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Objective. To evaluate the role of quantitative ultrasound parameters of atherosclerotic plaque
(ASP) as predictors of the development of the primary composite endpoint in patients with carotid
atherosclerosis.

Materials and methods. A total of 675 patients with carotid atherosclerosis with no history of
transient ischemic attack or ischemic stroke at the time of inclusion in the study were examined;
48.4% were men, with an average age of 66 [61; 72] years. All patients underwent electrocardiography,
echocardiography, carotid arteries duplex ultrasound with assessment of the degree of stenosis
according to NASCET and maximum wall thickness (MWT) of plaque with subsequent analysis of ASP
images in DICOM format. A computer software (own development) was used to calculate the total area
of the ASP and segment the image by grayscale ranges (“blood”, “lipids”, “muscle and fibrous
components”, and “calcium”). The observation period was 5 years. The primary composite endpoint
was the development of an ischemic event in the carotid territory on the affected side or surgical
treatment of carotid stenosis. Differences were considered statistically significant at p < 0.05.

Results. During the follow-up period, 85 patients (12% ) achieved primary composite endpoint.
This event occurred 3 and 10 times more frequently in patients with Gray-Weale ASP types I and II
than in those with types III and IV, respectively. Independent predictors in the five-year risk
stratification model for event development included the NASCET stenosis grade, MWT, and the
plaque image segmentation parameters excluding the “fibrous component”. Patients were divided into
three groups: a “high-risk” group for developing primary composite endpoint (the predicted overall
five-year risk (OR) was 30% or more) — 136 patients (21%), a “low-risk” group (less than 15% OR) —
405 patients (64%), and a “medium (intermediate) risk” group (from 15% to 30% OR) — 99 patients
(15% ). The median values of the degree of stenosis according to NASCET and the MWT were 15 [4;
251% and 2.5[2.1; 3.1] mm for the low-risk group, 24 [14; 27]% and 3.0[2.5; 3.6] mm for the average
risk group, and 50 [38; 69]% and 4.3 [3.8; 5.5] mm, respectively (p < 0.0001).

Conclusions. The degree of stenosis according to NASCET, MWT and the results of segmentation
of the gray-scale image of the ASP by gray-scale ranges are significant independent predictors of the
development of primary composite endpoint in asymptomatic patients with carotid atherosclerosis.
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INTRODUCTION

Ischemic stroke (IS) remains one of the
leading causes of mortality and disability
worldwide and ranks among the most preva-
lent non-communicable diseases. The high
prevalence of traditional risk factors (arteri-
al hypertension, diabetes mellitus, dyslipi-
daemia, smoking, and others), together with
the long asymptomatic course of atheroscle-
rosis, contributes to a substantial burden of
stroke, particularly in countries with very
high cardiovascular risk, including the
Russian Federation. Contemporary primary
prevention of cardiovascular events is based
on global risk estimation using clinical and
demographic scores (SCORE2, SCORE2-OP)
followed by correction of modifiable risk fac-
tors. However, the predictive accuracy of
these tools for atherothrombotic IS in asymp-
tomatic patients with carotid atherosclerosis
is limited, which underscores the need for
additional imaging-based risk modifiers.

Ultrasound examination of the carotid ar-
teries is of particular importance, as it enables
assessment not only of stenosis severity but
also of plaque morphology. Ultrasound fea-
tures associated with an increased risk of
stroke in asymptomatic patients include steno-
sis progression, spontaneous embolic signals
on transcranial Doppler, reduced cerebrovas-
cular reactivity, large hypoechoic and hetero-
geneous plaques, and a pronounced juxtalumi-
nal hypoechoic zone [3]. However, stratifica-
tion based solely on the degree of stenosis is
now regarded as insufficient, since several
morphological characteristics of carotid
plaque have been shown to be independent pre-
dictors of IS irrespective of luminal narrowing
[4]. In 2024, the Carotid Plaque-RADS system
for IS risk stratification was proposed [5]. It
was founded on the concept that carotid plaque
histopathology is constant, whereas imaging

modalities (ultrasound, magnetic resonance
imaging, computed tomography, and others)
may evolve, and their diagnostic statements
should rely on the available evidence base.

One approach to refining ultrasound as-
sessment of carotid atherosclerosis is the de-
velopment and implementation of quantita-
tive criteria, such as greyscale-based meth-
ods for plaque characterization [6]. Studies
in this area, however, have generally been
conducted in relatively small cohorts, and
harmonized criteria for image acquisition
and analysis are lacking, which precludes
firm conclusions about the incremental value
of quantitative ultrasound over other imag-
ing techniques in evaluating vulnerable ca-
rotid plaques [7].

The objective of the present study was
therefore to assess the role of quantitative
ultrasound parameters of carotid atheroscle-
rotic plaque (ASP) as predictors of the pri-
mary composite endpoint in patients with
carotid atherosclerosis.

MATERIALS AND METHODS

We examined 675 individuals (48.4%
men; median age 66 [61; 72] years) who un-
derwent outpatient evaluation and treatment
at two clinics of the European Institute of
Family Health LLC between 2018 and 2023.
Patients were eligible for inclusion if they
met all of the following criteria:

1) presence of an ASP in the carotid sinus
with thickness >1.5 mm;

2) no documented history of transient is-
chemic attack (TIA) or IS in the ipsilateral
carotid territory at the time of enrolment;

3) no atrial fibrillation on electrocardio-
gram or in the medical history;

4) no occlusion of the internal carotid ar-
tery (ICA);
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5) on echocardiography at baseline: no aor-
tic arch atherosclerotic plaque, mechanical or
bioprosthetic valve prostheses, conduits,
signs of infective endocarditis, left ventricu-
lar thrombus, cardiomyopathy, or patent fo-
ramen ovale, and no Fontan circulation after
repair of congenital heart disease;

6) no documented systemic vasculitis or
fibromuscular dysplasia;

7) no malignant neoplasm;

8) adequate carotid imaging quality, with
exclusion of patients with severe calcifica-
tion causing acoustic shadowing, suboptimal
acoustic windows (high carotid bifurcation,
marked angulation of the ICA), or unfavour-
able anthropometric features (“short, thick
neck”).

Patients were followed for up to 5 years or
until occurrence of the primary composite
endpoint, defined as IS or TIA in the territory
of the stenotic carotid artery, carotid artery
stenting, or carotid endarterectomy.
Individuals who reached the primary compos-
ite endpoint formed the event group, whereas
the remaining patients constituted the com-
parison group. Exclusion (drop-out) criteria
during follow-up were:

1) death from any cause other than IS in
the ipsilateral carotid territory;

2) occurrence of IS adjudicated as cardi-
oembolic;

3) change of residence precluding further
follow-up.

Initially, 695 patients were enrolled.
During follow-up, 20 patients were excluded:
8 died, 10 experienced cardioembolic stroke,
and 2 moved to a different place of residence.

The median prospective follow-up dura-
tion was 4 [2; 6] years. The final event group
therefore comprised 85 patients (12%) who
reached the primary composite endpoint, and
the comparison group consisted of 590 pa-
tients (88% ) who remained asymptomatic. In
the event group, age ranged from 40 to 78
years, with a median of 64 [58; 68] years; the
median age of men and women was 63 [562; 66]
and 67 [64; T1] years, respectively. In the
comparison group, age ranged from 30 to 90
years, with a median of 67 [61; 73] years.
Eighteen patients (21%) in the event group
underwent carotid revascularisation.

The study was conducted in accordance
with the principles of the Declaration of
Helsinki. The study protocol (No. 12) was

approved by the local ethics committee on 18
March 2023. Written informed consent was
obtained from all participants prior to inclu-
sion.

Standard 12-lead electrocardiography and
transthoracic echocardiography were per-
formed in all participants. Cardiac structure
and function, valve apparatus, and the aorta
were assessed using ultrasound systems Logiq
E9 and Logiq F8 (General Electric, USA).
The Logiq E9 system was equipped with an
M5S-D matrix phased-array transducer (1.7—
4.6 MHz), whereas the Logiq F8 system used
a 3Sc-RS phased-array transducer (1-4 MHz).
Echocardiographic examinations were per-
formed by experienced specialists (more than
10 years of practice) in accordance with cur-
rent recommendations [8].

Duplex ultrasound of the brachiocephalic
arteries was carried out on the same scanners
by ultrasonographers with more than 10 years
of experience, using 9L-D (3—9 MHz) and
11L-D (4-10 MHz) linear transducers on the
Logiq E9 and an L2-12-RS (4-13 MHz) linear
transducer on the Logiq F8. During carotid
ultrasound, maximum wall thickness (MWT)
of plaque in the carotid sinus [9] was meas-
ured in mm, and NASCET stenosis grade was
quantified planimetrically in per cent [4]. In
cases with NASCET stenosis >40% , addition-
al Doppler assessment of haemodynamic ste-
nosis severity was performed according to the
multiparametric ultrasound criteria of
DEGUM [10]. All B-mode images of ASP were
saved and exported in DICOM format for sub-
sequent off-line greyscale analysis.

Custom software was developed in Python
for quantitative analysis of plaque images.
The algorithm converted B-mode images into
an 8-bit greyscale (0—255) and normalised
them analogously to Adobe Photoshop, with
the vessel lumen set as the 0-intensity refer-
ence. ASP segmentation by predefined grey-
scale ranges was implemented following the
approach of Image-Pro Plus (Media
Cybernetics, USA). The following greyscale
intervals were assigned to specific tissue
components: 0—4 to “blood”, 8—26 to “lipids”,
41-76 to “muscle component”, 112-196 to
“fibrous tissue”, and 211-255 to “calcium”
[6, 11]. After manual tracing of plaque con-
tours in the longitudinal plane, the software
automatically calculated total plaque area
(TPA) (mm?) based on DICOM metadata and
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Fig. 1. B-mode ultrasound of the carotid arteries. Atherosclerotic plaque in the carotid sinus (a), results of
segmentation by gray scale ranges of this carotid sinus plaque using an own developed computer software (b).

quantified the relative (per cent) and absolute
(mm?) content of each component (Fig. 1).

ASP echostructure was additionally grad-
ed according to the Gray-Weale classification
[12]. Given that the custom software allowed
segmentation of anechoic (“blood”) and hypo-
echoic (“lipid”) components, we sought to
render this qualitative scale more objective
by re-defining ASP types according to the
summed proportion of these components.
Reference images of the four Gray-Weale
plaque types from the original publication
[12] were imported in JPG format, normal-
ised as described above, and segmented over
the 0—255 greyscale range. Threshold values
for the combined percentage of “blood” and
“lipid” were derived for each type: 63% for
type I, 80% for type II, 17% for type III, and
2% for type IV. On this basis, ASP in the
study cohort were classified as follows: type I
- 260% ; type II — 30-59%; type III — 17—
29%; and type IV — <16% of the combined
anechoic and hypoechoic components.

All recorded variables were prepared for
statistical analysis and explored using stand-
ard descriptive and inferential methods.
Normality of distribution was assessed with
the chi-square test and the Kolmogorov—
Smirnov test. Because most variables were
non-normally distributed, non-parametric
tests were used for group comparisons.
Event-free survival, defined as the probabil-
ity of not reaching the primary composite
endpoint, was analysed using Kaplan—Meier
survival curves stratified by Gray-Weale
plaque type.

To develop a carotid ultrasound-based
model for cerebrovascular risk stratification,
Cox proportional hazards regression with

backward stepwise selection was applied,
with follow-up time as the survival variable,
the primary composite endpoint as the out-
come, and quantitative ultrasound parame-
ters as candidate predictors. Model signifi-
cance was evaluated using chi-square statis-
tics for the joint effect of time and covariates.
Discriminative performance was assessed by
Harrell’s concordance index (C-index). From
the baseline cumulative hazard function, the
mean cumulative risk (CR) at 5 years was es-
timated for the study cohort. Knowing the
population risk (PR) of IS or TIA in this popu-
lation (13% ), the overall risk (OR) was calcu-
lated as:

OR =CR + PR,

where OR is the overall risk (%), CR is the
cumulative risk (%), and PR is the popula-
tion risk (%).

Receiver operating characteristic (ROC)
analysis was then performed using the re-
gression function values as the independent
variable and group status (event vs non-
event) as the dependent variable, yielding
sensitivity, specificity, and the optimal cut-
off. For the best-performing model, the cut-
off of the regression function was mapped to
a calculated OR value. Patients with OR >
30% were classified as high-risk (risk catego-
ry 3). Those with OR < 15% (approximately a
two-fold lower OR) were classified as low-risk
(risk category 1), and patients with interme-
diate OR (15—<30%) were assigned to the in-
termediate-risk category (risk category 2).

All analyses were performed using MedCalc
for Windows (version 22.023). A two-sided
p-value < 0.05 was considered statistically
significant.
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RESULTS

The main quantitative ultrasound charac-
teristics of the study population and their
distribution between patients who did and did
not reach the primary composite endpoint are
summarized in Table 1.

Quantitative parameters such as MWT,
TPA and NASCET stenosis grade differed
significantly between the event and compari-
son groups, with systematically higher val-
ues in patients who reached the primary com-
posite endpoint. In the event group, Gray-
Weale type II plaques predominated, whereas
type IV plaques were most frequent in the
comparison group. The Spearman rank cor-
relation coefficient between group status and
Gray-Weale type was 0.385 (p < 0.0001), in-
dicating a moderate association whereby
higher ASP type was more common in the
comparison group.

Because of the small number of type I
plaques (n = 8), types I and II were combined
for Kaplan—Meier analysis to ensure suffi-
cient statistical power. Kaplan—Meier curves
for event-free survival (Fig. 2) demonstrated
significant differences between plaque types
(p < 0.0001). The largest area under the sur-
vival curve was observed for type IV plaques
(4.901), the smallest for types I-II (4.101),
and an intermediate value for type III plaques
(4.621).

As shown in Table 2, Gray-Weale types I-
IT were associated with a three-fold higher
risk of reaching the primary composite end-
point compared with type III ASP and an al-

Table 1. Instrumental characteristics of patients

Primary composite endpoint
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Fig. 2. Results of the Kaplan—Meier analysis
depending on the atherosclerotic plaque type
according to Gray-Weale.

most ten-fold higher risk compared with type
IV ASP, which were virtually benign in this
context.

To estimate cerebrovascular risk based on
quantitative ultrasound parameters, three
Cox regression models were constructed. The
first model included TPA, MWT, and
NASCET stenosis grade. The second model
incorporated the areas of all segmented ASP
components across predefined grayscale
ranges. The third, composite model combined
variables from both approaches. The compos-
ite model demonstrated the best predictive
performance and retained the following inde-
pendent predictors after backward elimina-

Indicator All patients I;EEPS(;;) fnCEI;;;; p-values

MWT, mm 2.9[2.3; 3.7] 4.7[3.9; 5.9] 2.8[2.2; 3.3] 0.0001
TPA, mm? 21.3[14.1; 33.6] | 59[41.9;82.3] | 19.4[13.2; 29] 0.0001
NASCET stenosis, % 20[10; 40] 54 [42; 70] 18[8; 30] 0.0001
Gray-Weale type :

I 8(1) 4 (5) 4 (1) -

II 112 (17) 45 (53) 67 (11) -

111 140 (21) 21 (25) 119 (20) -

v 415 (61) 15(17) 400 (68) -

Note. Data are presented as absolute number (%), median [Q1; Q3]. PCEP — primary composite endpoint;
MWT — maximum wall thickness; TPA — total plaque area.
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Table 2. Odds ratios for achieving the primary composite endpoint by atherosclerotic plaque type according
to Gray-Weale

Factor PCEP (+) PCEP (-) HR (95% CI) p-values
Types I-11 49 (41) 71 (59) 9.92(6.13; 16.07) 0.0001

Type III 21 (15) 119 (85) 3.37(2.09; 5.41) 0.0001

Type IV 15 (4) 400 (96) 0.29 (0.18; 0.49) 0.0001

Note. Data are presented as absolute number (% ). PCEP-primary composite endpoint; CI — confidence
interval; HR — hazard ratio.

Table 3. Statistical parameters of the comprehensive prognostic model based on all quantitative parameters

X2 214

df 6

p <0.0001

Harrell’s C-index 0.665
Harrell’s C-index (95% CI) (0.633; 0.697)
Indicator Regression coefficient Hazard ratio (95% CI) p

Maximum wall thickness 0.386 1.46 (1.18; 1.81) 0.0005
NASCET stenosis 0.03086 1.03 (1.02; 1.04) <0.0001
“Blood” 0.03255 1.03 (1.01; 1.06) 0.0037
“Lipids” 0.06633 1.07 (1.08; 1.1) 0.0006
“Muscle” —-0.05606 0.93 (0.89; 0.97) 0.0007
“Calcium” 0.03607 0.84 (0.78; 0.92) 0.0002

tion: MWT, NASCET stenosis grade, and
grayscale segmentation parameters for
“blood”, “lipids”, “muscle component”, and 100 -
“calcium”, whereas TPA and the “fibrous tis-
sue” component did not reach the predefined
significance level and were excluded (Table 3). 80 -

The regression model showed moderate
discriminative ability (Harrell’s C-index

Risk calculation function for PCEP

0.665, 95% CI10.633-0.697), significant haz- S 60r
ard ratios for all retained covariates (95% CI z
not including 1), and high overall model sig- 2
nificance (p < 0.0001). The predicted mean G 40
overall five-year risk of the primary compos- o)

ite endpoint in asymptomatic patients was )
31%, rounded to 30% . The optimal cut-off 0

value of the regression function was 2.7739; AUC = 0,963
patients with values at or above this thresh- oL I p = 0,001
old were classified as high-risk, with an over- i | | | | !
all accuracy of 93%, sensitivity of 95%, 0 20 40 60 80 100
and specificity of 90% (Fig. 3). Patients 100-Specificity, %

with an approximately two-fold lower over-

11 risk (<p{)5(y . y. £ tion < 1.387) Fig. 3. Evaluation of the effectiveness of the
allris 970, regress19n unction *<T comprehensive prognostic model for assessing
were classified as low-risk, and those with the risk of developing the primary composite
values between 1.387 and 2.7739 were as- endpoint (PCPE).
signed to the intermediate-risk category.
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¥ High risk

Intermediate
risk

H Low risk

Fig. 4. Distribution of patients by risk group.

Fig. 4 shows the distribution of asympto-
matic patients at baseline across the three
risk categories. The largest group comprised
low-risk patients (n = 405, 64%), followed by
high-risk patients (n = 136, 21%) and inter-
mediate-risk patients (n = 99, 15%).

Fig. 5 shows the median NASCET carotid
stenosis grades in the three risk groups: low
risk — 15% [4; 25], intermediate risk — 24%
[14; 37], and high risk — 50% [38; 69]. Highly
significant between-group differences were
observed (Kruskal-Wallis test H = 282,
p <0.0001), which were confirmed by Dunn’s
post hoc analysis.

Fig. 6 presents the distribution of MWT
according to risk stratification for the pri-
mary composite endpoint. The analysis
showed a consistent increase in median MWT
with rising risk: low risk, 2.5[2.1; 3.1] mm;

100 | N
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=
% 60 0909%0 °Z§°
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X
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B 40
O
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1 2 3
Risk groups

Fig. 5. Distribution of median carotid stenosis
grades according to NASCET across risk groups
for developing the primary composite endpoint.

intermediate risk, 3.0 [2.5; 3.6] mm; and
high risk, 4.3 [3.8; 5.5] mm. Application of
the Kruskal-Wallis test revealed highly sig-
nificant between-group differences (H = 288;
p < 0.0001). Subsequent Dunn’s post hoc
analysis confirmed statistically significant
differences between all pairs of groups, indi-
cating that increasing ASP geometry is asso-
ciated with higher cerebrovascular risk.

DISCUSSION

In our study, the median follow-up time
from enrolment to the occurrence of IS or TIA
in the event group was 2 years. Similar fol-
low-up durations have been reported in stud-
ies with a comparable design [7, 13].

Publications specifically addressing the
qualitative Gray-Weale classification of ca-
rotid ASP types and their relationship with
plaque instability are relatively scarce, and
the available data are highly inconsistent.
Some reports highlight the usefulness of this
classification and its considerable value in
predicting embolic risk associated with vul-
nerable ASP [12], whereas others fail to dem-
onstrate a significant association between
individual Gray-Weale plaque types and an
increased risk of IS [14]. Recognizing that
the main limitation of this scheme is its qual-
itative and therefore subjective nature, with
low inter-operator reproducibility, we con-
verted it into a quantitative assessment in
our study and determined ASP type for each
patient automatically, based on the percent-
age of the hypo to anechoic component within

10 |-

o
oo

MWT, mm

Risk groups

Fig. 6. Distribution of median maximum plaque
height (MPH) across risk groups for developing
the primary composite endpoint.
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the ASP. A similar approach was identified in
the work of Nicolaides A. et al. [13], in which
image segmentation was also performed us-
ing dedicated software and ASP were classi-
fied into four types according to the propor-
tion of low echogenic tissue (grey scale medi-
an (GSM) < 25). Although their thresholds
produced somewhat different distributions
across ASP types, they partially overlapped
with our gradations: type I corresponded to
“GSM < 25” in > 85% of the plaque, type II to
50-85%, type III to 15-50%, and type IV to
<15%.

In our study, we found statistically sig-
nificant differences in ASP types between the
event group and the control group. The pre-
dominant ASP types in patients who reached
the primary composite endpoint were Gray-
Weale types I and II (more hypoechoic
plaques), whereas type IV (hyperechoic
plaque) predominated in the comparison
group. A moderate but significant associa-
tion was observed between ASP type and
clinical group, confirming the trend that
more hypoechoic plaques are more emboli-
genic, while more hyperechoic ASP are more
stable. Similar findings were reported by
Pogorelova O.A. et al. [15], who analyzed the
grey-scale median of carotid plaques.
According to our survival analysis, Gray-
Weale type IV ASP were associated with a
negligible risk of IS or TIA, whereas the pres-
ence of type I or IT ASP increased the risk of
ischemic events almost three-fold compared
with type III and nearly ten-fold compared
with type IV. Comparable results were ob-
tained in the CREST-2 trial [16].

We developed a composite regression mod-
el for risk stratification of the primary com-
posite endpoint that included MWT, NASCET
stenosis grade and quantitative greyscale pa-
rameters of ASP, with the exception of the
“fibrous tissue” component. The “muscle
component” on the greyscale scale was associ-
ated with a lower probability of the endpoint
and improved survival. This model can be
used to predict the risk of IS or TIA in asymp-
tomatic patients with carotid atherosclerosis.
The cumulative five year risk estimated by
the model was 18% , while the population risk
was 13% . Accordingly, we defined high risk
as an overall risk >30%, intermediate risk as
15-<30%, and low risk as < 15% . According
to the literature [13], similar five year cere-

brovascular risk estimates in comparable
populations have been obtained using Kaplan—
Meier analysis, in which continuous variables
with a significant impact on outcome (ECST
carotid stenosis grade, GSM < 25, TPA) were
converted into ordinal categories, and cumu-
lative risk was calculated from hazard ratios
between baseline and extreme values.

We evaluated the performance of our risk
stratification against independent predictors
such as NASCET carotid sinus stenosis grade
and MWT. Thedifferencesinmedian NASCET
stenosis between the risk groups were highly
significant, with a median stenosis of 50%
[38; 69] % in the high risk group, a range
that would generally warrant consideration
of surgical treatment in symptomatic pa-
tients. Similarly, MWT showed highly sig-
nificant between group differences; in the
intermediate risk group, the median value
was 3.0 [2.5; 3.6] mm. According to pub-
lished data, MWT > 3 mm is a marker of
asymptomatic patients who should be classi-
fied as having at least intermediate cerebro-
vascular risk [5, 13].

The limitations of this study include its
single-centre design, the absence of external
validation of the model, and the potential in-
fluence of ultrasound system settings on
source images; inter observer reproducibility
was not assessed. The proposed technique can
be applied only to ASP in the carotid sinus
and is not suitable for evaluating plaques in
other vascular territories. Multicentre stud-
ies with external validation, inter-laboratory
assessment of the method, and comparison
with other imaging modalities are required.

CONCLUSIONS

Using quantitative ultrasound criteria, we
developed a prognostic model for five year
risk stratification of the primary composite
endpoint in asymptomatic patients.
Preference was given to a composite model
based on MWT, NASCET stenosis grade and
quantitative greyscale segmentation parame-
ters of ASP (“blood”, “lipids”, “muscle com-
ponent”, and “calcium”), which demonstrated
superior performance metrics, including con-
cordance index, accuracy, sensitivity, and
specificity. On the basis of this model, asymp-
tomatic patients in our cohort were assigned
to three five year risk categories for IS or TIA
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in the ipsilateral carotid artery territory: low
risk (risk 1) — overall risk <15% ; intermedi-
ate risk (risk 2) — overall risk 15—<30% ; and
high risk (risk 3) — overall risk >30%.
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