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Abstract: Background: Coronary and carotid artery diseases are manifestations of a sys-
temic atherosclerotic process, often coexisting in patients affected by both conditions. This
association emphasizes the importance of evaluating both coronary and carotid atheroscle-
rosis in high-risk individuals. Ultrasound 2D shear-wave elastography (2D-SWE) has
shown promise as a noninvasive technique for assessing carotid plaque stiffness. This
prospective pilot study aimed to assess carotid plaque stiffness in patients undergoing coro-
nary artery bypass grafting (CABG) and those not scheduled for the procedure as a control
group. Methods: 32 patients (17 CABG and 15 controls) were recruited, collectively present-
ing 43 carotid plaques. Bilateral carotid ultrasound was performed using a high-resolution
linear transducer. Plaque stiffness was quantified via 2D-SWE, expressed in shear-wave ve-
locity (SWV, m/s) and Young’s modulus (YM, kPa). Plaque characteristics, including GSM,
were quantified. Intra-observer reproducibility was evaluated with intraclass correlation
coefficients (ICCs) and Bland–Altman plots. Statistical differences and correlations were as-
sessed using Mann–Whitney U and Spearman’s correlation tests. Results: Carotid plaques
in the CABG group exhibited significantly lower stiffness compared to controls (median
stiffness SWV: 3.64 m/s vs. 4.91 m/s, p < 0.0001; YM: 20.96 kPa vs. 72.54 kPa, p < 0.0001).
ICCs demonstrated excellent reproducibility for stiffness measurements (SWV: ICC = 0.992;
YM: ICC = 0.992), with minimal bias in measurements. A positive correlation was observed
between 2D-SWE and GSM values (SWV: r = 0.343, p = 0.024; YM: r = 0.340, p = 0.026).
Conclusions: Ultrasound 2D-SWE has shown promise as a reliable tool for quantifying
carotid plaque stiffness, demonstrating high reproducibility and a significant correlation
with GSM. The observed reduction in plaque stiffness among CABG patients highlights
its potential as a valuable parameter for identifying high-risk plaques and assessing cere-
brovascular risk in patients undergoing CABG.
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1. Introduction
Cardiovascular diseases (CVDs) are a leading cause of mortality globally, with

atherosclerosis—a chronic inflammatory condition characterized by lipid accumulation,
fibrous tissue, and calcification in arterial walls—serving as the primary underlying
cause [1–3]. This process begins with endothelial dysfunction, triggering inflammation,
lipid oxidation, and immune responses, ultimately leading to plaque formation and
instability [1,4,5]. Risk factors such as hypercholesterolemia, hypertension, obesity, and
diabetes exacerbate these processes, with emerging contributors including disturbed sleep
and environmental stress [6,7]. The global burden of CVDs is significantly growing. Ac-
cording to the Global Burden of Disease Study 2019, the prevalence of CVD cases nearly
doubled from 271 million in 1990 to 523 million in 2019, with deaths increasing from
12.1 million to 18.6 million during the same period [8]. Ischemic heart disease and stroke
are identified as the primary contributors to these alarming statistics. Similarly, the Global
Burden of Disease Study 2017 reported over 17 million CVD-related deaths, with ischemic
heart disease and stroke accounting for 85% of fatalities [9].

Coronary artery disease (CAD) and carotid artery disease (CD) are major contrib-
utors to cardiovascular events, sharing a common atherosclerotic origin characterized
by plaque accumulation within arterial walls [10,11]. These plaques can obstruct tissue
perfusion or become unstable, precipitating thrombotic or embolic events with poten-
tially fatal consequences [12]. The systemic nature of atherosclerosis frequently results in
a significant overlap between CAD and CD, as demonstrated by carotid intima-media
thickness, which correlates linearly with CAD severity and serves as a reliable predictor of
its presence when ≥1.0 mm [13]. Moreover, high-grade carotid stenosis has been strongly
associated with a high prevalence of significant coronary artery stenosis [14]. This interplay
underscores the importance of evaluating both conditions in high-risk individuals as their
coexistence amplifies cardiovascular risk and poses clinical challenges. Management strate-
gies for coexisting CAD and CD must be carefully tailored to patient risk profiles. Staged
procedures, such as carotid reconstruction followed by coronary artery bypass grafting
(CABG), are often preferred for stable cases as they allow for the separate management
of each condition, minimizing perioperative complications. Combined surgeries, such as
carotid endarterectomy (CEA) with CABG, may be necessary for patients with active neu-
rological symptoms or bilateral carotid lesions despite the increased risk of perioperative
complications [15–18]. Minimally invasive options, including coronary angioplasty and
carotid stenting, have shown promising results in appropriately selected patients, with
low rates of neurological events, myocardial infarction, and mortality [19]. Comprehensive
assessment and individualized care are essential to optimizing outcomes in these patients.
The prevalence of coexistent CAD and CS ranges from 2% to 14%, with approximately
8% of patients undergoing CABG exhibiting significant stenosis in the extracranial carotid
arteries [20]. This overlap is clinically significant as patients with both conditions are at a
heightened risk of cerebrovascular complications. Consequently, an integrated approach to
managing CAD and CS, which considers the systemic nature of atherosclerosis and incor-
porates advanced diagnostic and therapeutic modalities, is crucial for improving outcomes
in this high-risk population. Advanced imaging and risk stratification tools facilitate better
treatment planning and enable the evaluation of carotid plaque characteristics alongside
the degree of stenosis, which may enhance risk assessment and stratification [21].

Ultrasound is a non-invasive, real-time, and cost-effective imaging tool used for eval-
uating carotid artery stenosis and plaque features, providing information about plaque
morphology and composition, which are crucial for accurate cardiovascular risk assess-
ment and effective clinical management [22]. Histopathological examinations showed that
unstable carotid plaques are characterized by a thin fibrous cap, a lipid-rich necrotic core,
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intraplaque hemorrhage, and intraplaque neovascularization [23,24]. B-mode ultrasound
imaging and Doppler ultrasound imaging are highly effective tools for evaluating carotid
plaques. B-mode ultrasound provides detailed imaging of plaque morphology, allowing
for the evaluation of echogenicity using the grayscale median (GSM) in which echogenic
plaques are often fibrous and calcified, while echolucent plaques, which contain lipids or
intraplaque hemorrhage, are more prone to rupture and associated with higher risk [25,26],
suggesting that GSM holds significant potential as a valuable clinical tool in assessing
plaque vulnerability and predicting future events. Doppler ultrasound imaging, including
color and spectral Doppler modes, provides a hemodynamic assessment of blood flow
parameters with the ability of quantifying the degree of carotid stenosis [27]. Ultrasound
2D shear-wave elastography (2D-SWE) is a promising ultrasound imaging technique that
quantifies tissue elasticity [28,29]. Using acoustic radiation force impulse (ARFI) tech-
nology, 2D-SWE generates shear waves that propagate through tissue, with their velocity
proportional to tissue stiffness [30,31]. Tissue stiffness can be quantified using Young’s mod-
ulus (YM = 3ρc2, where ρ is tissue density, and c is shear-wave velocity), and measured in
YM (kPa) or velocity (m/s) [28]. This method has proven valuable in evaluating pathologies
across various organs [32], including the assessment of liver fibrosis [33] and distinguishing
between benign and malignant lesions in breast and thyroid nodules [34,35], enhancing
diagnostic accuracy when combined with traditional ultrasound methods. Ultrasound SWE
enables a real-time, colorimetric map of plaque stiffness, offering quantitative data that
may facilitate risk stratification in patients with carotid artery disease [36]. A number of
studies have confirmed the feasibility of ultrasound SWE in assessing carotid plaque and its
correlation with clinical factors, demonstrating that lower YM values in vulnerable plaques
compared to stable ones, as corroborated by studies examining histological markers of vul-
nerability, including fibrous cap thickness and lipid content [37,38]. Although ultrasound
SWE has demonstrated potential in assessing carotid plaque, its specific application in
patients undergoing CABG is yet to be investigated. Therefore, this study aimed to assess
carotid plaque stiffness using ultrasound 2D-SWE in patients undergoing CABG compared
to those without coronary heart disease symptoms and not scheduled for the procedure
as a control group. Additionally, the study assessed the intra-observer reproducibility of
ultrasound 2D-SWE in measuring carotid plaque stiffness and its correlation with GSM.

2. Methods
2.1. Study Design and Participants

This observational pilot study was ethically approved by the Institute Review Board
of Research Ethics Committee at King Abdullah Medical City (IRB No. 23-1177). The
study design adhered to the principles outlined in the Declaration of Helsinki and the
International Conference of Harmonisation of Good Clinical Practice. Adult patients
referred to the ultrasound department for carotid examination including those scheduled
for CABG were recruited, and written informed consent was obtained. Patients with no
carotid plaque detected via ultrasound, small plaque (i.e., with a circumference <3 mm),
plaque obscured with acoustic shadowing, or those unable to give informed consent were
excluded from the study. Patient demographic and clinical information, including age,
gender, BMI, history of smoking, hypertension, and diabetes were collected. Ultrasound
examination of carotid artery was performed in two visits with 1–2 weeks prior to surgery
by an experience vascular scientist with efficient training in ultrasound 2D-SWE.

2.2. Ultrasound Assessment and Data Acquisition

Bilateral carotid ultrasound examinations were performed on all participants to eval-
uate the common, internal, and external carotid arteries using a high-resolution ACU-
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SON Redwood ultrasound imaging system (Siemens Healthineers, Erlangen, Germany)
equipped with a 10–4 MHz linear transducer. Image quality was optimized by adjusting
key parameters, including depth, focus point, overall gain, time-gain compensation, and
dynamic range, to achieve high-resolution B-mode images. Longitudinal views of all
plaques were acquired for comprehensive assessment. Ultrasound 2D-SWE was used to
measure carotid plaque stiffness, expressed in shear-wave velocity (m/s) and YM (kilopas-
cals, kPa), for all plaques depicted via ultrasound with a circumference > 3 mm protruding
into the carotid artery lumen. Two dimensional SWE imaging settings were standardized
according to established guidelines [39]. During ultrasound 2D-SWE imaging, participants
were positioned supine with their neck slightly extended and arms resting comfortably
at their sides. A sufficient amount of gel was applied, and the transducer was placed on
the carotid artery with minimal pressure to ensure optimal contact and avoid compression
artifacts. Dual-screen mode was activated, displaying the B-mode image alongside the
overlaid elastography map, to facilitate precise placement of the region of interest (ROI)
at the region of maximum plaque thickness to ensure reliable data acquisition. Plaque
stiffness measurements were conducted twice, with a week interval between measurements
for intra-observer reproducibility and agreement evaluation. For each session, five stiffness
measurements were obtained per plaque, and the average of ten measurements across the
two sessions was used to calculate plaque stiffness (total n = 320). For patients scheduled for
CABG, these assessments were performed two weeks prior to surgery. The circular ROI for
the SWE measurement was carefully positioned at the thickest part of the plaque, ensuring
that the measurement reflected the stiffness of the plaque itself and excluded contributions
from surrounding tissue or blood (Figure 1A). B-mode images in the longitudinal view
were analyzed off-line using ImageJ 1.53 software to measure plaque length, thickness, and
area. The DoS was determined based on the European Carotid Surgery Trial criteria [40].
GSM using Adobe Photoshop CC 2017 software [41] was determined by placing the ROI on
the same location where the 2D-SWE measurements were taken (Figure 1B). Each B-mode
ultrasound image was normalized using automatic linear scaling in Adobe Photoshop
software in which the gray scale was calibrated such that a value of 0 represented the
blood region, while higher values, indicating a whiter pixel intensity, were assigned to the
adventitia region on a 255-point scale [42,43]. The average of ten measurements was used
to calculate plaque GSM (total n = 320). Measurement of ultrasound 2D-SWE of plaque
stiffness and GSM were performed by two different observers and were kept blinded to
patient clinical information and their own measurements and those of the other observer to
ensure unbiased data collection.

2.3. Statistical Analysis

Statistical analysis was conducted using SPSS Statistics (Version 21.0, IBM Corp., Ar-
monk, NY, USA) and GraphPad PRISM 7 (GraphPad Software, La Jolla, CA, USA) for
figure generation. Given the small sample size and the non-normal distribution of the
data determined through histograms and the Shapiro–Wilk test, which revealed deviations
from normality, non-parametric tests were selected. Mann–Whitney U test was used to
determine whether there was a significant difference between DoS, size, and 2D-SWE of
carotid plaques in CABG patients and non-CABG control groups. Intra-observer repro-
ducibility and limits of agreement (LoAs) of plaque stiffness were evaluated using the
intraclass correlation coefficient (ICC) and Bland–Altman plots. The correlation between
plaque stiffness and GSM was assessed using Spearman correlation coefficient. Statistical
significance was defined as a p-value ≤ 0.05.
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Figure 1. Measurements of ultrasound 2D-SWE (A) and grayscale median (B) from the carotid plaque.

3. Results
3.1. Patient Clinical Details and Carotid Plaque Characteristics

A total of 43 carotid plaques from 32 patients (17 CABG and 15 control) with a median
age of 67 years were assessed via ultrasound. Of the 32 patients included in this study,
21 were male (12 CABG and 9 control) and 11 were female (5 CABG and 6 control), 25 had
hypertension (14 CABG and 11 control), 24 were diabetic (12 CABG and 12 control), and
11 were smokers (4 CABG and 7 control). The median carotid plaque stiffness results were
3.85 m/s (3.64 CABG and 4.91 control) and 44.53 kPa (20.96 CABG and 72.54 control). The
median DoS and plaque size were as followed: DoS 37.97% (34.78 CABG and 39.28 control),
plaque length 1.12 cm (1.17 CABG and 0.97 control), plaque thickness 0.31 cm (0.31 CABG
and 0.32 control), area 0.27 cm2 (0.30 CABG and 0.25 control), respectively. There were no
significant differences in DoS (Z = −1.15, p = 0.24) nor plaque size (plaque length Z = −1.36,
p = 0.17; plaque thickness Z = −0.02, p = 0.98; plaque area Z = −1.10, p = 0.26) between
CABG and non-CABG groups. Patient clinical details and carotid plaque characteristics are
summarized in Table 1.

Table 1. Patient clinical details and carotid plaque characteristics.

Total CABG Control p-Value

Patient, n [%] 32 [100] 17 [53.13] 15 [46.88] -

Male, n [%] 21 [65.63] 12 [70.59] 9 [60] -

Age, median [IQR, years] 67 [9.25] 68 [12] 67 [13] 0.77

Height, median [IQR, cm] 160 [8.75] 161 [10] 160 [11] 0.79

Weight, median [IQR, kg] 71 [12.25] 70 [14] 71 [9] 0.82

BMI, median [IQR, kg/m2] 27.05 [7.31] 26.95 [4.43] 30 [7.85] 0.79
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Table 1. Cont.

Total CABG Control p-Value

Hypertension, n [%] 25 [78.13] 14 [82.35] 11 [73.33] -

Diabetes, n [%] 24 [75.00] 12 [70.59] 12 [80.00] -

Smoking, n [%] 11 [34.38] 4 [23.53] 7 [46.67] -

Plaque, n [%] 43 [100] 21 [48.83] 22 [51.16] -

DoS, median [IQR, %] 37.97 [19.12] 34.78 [18.10] 39.28 [20.94] 0.24

Plaque length, median [IQR, cm] 1.12 [0.67] 1.17 [0.56] 0.97 [0.70] 0.17

Plaque thickness, median [IQR, cm] 0.31 [0.11] 0.31 [0.11] 0.32 [0.11] 0.98

Plaque area, median [IQR, cm] 0.27 [0.25] 0.30 [0.24] 0.25 [0.26] 0.26

2D-SWE, median [IQR, m/s] 3.85 [2.54] 3.64 [1.02] 4.91 [1.69] <0.001

2D-SWE, median [IQR, kPa] 44.53 [59.48] 20.96 [17.30] 72.54 [48.39] <0.001
Abbreviation: BMI: body mass index, DoS: degree of stenosis, IQR: interquartile range, n: number, SD: standard
deviation, SWE: shear-wave elastography.

3.2. D-SWE of Carotid Plaques

Ultrasound 2D-SWEs of carotid plaques in the CABG group were significantly lower
compared with the non-CABG control group (2D-SWE in SWV: CABG median 3.64 m/s,
interquartile range (IQR) 1.02 m/s; control median: 4.91 m/s, IQR 1.69 m/s, Z = −4.76,
p < 0.0001, Figure 2A; 2D-SWE in YM: CABG median 20.96 kPa, IQR 17.30 kPa; control
median: 72.54 kPa, IQR 48.39, Z = −4.76, p < 0.0001, Figure 2B). The inter-observer agree-
ment of ultrasound 2D-SWE in SWV and YM values was excellent, with ICC values of
0.992 (95% CI 0.990–0.994, p < 0.0001) and 0.992 (95% CI 0.990–0.994, p < 0.0001). The nar-
row confidence intervals (95% CI: 0.990–0.994) demonstrate a high degree of precision
and reliability in the measurements and consistent across repeated measurements with
minimal variability. The bias in 2D-SWE measurements in SWV was −0.03 ± 0.16 m/s
(limits of agreement [LoA]: −0.35–0.29, Figure 3A). Bias in 2D-SWE measurements in YM
was −0.72 ± 4.28 kPa (LoA: −9.12–7.67, Figure 3B).Diagnostics 2025, 15, x FOR PEER REVIEW 7 of 15 
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Figure 2. Ultrasound 2D-SWE of carotid plaques in m/s (A) and kPa (B) (mean ± SEM). * p ≤ 0.05
using Mann–Whitney U between carotid plaques from CABG and non-CABG control patient groups.
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Figure 3. Bland–Altman inter-observer agreement of carotid plaque 2D-SWE in m/s (A) and kPa
(B) measurements. LOA = limit of agreement.

3.3. Correlation Between 2D-SWE and GSM of Carotid Plaques

There was a significant positive correlation between 2D-SWE and GSM of carotid
plaques (2D-SWE in SWV and GSM: Spearman’s rho coefficient 0.343, p = 0.024, Figure 4A;
2D-SWE in YM and GSMs: Spearman’s rho coefficient 0.340, p = 0.026, Figure 4B).
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Figure 4. Correlation between 2D-SWE in m/s (A) and kPa (B) and grayscale median (GSM) of
carotid plaques. * p ≤ 0.05 using Spearman’s rank correlation.

4. Discussion
Coronary and carotid artery diseases are common manifestations of systemic

atherosclerosis and frequently coexist in high-risk individuals, underscoring the importance
of thoroughly evaluating the carotid artery in patients undergoing CABG. This approach
enhances cerebrovascular risk stratification and facilitates personalized management strate-
gies, particularly for patients with coexistent coronary and carotid artery disease, where
tailored interventions are essential to optimizing outcomes and minimizing perioperative
complications. In addition to the ability of ultrasound to assess carotid stenosis severity and
plaque characteristics [22–44], 2D-SWE offers a direct evaluation of tissue stiffness, thus
it may enhance the stratification of cerebrovascular symptoms and events in patient with
carotid plaque. To our knowledge, this is the first study that has evaluated carotid plaque
stiffness using ultrasound 2D-SWE in patients undergoing CABG compared to a control
group. The findings demonstrated significantly lower carotid plaque stiffness in CABG
patients, suggesting potential differences in carotid plaque composition between groups.
The study revealed a significant positive correlation between stiffness and GSM quanti-
tative values, supporting the hypothesis that plaque stiffness correlates with echogenic
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characteristics. Additionally, the study showed the high intra-observer reproducibility of
2D-SWE measurements. These results underscore the promise of 2D-SWE as a non-invasive,
accessible tool for stratifying cerebrovascular risk in high-risk populations, particularly
those with coexistent coronary and carotid artery disease. By enabling a more precise
characterization of plaque morphology and vulnerability, 2D-SWE may contribute to im-
proved diagnostic accuracy and tailored management strategies, including the selection
of appropriate surgical or medical interventions to mitigate the risk of stroke and other
complications. Future research is needed to validate these findings in larger, multicenter
cohorts and to explore the clinical implications of 2D-SWE in decision-making, including its
role in guiding the treatment strategies and long-term monitoring of patients with systemic
atherosclerosis. This would help to establish standardized protocols and maximize the
clinical utility of this promising technology.

Our findings in CABG patients revealed a mean YM of 25.05 ± 13.04 kPa, signifi-
cantly lower than the control group’s YM of 73.23 ± 31.04 kPa. These results align with
prior research associating lower plaque stiffness with markers of unstable symptomatic
carotid plaques. For instance, vulnerable plaques have been reported with YM values of
50.0 ± 19.6 kPa compared to 79.1 ± 33.8 kPa in stable plaques [38], while symptomatic
plaques demonstrated YM values of 81.13 ± 20.12 kPa versus 115.78 ± 26.66 kPa for asymp-
tomatic plaques [45]. Similarly, unstable plaques showed YM values of 50.0 ± 19.6 kPa
compared to 79.1 ± 33.8 kPa in stable plaques [37], and symptomatic plaques had YM
values of 62 ± 6 kPa versus 88 ± 9 kPa in asymptomatic plaques [46]. However, YM values
appear to vary across studies, likely due to differences in SWE devices and technical factors
such as acquisition protocols, imaging settings, and the type of velocity analysis employed.
Procedural variations, including imaging plane selection and the impact of pulsatile arte-
rial movements caused by blood flow, may also contribute to discrepancies [30,31,47–50].
This highlights the need for standardized SWE acquisition protocols considering these
factors [51]. Based on the reported findings, the range of YM values for unstable plaques
is approximately 25.05–62 kPa, while stable plaques generally exhibit YM values in the
range of 73–115.78 kPa. This proposed threshold should be considered alongside the steno-
sis degree and plaque characteristics that are already widely incorporated in stroke risk
assessment [22–44].

Despite this, SWE faces unique challenges in the context of carotid plaques due to their
small size, morphological heterogeneity, and the dynamic pulsatile environment of the
arterial wall [46–48]. Our analysis showed excellent reproducibility. Reproducibility has
been corroborated by other studies, which report good to excellent agreement for carotid
plaque [45,46]. In vitro studies using vessel stenosis phantoms have further validated
SWE’s reliability, demonstrating its ability to differentiate soft and hard plaque regions
with high accuracy and reproducibility [50]. Furthermore, SWE has demonstrated strong
concordance with other imaging techniques, such as computed tomography angiogra-
phy and pulse wave velocity, [38–52], and significant correlations with histopathological
findings [37–45].

GSM analysis of carotid plaques on ultrasound provides valuable insights into
plaque composition and correlates with the tissue composition determined histopathologi-
cally [53,54]. It has been shown that symptomatic patients had significantly lower GSM
than asymptomatic patients, supporting its potential to identify vulnerable plaques [41].
Previous research reported a strong correlation between YM and GSM, further linking
plaque echogenicity to its biomechanical properties where low GSM (hypoechoic) plaques,
indicative of lipid-rich vulnerable plaques, consistently demonstrate lower SWV and YM
values, while high GSM (hyperechoic) plaques, indicative of calcified stable plaques, ex-
hibit higher stiffness [55,56]. The present study analysis also showed a significant positive
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correlation between the 2D-SWE and GSM of carotid plaques. Together, these findings
highlight the potential of carotid plaque stiffness, assessed through ultrasound 2D-SWE, as
a useful parameter for identifying high-risk plaques and assessing cerebrovascular risk in
patients undergoing CABG.

Biomechanical factors are pivotal in the development, progression, and rupture of
atherosclerotic plaques. The composition and morphology of plaques significantly af-
fect their biomechanical characteristics and susceptibility to rupture [57,58]. This study
corroborates these findings, demonstrating a correlation between plaque GSM and 2D-
SWE-derived stiffness metrics. Plaques with a higher lipid content and larger necrotic
cores typically exhibit lower stiffness compared to calcified or fibrous plaques, indicating a
more vulnerable phenotype associated with cardiovascular events [59]. Established evi-
dence highlights the association between carotid atherosclerosis and the extent and severity
of coronary artery disease (CAD) [60,61]. Inflammation within atherosclerotic plaques
contributes to systemic effects, with active inflammation in one vascular bed potentially
exacerbating inflammation elsewhere. The necrotic core, characterized by the loss of ex-
tracellular matrix and replacement with lipid-rich debris and dead cells, represents the
most vulnerable region within plaques, often linked to ongoing inflammation [62,63]. This
vulnerability was further highlighted in a study by Sondore et al. (2023), which identified
significant correlations between carotid and coronary plaque compositions using virtual
histology-intravascular ultrasound [64]. Their findings emphasized that individuals with
vulnerable coronary plaques are more likely to exhibit similar patterns in carotid plaques,
underscoring the interconnected nature of systemic atherosclerosis [64].

The treatment of carotid plaques in patients undergoing CABG is a complex pro-
cess requiring careful consideration of the interplay between carotid and coronary artery
disease [65,66]. Treatment strategies must balance the need to reduce carotid plaque vul-
nerability and stenosis while minimizing risks, with the choice of treatment depending on
factors such as the degree of carotid stenosis, plaque characteristics, the presence of neuro-
logical symptoms, and the urgency of CABG [12–66]. Staged and combined procedures
are commonly employed in managing carotid plaques in CABG patients [67]. In staged
procedures, carotid revascularization is performed first, either through carotid endarterec-
tomy (CEA) or carotid artery stenting (CAS), followed by CABG at a later date. This
approach reduces the risk of stroke by addressing significant carotid stenosis or unstable
plaques before the systemic stress of CABG [66–68]. CAS is particularly advantageous in
high-risk surgical candidates due to its minimally invasive nature and shorter recovery
time compared to CEA [66]. Combined procedures, such as concurrent CEA and CABG, are
typically reserved for patients with severe bilateral carotid stenosis, symptomatic carotid
disease, or unstable plaques, despite the higher risk of perioperative complications [69].

This study has several limitations to consider. Patients with small plaques were
excluded due to the fixed minimum ROI size (i.e., 3 mm) in the ultrasound imaging
system used in this study. The ROI was placed on the thickest area of the plaque for
consistency. This could have influenced the SWE and GSM values obtained for carotid
plaques. However, standardized ROIs for measurements are essential to enhance the
reproducibility. Additionally, plaques obscured due to acoustic shadowing were excluded
because 2D-SWE relies heavily on the quality of underlying B-mode images, and limitations
in these images directly affect SWE measurements. Furthermore, although the sample
size of this study is relatively small, the included cohort effectively represents the typical
clinical and demographic profiles of CABG patients. This representation encompasses
prevalent comorbidities such as hypertension and diabetes, as well as age ranges commonly
observed in this population. This alignment reinforces the relevance and applicability of
the study’s findings to the broader CABG patient demographic. However, future studies
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with larger sample sizes are warranted to validate these findings and further enhance
their generalizability.

5. Conclusions
This study underscores the utility of ultrasound 2D-SWE as a reliable and reproducible

imaging modality for assessing carotid plaque stiffness in patients undergoing CABG,
offering valuable insights into carotid plaque characteristics in individuals with coexisting
coronary and carotid artery disease. Our findings revealed significantly reduced carotid
plaque stiffness in the CABG group compared to controls, suggesting notable compositional
differences and indicating that carotid plaques in CABG patients may be more vulnerable.
Furthermore, the positive correlation between plaque stiffness and GSM quantitative
values highlights the interplay between the biomechanical properties and composition
of carotid plaques. These results emphasize the importance of combining quantitative
stiffness measurements with echogenicity analysis to improve the characterization of
plaque vulnerability, providing a more comprehensive understanding of the relationship
between plaque mechanics and composition. These findings reinforce the potential of
2D-SWE to enhance cerebrovascular risk stratification by offering detailed assessments
of carotid plaque vulnerability in high-risk patients with coexisting coronary and carotid
artery disease. Future research involving larger, multicenter cohorts is crucial to validate
these findings, explore their clinical implications, and establish 2D-SWE as a valuable tool
for guiding decision-making and enabling personalized management strategies for this
vulnerable population.
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39. Školoudík, D.; Kešnerová, P.; Vomáčka, J.; Hrbáč, T.; Netuka, D.; Forostyak, S.; Roubec, M.; Herzig, R.; Belšan, T.; ANTIQUE Trial
Group. Shear-Wave Elastography Enables Identification of Unstable Carotid Plaque. Ultrasound Med. Biol. 2021, 47, 1704–1710.
[CrossRef] [PubMed]

40. Warlow, C.; Farrell, B.; Fraser, A.; Sandercock, P.; Slattery, J. Randomised trial of endarterectomy for recently symptomatic carotid
stenosis: Final results of the MRC European Carotid Surgery Trial (ECST). Lancet 1998, 351, 1379–1387.

41. Sultan, S.R. Ultrasound diagnostic potential of carotid plaques in symptomatic and asymptomatic patients: Insights from
quantitative gray-scale analysis. J. Radiat. Res. Appl. Sci. 2024, 17, 100776. [CrossRef]

42. Elatrozy, T.; Nicolaides, A.; Tegos, T.; Zarka, A.Z.; Griffin, M.; Sabetai, M. The effect of B-mode ultrasonic image standardisation
on the echodensity of symptomatic and asymptomatic carotid bifurcation plaques. Int. Angiol. 1998, 17, 179–186. Available online:
https://europepmc.org/article/med/9821032 (accessed on 17 April 2023).

43. Sabetai, M.M.; Tegos, T.J.; Nicolaides, A.N.; Dhanjil, S.; Pare, G.J.; Stevens, J.M. Reproducibility of computer-quantified carotid
plaque echogenicity: Can we overcome the subjectivity? Stroke 2000, 31, 2189–2196.

44. Brinjikji, W.; Rabinstein, A.; Lanzino, G.; Murad, M.; Williamson, E.; DeMarco, J.; Huston, J. Ultrasound Characteristics of
Symptomatic Carotid Plaques: A Systematic Review and Meta-Analysis. Cerebrovasc. Dis. 2015, 40, 165–174. [CrossRef] [PubMed]

45. Lou, Z.; Yang, J.; Tang, L.; Jin, Y.; Zhang, J.; Liu, C.; Li, Q. Shear Wave Elastography Imaging for the Features of Symptomatic
Carotid Plaques: A Feasibility Study. J. Ultrasound Med. 2017, 36, 1213–1223. [CrossRef] [PubMed]

46. Ramnarine, K.V.; Garrard, J.W.; Kanber, B.; Nduwayo, S.; Hartshorne, T.C.; Robinson, T.G. Shear wave elastography imaging of
carotid plaques: Feasible, reproducible and of clinical potential. Cardiovasc. Ultrasound 2014, 12, 49. [CrossRef] [PubMed]

47. Bercoff, J.; Tanter, M.; Fink, M. Supersonic shear imaging: A new technique for soft tissue elasticity mapping. IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 2004, 51, 396–409. [CrossRef]

48. Pruijssen, J.T.; de Korte, C.L.; Voss, I.; Hansen, H.H.G. Vascular Shear Wave Elastography in Atherosclerotic Arteries: A Systematic
Review. Ultrasound Med. Biol. 2020, 46, 2145–2163. [CrossRef] [PubMed]

49. Maksuti, E.; Widman, E.; Larsson, D.; Urban, M.W.; Larsson, M.; Bjällmark, A. Arterial Stiffness Estimation by Shear Wave
Elastography: Validation in Phantoms with Mechanical Testing. Ultrasound Med. Biol. 2016, 42, 308–321. [CrossRef] [PubMed]

50. Ramnarine, K.V.; Garrard, J.W.; Dexter, K.; Nduwayo, S.; Panerai, R.B.; Robinson, T.G. Shear wave elastography assessment of
carotid plaque stiffness: Invitro reproducibility study. Ultrasound Med. Biol. 2014, 40, 200–209. [CrossRef]

https://doi.org/10.1055/s-0033-1335205
https://www.ncbi.nlm.nih.gov/pubmed/23558397
https://doi.org/10.7150/thno.18650
https://doi.org/10.1016/j.ultrasmedbio.2016.05.021
https://www.ncbi.nlm.nih.gov/pubmed/27425151
https://doi.org/10.1088/1361-6560/aaec2b
https://www.ncbi.nlm.nih.gov/pubmed/30468683
https://doi.org/10.1002/hep.29179
https://doi.org/10.1038/srep41216
https://www.ncbi.nlm.nih.gov/pubmed/28106134
https://doi.org/10.1002/jum.15271
https://www.ncbi.nlm.nih.gov/pubmed/32227500
https://doi.org/10.1155/2023/5084699
https://doi.org/10.1055/s-0034-1399676
https://www.ncbi.nlm.nih.gov/pubmed/26091003
https://doi.org/10.1016/j.ultrasmedbio.2021.03.026
https://www.ncbi.nlm.nih.gov/pubmed/33931284
https://doi.org/10.1016/j.jrras.2023.100776
https://europepmc.org/article/med/9821032
https://doi.org/10.1159/000437339
https://www.ncbi.nlm.nih.gov/pubmed/26279159
https://doi.org/10.7863/ultra.16.04073
https://www.ncbi.nlm.nih.gov/pubmed/28218798
https://doi.org/10.1186/1476-7120-12-49
https://www.ncbi.nlm.nih.gov/pubmed/25487290
https://doi.org/10.1109/TUFFC.2004.1295425
https://doi.org/10.1016/j.ultrasmedbio.2020.05.013
https://www.ncbi.nlm.nih.gov/pubmed/32620385
https://doi.org/10.1016/j.ultrasmedbio.2015.08.012
https://www.ncbi.nlm.nih.gov/pubmed/26454623
https://doi.org/10.1016/j.ultrasmedbio.2013.09.014


Diagnostics 2025, 15, 338 13 of 13

51. Goudot, G.; Sitruk, J.; Jimenez, A.; Julia, P.; Khider, L.; Alsac, J.M.; El Batti, S.; Bruneval, P.; Amemyia, K.; Pedreira, O.; et al.
Carotid Plaque Vulnerability Assessed by Combined Shear Wave Elastography and Ultrafast Doppler Compared to Histology.
Transl. Stroke Res. 2022, 13, 100–111. [CrossRef] [PubMed]

52. Marais, L.; Pernot, M.; Khettab, H.; Tanter, M.; Messas, E.; Zidi, M.; Laurent, S.; Boutouyrie, P. Arterial Stiffness Assessment by
Shear Wave Elastography and Ultrafast Pulse Wave Imaging: Comparison with Reference Techniques in Normotensives and
Hypertensives. Ultrasound Med. Biol. 2019, 45, 758–772. [CrossRef] [PubMed]

53. Mitchell, C.C.; Stein, J.H.; Cook, T.D.; Salamat, S.; Wang, X.; Varghese, T.; Jackson, D.C.; Garcia, C.S.; Wilbrand, S.M.; Robert J
Dempsey, R.J. Histopathologic Validation of Grayscale Carotid Plaque Characteristics Related to Plaque Vulnerability. Ultrasound
Med. Biol. 2017, 43, 129–137. [CrossRef]

54. Doonan, R.J.; Gorgui, J.; Veinot, J.P.; Lai, C.; Kyriacou, E.; Corriveau, M.M.; Steinmetz, O.K.; Daskalopoulou, S.S. Plaque
echodensity and textural features are associated with histologic carotid plaque instability. J. Vasc. Surg. 2016, 64, 671–677.e8.
[CrossRef] [PubMed]

55. Lei, Z.; Qiang, Y.; Pu, T.; Jie, L. Quantitative assessment of carotid atherosclerotic plaque: Initial clinical results using ShearWave
TM Elastography. Int. J. Clin. Exp. Med. 2016, 9, 9347–9355.

56. Shang, J.; Wang, W.; Feng, J.; Luo, G.G.; Dang, Y.; Sun, J.; Yang, Y.; Ruan, L. Carotid Plaque Stiffness Measured with Supersonic
Shear Imaging and Its Correlation with Serum Homocysteine Level in Ischemic Stroke Patients. Korean J. Radiol. 2018, 19, 15.
[CrossRef] [PubMed]

57. Ohayon, J.; Finet, G.; Le Floc’h, S.; Cloutier, G.; Gharib, A.M.; Heroux, J.; Pettigrew, R.I. Biomechanics of atherosclerotic coronary
plaque: Site, stability and in vivo elasticity modeling. Ann. Biomed. Eng. 2014, 42, 269–279. [CrossRef] [PubMed]

58. Milzi, A.; Lemma, E.D.; Dettori, R.; Burgmaier, K.; Marx, N.; Reith, S.; Burgmaier, M. Coronary plaque composition influences
biomechanical stress and predicts plaque rupture in a morpho-mechanic OCT analysis. Elife 2021, 10, e64020. [CrossRef] [PubMed]

59. Sun, J.; Zhao, X.Q.; Balu, N.; Neradilek, M.B.; Isquith, D.A.; Yamada, K.; Cantón, G.; Crouse, J.R., III; Anderson, T.J.; Huston,
J., III; et al. Magnetic Resonance Imaging-Detected Carotid Plaque Lipid Content and Fibrous Cap Status Predict Systemic
Cardiovascular Outcomes: The MRI Sub-study in AIM-HIGH. JACC Cardiovasc. Imaging 2017, 10, 241. [CrossRef] [PubMed]

60. Shenouda, R.; Vancheri, S.; Maria Bassi, E.; Nicoll, R.; Sobhi, M.; El Sharkawy, E.; Wester, P.; Vancheri, F.; Henein, M.Y. The
relationship between carotid and coronary calcification in patients with coronary artery disease. Clin. Physiol. Funct. Imaging
2021, 41, 271–280. [CrossRef] [PubMed]

61. Cohen, G.I.; Aboufakher, R.; Bess, R.; Frank, J.; Othman, M.; Doan, D.; Mesiha, N.; Rosman, H.S.; Szpunar, S. Relationship
between carotid disease on ultrasound and coronary disease on CT angiography. JACC Cardiovasc. Imaging 2013, 6, 1160–1167.
[CrossRef] [PubMed]

62. Thim, T.; Hagensen, M.K.; Bentzon, J.F.; Falk, E. From vulnerable plaque to atherothrombosis. J. Intern. Med. 2008, 263, 506–516.
[CrossRef] [PubMed]

63. Stefanadis, C.; Antoniou, C.K.; Tsiachris, D.; Pietri, P. Coronary Atherosclerotic Vulnerable Plaque: Current Perspectives. J. Am.
Heart Assoc. 2017, 6, e005543. [CrossRef]

64. Sondore, D.; Trušinskis, K.; Linde, M.; Briede, I.; Narbute, I.; Jēgere, S.; Grik, is, K.; Štrenge, K.; Ērglis, A. Association between
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