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Abstract

Background: Ischemic stroke, a major global health concern, is often caused by carotid artery stenosis resulting from atherosclerotic plaque
formation. Carotid Doppler ultrasonography is a non-invasive method to assess the degree of stenosis and the characteristics of plaques, which are
crucial in evaluating stroke risk and guiding treatment decisions. Objective: This study aimed to explore the relationship between the percentage
of carotid artery stenosis, plaque morphology, and infarct volume in patients with acute ischemic stroke. Design: Cross-sectional analysis.
Subjects/Patients: Fifty patients diagnosed with ischemic stroke at the Department of Radiodiagnosis, PSG Institute of Medical Sciences and
Research, Coimbatore, between January 2019 and June 2020. Methods: Carotid Doppler ultrasound was used to quantify stenosis and classify
plaques based on echogenicity, surface contour, and internal texture. Infarct volumes were measured using MRI. Statistical correlations and
regression analyses were conducted to identify significant relationships. Results: Carotid stenosis was observed bilaterally in half of the cohort,
with average stenosis of 62.2% (right) and 55.4% (left). A moderate positive correlation was found between stenosis percentage and infarct volume
(r=0.446, p=0.035). Plaque morphology did not significantly correlate with infarct size. Regression analysis showed that age and stenosis severity
accounted for 48% of infarct volume variation. Conclusion: Carotid stenosis severity is a more reliable predictor of infarct volume than plaque
morphology, highlighting the value of Doppler-based stenosis assessment in ischemic stroke management.
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Introduction with atherosclerotic plaques in the carotid arteries. These high-risk

plaques, particularly those with features such as rupture, fissuring,

Stroke is a critical public health issue globally and is characterized
by the World Health Organization as “a clinical syndrome that
consists of rapidly developing clinical signs of focal disturbance of
cerebral function lasting more than 24 hours” !l It remains one of
the most significant causes of long-term disability and mortality
worldwide 2. Stroke is broadly categorized into hemorrhagic and
ischemic types. Hemorrhagic strokes, resulting from vascular
rupture and subsequent bleeding into the brain parenchyma or
subarachnoid space, account for approximately 20% of all cases !,
Conversely, ischemic strokes, which constitute the remaining 80%,
typically arise from arterial occlusion or stenosis, with the middle
cerebral artery being the most frequently affected.

Hypertension and atherosclerosis of the carotid arteries are
well-established risk factors. The pathogenesis of ischemic stroke
often involves thromboembolic phenomena, primarily associated

or ulceration, can serve as embolic sources 1*!. Plaques implicated in
ischemic stroke frequently display characteristics such as a lipid-rich
necrotic core (LRNC), intraplaque hemorrhage (IPH), and fibrous
cap rupture (FCR) I,

Imaging modalities like computed tomography (CT),
magnetic resonance imaging (MRI), and angiography are crucial for
stroke diagnosis. Among these, carotid Doppler ultrasonography is
particularly useful for evaluating extracranial carotid artery disease.
It is a non-invasive, accessible method that provides valuable
information regarding both the degree of stenosis and plaque
morphology °!. This includes early identification of atherosclerotic
changes at the carotid bifurcation and classification of plaques by
echogenicity, texture, and surface regularity. Several studies have
demonstrated that both the severity of stenosis and the
morphological characteristics of plaques can be predictive of stroke
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recurrence and infarct burden ¥, Notably, plaques with hypoechoic
or ulcerated features have been associated with larger infarct
volumes and more severe neurological outcomes 7.

The purpose of this study is to explore the relationship
between carotid artery stenosis and plaque morphology, as assessed
by carotid Doppler ultrasound, and infarct volume measured on MRI
in patients with acute ischemic stroke. By evaluating these
parameters, the study aims to enhance our understanding of stroke
pathophysiology and improve risk stratification and management in
clinical practice.

Objectives

1. To determine the relationship between percentage of
carotid stenosis and severity of ischemic stroke in terms of
infarct volume on MRIL

2. To assess the relationship between -carotid plaque
morphology and infarct volume.

Methods

Study Design
This study was conducted as a prospective cross-sectional analysis.

Study Setting

The research was carried out in the Department of Radio diagnosis
at PSG Institute of Medical Sciences and Research, Coimbatore,
Tamil Nadu.

Study Period
Data collection spanned from January 2019 to June 2020.

Study Population
The study included patients presenting for MRI within 24 hours of
the onset of symptoms indicative of acute ischemic stroke.

Inclusion Criteria

1. Patients with an acute infarct in areas supplied by the
internal carotid artery.

2. Patients whose cerebral Diffusion-Weighted MRI (DWI)
quality was sufficient to allow adequate volume
measurement within 24 hours of symptom onset.

3. Patients who underwent carotid Doppler subsequent to
MRI.

Exclusion Criteria

1. Patients with infarcts in multiple vascular territories.
Patients with posterior circulation infarcts.

Patients with non-ischemic strokes.

Patients who developed hemorrhagic transformation.
Patients with normal carotid Doppler results.

Patients who underwent MRI after thrombolytic therapy.

Sk W

Sample Size
The sample size was determined using the formula:
Sample size=(Z1—a/2)2xSD2d2Sample size=d2(Z1-0/2)2xSD2
where:
e Zl1-0/2Z1-0/2 = standard normal variate for a 95%
confidence interval (1.96),
e SD = standard deviation (0.72, based on prior study
data)!®!,
e  dd =precision or absolute error (set at 0.2 mm).

Using these parameters, the sample size was calculated to be 50.

Methodology

MRI Evaluation

MRI brain imaging was performed on all patients within 24 hours of
symptom onset using a Siemens Tesla MR Scanner. The MRI
protocol included the following sequences:

e T1 Weighted Image: Sagittal plane

e T2 Weighted Image: Axial and sagittal planes, fast spin
echo sequence

e  T2-FLAIR: Axial plane

e  Diffusion Weighted Imaging (DWI): Axial plane with b-
values of 0, 500, and 1000, including

e  Apparent Diffusion Coefficient (ADC)

e  Susceptibility Weighted Imaging (SWI): Axial plane

The DWI hyperintense area with restricted diffusion was manually
measured by tracing each slice. The total area was summed and
multiplied by slice thickness (plus slice gap) to estimate the infarct
volume !,

Carotid Doppler Evaluation

Following MRI, patients underwent carotid Doppler evaluation with
a Siemens Acuson S2000 system using an 18L6 linear transducer.
This procedure was conducted with the patient in a supine position
with neck extension. Key assessments included:

e Intima Media Thickness: Measured in the common carotid
artery in longitudinal section.

e  Plaque Characterization: Based on echogenicity, texture,
and surface features following the modified Gray-Weale
classification "I,

o  Echogenicity:

=  Type 1: Uniformly anechoic/hypoechoic.

=  Type 2: Predominantly hypoechoic (>50%).

= Type 3: Predominantly hyperechoic (>50%).

=  Type 4: Uniformly hyperechoic.

= Type 5: Unclassified due to poor visualization or
calcifications.

o  Texture: Defined as homogenous (uniform consistency) or
heterogenous (non-uniform consistency).

o  Surface: Categorized as smooth/regular or irregular (with
variations in plaque contour from 0.4 to 2 mm).

o Ulcerations: Defined as a recess of at least 2 mm depth and
length, with a well-defined wall and flow reversal or low
signal at the recess level ",

Stenosis Measurement

Diameter stenosis was measured transversely using the traditional
(University of Washington) method, comparing residual lumen to
original luminal diameter. Stenosis degree was classified into four
categories: <50%, 50-69%, 70-99%, and complete occlusion I,
Spectral Doppler analysis was conducted on the common, internal,
and external carotid arteries, measuring peak systolic and end-
diastolic velocities.

Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics
software (version 21). Descriptive statistics were used to summarize
continuous variables (mean, standard deviation, range) and
categorical variables (frequency and percentage). The Kruskal-
Wallis test was employed to evaluate differences in carotid artery
stenosis and infarct volume across groups for continuous data.
Spearman’s rank-order correlation was utilized to assess
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relationships between numerical variables. Additionally, multiple
linear regression analysis was conducted to identify predictors of
infarct volume. A p-value of less than 0.05 was considered indicative
of statistical significance. Quantitative assessment of carotid artery
stenosis was carried out using Doppler ultrasonography, while
infarct volume measurements were derived from diffusion-weighted
magnetic resonance imaging (MRI). The study also included a
detailed analysis of plaque morphology—specifically evaluating
echogenicity, surface irregularity, and textural features—through
carotid Doppler imaging. Correlational analyses were conducted to
explore associations between the percentage of carotid stenosis and
infarct volume, as well as the relationship between distinct
morphological characteristics of plaques and infarct burden.
Understanding and quantifying carotid stenosis alongside plaque
morphology can serve as vital tools in the stratification of ischemic
stroke risk. Early identification of high-risk features and timely
intervention may significantly contribute to the reduction of
recurrent cerebrovascular events and guide individualized patient
management strategies.

Results

The data was collected from 50 participants. The mean age of the
study population was 61.04 years with a standard deviation of 12.87
years. The minimum and maximum ages were 29 and 90 years
respectively. The age distribution of study participants is represented
in figure L.

809

and maximum values were found to be 30 and 90 while the median
was 50.

When the percentage of stenosis of both right and left carotid
arteries were combined together the mean value was found to be 57.2
with a standard deviation of 23.9. The minimum and maximum
values were found to be 20 and 100 respectively. The median value
was 50. The distribution of the percentage of left carotid artery
stenosis is represented in figure II.

40

Percentage of stenosis of blﬂ{‘ right and left carotid arteries
Figure I1: Box-plot showing distribution of percentage of both
right and left carotid arteries stenosis (n = 50)

The mean infarct volume was found to be 21.62 with standard
deviation of 35.57. The minimum and maximum values were found
to be 0.1 and 140.7 respectively. The median value was 3.7. The
distribution of infarct volume is illustrated in figure I11.
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Figure I: Box-plot showing the age distribution of study
participants (n = 50) 200
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Among 50 participants, 25 (50%) had stenosis in the right carotid o
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Table I: Descriptive statistics for the numerical variables in the study
Variable N Mean Median Standard deviation | Minimum Maximum
Age 50 61.04 12.87 61.5 29.0 90.0
Percentage of RCA stenosis 25 62.2 50.0 24.1 30.0 90.0
Percentage of LCA stenosis 25 55.4 50.0 23.8 20.0 100.0
Percentage of both RCA and LCA stenosis 50 57.2 50.0 23.9 20.0 100.0
Infarct volume 50 21.62 3.7 35.57 0.1 140.7

RCA = Right Carotid Artery; LCA = Left Carotid Artery
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Association between carotid artery stenosis and infarct volume
The study population was divided into three groups according to the
percentage of carotid artery stenosis as follows,

1. Group 1: less than or equal to 50%
2. Group 2: between 51 to 69%
3. Group 3: equal to or greater than 70%

In the right carotid artery stenosis among 25 study participants, 10
came under groupl, 5 under group 2 and the remaining 10 under
group 3. Kruskal Wallis test was performed. It was found that the
mean value of infarct volume increased from group 1 to group 2 and
then to group 3 which had the highest infarct volume. It was found
that there was significant difference in infarct volume within these
groups with P value of 0.003. The results are represented in table II.

Table II: Association between right carotid artery stenosis
groups and infarct volume

Group N Mean Median | SD P value
1 10 14.32 3.25 31.11 0.003
2 5 30.02 4.60 51.01

3 10 51.65 30.65 42.54

In the left carotid artery stenosis among 25 study participants, 13
came under groupl, 6 under group 2 and the remaining 6 under
group 3. Kruskal Wallis test was performed. It was found that the
mean value of infarct volume was highest in group 3 followed by
group 1 and then group 2. But, it was found that there was no
significant difference in infarct volume within these groups with P
value of 0.231. The results are represented in table III.

Table III: Association between left carotid artery stenosis groups
and infarct volume

Group | N Mean Median | SD P value
1 13 21.89 2.80 36.62 0.231

2 6 0.97 0.60 0.67

3 6 25.49 8.50 37.81

r: P-Pearson correlation coefficient; N- frequency, SD- standard
deviation

When both right and left carotid artery stenosis groups were
combined together, out of 50 study participants, 23 came under
group 1, 11 participants under group 2 and 16 under group 3. Kruskal
Wallis test was performed to determine if there were any significant
differences in infarct volume between carotid stenosis artery groups.
It was found that the mean value of infarct volume was highest in
group 3 followed by group 1 and then group 2. It was found that
there was significant difference in infarct volume within these
groups with a P value of 0.013. The results are represented in table
Iv.

Table IV: Association between carotid artery stenosis groups and
infarct volume

Group | N Mean Median | SD P value
1 23 18.6 2.8 33.79 0.013
2 11 14.17 1.9 35.66

3 16 31.06 16.1 38.21

P-Pearson correlation coefficient; N- frequency, SD- standard
deviation

Correlation between infarct volume and percentage of carotid
stenosis

Spearman’s correlation test was used to find the correlation between
the percentage of carotid artery stenosis and infarct volume. For the

right carotid artery it was found to be 0.355 with a P value of 0.081.
The correlation for the left carotid artery stenosis was found to be
0.154 with a P value of 0.463. When both the right and left carotid
artery stenosis were taken together, there was a significant
correlation of 0.446 with a P value of 0.035. These results are
illustrated in figure I'V.
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Figure IV: Correlation between infarct volume and percentage
of carotid artery stenosis (n = 50)

Multiple regression analysis

The multiple regression analysis was used to predict the infarct
volume in consideration of the carotid stenosis percentage and age
in combination, infarct volume was the dependent variable and age
and carotid stenosis percentage were independent variables.
Considering age and carotid stenosis percentage together, it is seen
that the accuracy of the prediction of infarct volume was 48%. Thus,
it was established that there was a significant correlation with a P
value of 0.025. The results are given in table V.

Table V: Correlations between age, carotid stenosis percentage
and infarct volume

Regression | Standard error of P
coefficient regression coefficient | value
Model 3.634 5.070 0.025
constant
Age 0.019 0.069 0.018
Percentage 0.103 0.038 0.010
of carotid
stenosis

P-Pearson correlation coefficient

Plaque morphology

When echogenicity of plaque is considered, majority of the study
population had type 4, 19 (38%), followed by type 3 at 17 (34%) and
type 2, 14 (28%). When surface of the plaque was studied, most of
them 38 (76%) were irregular and regular surface was found in only
12 (24%) plaques. Among plaque texture, majority 30 (60%) had
heterogenous texture and homogenous texture was found in 20
(40%). Ulcerative plaques were found in 2 (4%) and circumferential
plaque was present in 1 (2%) individuals.

Association between carotid plaque morphology and infarct
volume

Kruskal wallis test was performed to find the association between
carotid plaque morphology and infarct volume. There was no
significant association between these variables,
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e Infarct volume and plaque echogenicity - P value of 0.168
e Infarct volume and plaque surface - P value 0of 0.910
e Infarct volume and plaque texture - P value of 0.812.

Discussion

This investigation was carried out within the Department of
Radiodiagnosis at PSG Institute of Medical Sciences and Research,
Coimbatore, spanning from January 2019 to June 2020. Fifty
subjects fulfilling the inclusion criteria were enrolled. The study
primarily aimed to examine the relationship between carotid artery
stenosis, plaque characteristics, and the volume of cerebral
infarction. Participants’ ages ranged from 29 to 90 years, with a
mean age of 61.04 years and a standard deviation of 12.87 years.

Carotid Artery Stenosis

Among the 50 participants, an equal distribution of stenosis was
observed: 25 individuals (50%) had stenosis affecting the right
carotid artery, while the remaining 25 (50%) exhibited stenosis in
the left carotid artery. These proportions are comparable to those
documented by Alagoz et al., who reported stenosis incidence of
44% on the right and 55% on the left carotid artery, as determined
through CT angiography correlated with infarct volume assessed by
MRI 513 In the present study, the mean stenosis percentage was
62.2% (SD = 24.1%) for the right carotid artery and 55.4% (SD =
23.8%) for the left, both lower than the figures reported by Alagoz
et al., which were 72.6% and 75.2%, respectively "I, When
considering stenosis in both carotid arteries collectively, the average
degree was 57.2% (SD = 23.9%), again falling short of the 74%
mean stenosis noted by Alagoz et al. 15!,

Association between Carotid Artery Stenosis and Infarct
Volume

The mean infarct volume calculated in this study was 21.62 (SD =
35.57), with values ranging from 0.1 to 140.7. These findings
contrast with those of Alagoz et al., who observed a considerably
smaller mean infarct volume of 4.4, with minimum and maximum
values of 1.5 and 17.7, respectively "1, The Kruskal-Wallis test
revealed statistically significant differences in infarct volume across
categories of stenosis severity for the right carotid artery (P=0.003),
which differs from Alagoz et al.’s report of no significant variation
(P = 0.096) "I Conversely, no significant differences in infarct
volume were found for the left carotid artery stenosis groups (P =
0.231), in agreement with Alagoz et al.’s results (P = 0.234) "8,
When stenosis of both carotid arteries was analyzed together, a
significant difference in infarct volume was detected (P = 0.013),
consistent with Alagoz et al.’s findings (P = 0.004) %I,

Spearman’s correlation coefficients showed a moderate
positive but non-significant relationship between right carotid artery
stenosis and infarct volume (r = 0.355, P =0.081), and a weak non-
significant correlation for the left carotid artery (r = 0.154, P =
0.463). However, pooling data from both arteries demonstrated a
significant correlation of 0.446 (P =0.035). These observations align
with Alagoz et al., who similarly found no significant correlation for
either carotid artery individually (left: r = 0.331, P = 0.098; right: r
=0.381, P=10.088), but a significant correlation when both arteries
were considered in combination (P=0.001) %20,

Multiple regression analysis incorporating age and carotid
stenosis percentage accounted for 48% of the variance in infarct
volume and yielded a statistically significant model (P = 0.025). This
finding corroborates the work of Alagoz et al., who reported a
predictive accuracy of 55% with a similar analytic approach !I.
Additionally, Bhagat et al., in a cohort of 100 patients with acute

arterial stroke or transient ischemic attack, identified that 75% of
patients with less than 50% stenosis had small infarcts, while 70%
of those with stenosis exceeding 50% presented with larger infarcts,
thus reinforcing the association between infarct size and carotid
stenosis severity %2,

Similarly, Ahmed et al. evaluated carotid stenosis and infarct
size correlations using Doppler ultrasound and CT imaging in 62
patients. Their findings revealed a positive association between
increasing stenosis percentage and infarct size, with patients having
>50% stenosis more frequently exhibiting large infarcts. Infarcts
were stratified into small (<1.5 cm), medium (1.5-3 cm), and large
(>3 cm), with the larger infarcts predominantly observed in the
higher stenosis group %I,

Plaque Morphology

In the present study, plaques were primarily categorized as type 4
(38%, n =19), followed by type 3 (34%, n =17), and type 2 (28%,
n = 14). This distribution contrasts with Bhagat et al., who reported
type 2 plaques as the most prevalent subtype in stroke patients
(31.2%) "2l Regarding plaque surface characteristics, 76% (n = 38)
of plaques exhibited irregular surfaces, while 24% (n = 12) had
smooth surfaces. These findings are consistent with Bhagat et al.’s
observations, which identified a predominance of irregularly
surfaced plaques (43.7%) in stroke cases ?!. Concerning plaque
texture, 60% (n = 30) were heterogeneous, whereas 40% (n = 20)
were homogeneous.

Association between Carotid Plaque Morphology and Infarct
Volume

No statistically significant association emerged between plaque
morphology and infarct volume in this study. This diverges from
Ahmed et al.’s results, where a significant relationship was found
between homogeneous hypoechoic plaques and larger infarcts "I,
Ahmed et al. reported homogeneous hypoechoic plaques as the most
common plaque type, whereas our cohort primarily exhibited stable
plaques characterized by uniform echogenicity (type 4 plaques).
Plaque features linked to larger infarct sizes include ulceration,
hypoechogenicity due to lipid-rich necrotic cores, and intraplaque
hemorrhage. Only two ulcerated plaques were identified in our
sample, and the relatively small sample size may have limited the
power to detect significant associations.

This investigation establishes a significant positive
correlation between the extent of carotid artery stenosis and infarct
volume when data from both the right and left carotid arteries are
combined, yielding a correlation coefficient of 0.446. This result
aligns with previous research, including that of Alagoz et al., which
documented a comparable relationship. Although carotid stenosis
demonstrates a notable association with infarct volume, no
statistically significant link was identified between infarct size and
carotid plaque morphology parameters such as echogenicity, texture,
or surface irregularities.

The predominant plaque types observed in patients
experiencing acute ischemic stroke were type 4 plaques,
characterized by uniform echogenicity, plaques with irregular
surfaces, and those exhibiting heterogeneous textures. Despite the
frequent occurrence of these morphological features, their direct
correlation with infarct volume was not statistically significant,
implying that while plaque morphology may contribute to stroke
pathogenesis, its impact on infarct volume remains inconclusive and
warrants further detailed exploration.

In conclusion, Carotid Doppler ultrasonography continues to
be an invaluable non-invasive modality for assessing carotid stenosis
and plaque morphology in the context of acute ischemic stroke. Its

AMMS Journal. 2025; Vol. 04

567



Annals of Medicine and Medical Sciences (AMMS)

capacity to quantify stenosis severity and delineate plaque
characteristics underscores its critical role in stroke evaluation and
management. Nonetheless, limitations exist, particularly regarding
the precise characterization of plaque morphology, which should be
acknowledged in clinical interpretation. Future research employing
larger cohorts and advanced imaging modalities may provide more
definitive insights into the interplay between plaque features and
infarct volume.
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