulative cardiovascular event-free
survival according to an IPN score threshold of 1.25. Cumulative
event-free survival in patients with significant IPN was significantly
worse than that of patients without significant IPN.
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.
tools include exercise and dobutamine stress tests and myocardial
perfusion imaging. CEUS-assessed carotid IPN should not replace
these tools, but rather be used alongside, in order to add to the infor-
mation provided by traditional risk-factor assessment and enable re-
classification of patients into more accurate risk categories.

Limitations
Our analysis concentrates on a patient population of mostly symp-
tomatic participants that are not representative of the entire popula-
tion that would be targeted for the use of CEUS in a primary
prevention setting. However, many publications assessing CV risk
stratification tools are conducted in patients referred for clinical angi-
ography so that a comparison to the clinical standard diagnosis can
be made. Secondly, there is high subjectivity due to the use of semi-
quantitative image analysis. In order to mitigate this bias, we per-
formed interobserver and intraobserver reliability studies, which
each demonstrated good reliability. In addition, by using a semi-
quantitative grading system, this technique becomes more accessible
for use in a primary care setting. However, a larger study with a
lower-risk population is required to confirm these observations. It is
also noteworthy that our follow-up time of 30 days was quite short.
Future studies will involve an analysis of long-term outcomes of
patients with carotid IPN. Lastly, CEUS is a technique that is heavily
dependent on the plane of the image. Thus, neovascularization in cer-
tain plaques may have been overlooked. Plaque lesions may also go
unseen due to acoustic shadowing. To account for this, we com-
pleted extensive reproducibility studies, assessing interoperator re-
producibility of both scanning and offline IPN analysis.

Conclusion

Carotid IPN is a useful non-invasive tool that can predict the pres-
ence and complexity of CAD. Furthermore, it is able to predict the
development of future cardiac events in stable patients. This proced-
ure can provide expedited, safe, accurate, and cost-effective patient
care through information that will aid in CV risk stratification.
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