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Abstract: Carotid artery disease has traditionally been assessed based on the degree of luminal nar-
rowing. However, this approach, which solely relies on carotid stenosis, is currently being questioned
with regard to modern risk stratification approaches. Recent guidelines have introduced the concept
of the “vulnerable plaque,” emphasizing specific features such as thin fibrous caps, large lipid cores,
intraplaque hemorrhage, plaque rupture, macrophage infiltration, and neovascularization. In this con-
text, imaging-based biomarkers have emerged as valuable tools for identifying higher-risk patients.
Non-invasive imaging modalities and intravascular techniques, including ultrasound, computed
tomography, magnetic resonance imaging, intravascular ultrasound, optical coherence tomography,
and near-infrared spectroscopy, have played pivotal roles in characterizing and detecting unstable
carotid plaques. The aim of this review is to provide an overview of the evolving understanding
of carotid artery disease and highlight the significance of imaging techniques in assessing plaque
vulnerability and informing clinical decision-making.

Keywords: carotid artery disease; stroke; vulnerable plaque; optical coherence tomography;
intravascular ultrasound

1. Introduction

Traditionally, the clinical assessment of carotid artery stenosis has been based on the
degree of luminal narrowing, which has been considered the most reliable predictor of
intervention according to international guidelines. The 2017 European Society of Vascular
Surgery (ESVS) guidelines [1] and the 2017 European Society of Cardiology (ESC) guide-
lines [2] were the first to propose new criteria for identifying patients at a higher risk
of stroke under best medical treatment (BMT), in whom carotid endarterectomy (CEA)
or carotid artery stenting (CAS) might be targeted. Criteria include silent infarction on
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computed tomography (CT)/magnetic resonance imaging (MRI), 20% stenosis progression,
large plaque area or large juxtaluminal black area (JBA) on computerized ultrasound plaque
analysis, plaque echolucency, intraplaque hemorrhage (IPH) on MRI, impaired cerebral
vascular reserve (CVR), and at least one spontaneous microembolic signal (MES) during
1 h of transcranial Doppler (TCD) monitoring [1,2].

Risk stratification based solely on carotid stenosis has become completely outdated.
In fact, in the recently published 2023 ESVS guidelines, patients with only a single risk
factor of carotid stenosis greater than 80% are no longer considered to be at high risk of
stroke [3]. This stance has been partly influenced by a significant portion of the cohort
studies published 20 to 30 years ago but also because of a meta-analysis published by
Kamtchum Tatuene and the Asymptomatic Carotid Stenosis and Risk of Stroke Study
(ACSRS) group. This demonstrated that increasing stenosis severity was an important
predictor for late ipsilateral stroke, but only in the presence of concurrent risk factors [4].

These advancements in the knowledge of the natural progression of atherosclerosis
has enabled the identification of distinct characteristics of carotid plaques that are linked to
an elevated risk of stroke, consequently introducing the concept of the “vulnerable plaque”,
referred to by some as the “unstable plaque” [5,6]. Several structural features have been
identified as potential markers of vulnerability, including thin fibrous caps, large lipid
cores, IPH, plaque rupture, high macrophage counts, and IPH. Inflammation may also play
a role in plaque development and progression. These characteristics reflect an unstable
plaque prone to rupture, leading to thrombotic events and subsequent ischemic strokes [7].

Several non-invasive imaging modalities, including US, CT, high-resolution MRI, and
nuclear imaging techniques, have been used to identify these plaque characteristics with
the aim of achieving an accurate risk stratification and providing guidance for clinical
decision-making.

In recent years, advancements and progress in imaging modalities have facilitated
the development of intravascular studies, representing a significant breakthrough in the
characterization and detection of vulnerable carotid plaques. Given their superior image
resolution compared to non-invasive imaging methods, intravascular imaging techniques
such as intravascular ultrasound (IVUS), optical coherence tomography (OCT), and near-
infrared spectroscopy (NIRS) have emerged as promising modalities for the assessment of
culprit lesions in carotid artery disease. However, the translation of these imaging findings
into routine clinical practice remains a challenge.

This review aims to provide a comprehensive understanding of the characteristics of
unstable carotid plaques, emphasizing the detection of biomarkers derived from novel imag-
ing techniques. In addition, it highlights recent advancements in intravascular carotid imag-
ing techniques and also focuses on the existing clinical evidence supported by non-invasive
imaging modalities, elucidating their role in the management of carotid artery disease.

2. Biomarkers of Invasive Imaging
2.1. Carotid Intravascular Ultrasound (IVUS)

Yock et al. introduced IVUS in 1988 as the pioneering intravascular imaging device
specifically designed for coronary applications [8]. Since then, the application of IVUS
in carotid artery disease has been explored to assess plaque burden, morphology, and
vulnerability, aiding in risk stratification and treatment decision-making.

2.1.1. Fundamental Concepts and Methodological Approaches in IVUS

IVUS utilizes miniature high-frequency transducers (20–45 MHz) placed within an
angiographic catheter to obtain real-time, high-resolution images of vascular structures
perpendicular to the long axis during pull-back. By analyzing the strength and characteris-
tics of the echoes, IVUS provides valuable information regarding plaque composition and
allows for the determination of signs of plaque instability [9].
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Virtual Histology Intravascular Ultrasound (VH-IVUS)

Although grayscale IVUS can differentiate calcified from non-calcified plaques, it
cannot accurately determine non-calcified plaque tissue composition due to post-processing
limitations. VH-IVUS utilizes sophisticated radiofrequency analysis of echo signals to
generate multiple spectral parameters, which are then converted into color histograms for
the analysis of different plaque components [10]. By employing these techniques, VH-IVUS
can classify plaques into four phenotypes: fibrous plaque, fibrolipid plaque, necrotic core,
and dense calcium, providing a morphological evaluation of the plaque’s evolution [11].
The accuracy of VH-IVUS was validated against histology and has shown a sensitivity,
specificity, and predictive accuracy for detecting a necrotic core of 60.1%, 93.0%, and 88.9%,
respectively [12].

2.1.2. Features of a Vulnerable Carotid Plaque: Insights from IVUS Imaging

IVUS provides valuable information for the quantitative assessment of plaque thick-
ness, cross-sectional area, plaque burden, and the remodeling index. It also allows for
qualitative assessment, including the identification of the thin fibrous cap and the analysis
of plaque composition. This analysis helps differentiate plaque components and assess
plaque instability [9,12] (Figure 1).
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Figure 1. IVUS images. (A) Heterogeneous plaque with high echodensity areas (white arrowhead)
and back shadowing (*) indicating calcification, as well as lower echodensity zones corresponding to
a fibrous plaque. (B) Intimal disruption is associated with a dissection (*) and an irregular calcified
plaque (white arrowheads).

Plaque Composition

Thin cap fibroatheroma (TCFA) is a type of plaque characterized by a plaque bur-
den exceeding 40% and a large necrotic-rich core (>10%), without apparent fibrotic tissue
observed in consecutive frames using VH-IVUS [13,14]. In the PROSPECT trial, the pres-
ence of a thin fibrous cap evaluated by VH-IVUS demonstrated a significant correlation
with the subsequent risk of major adverse cardiac events in patients with acute coronary
syndrome [14]. IVUS allows for the identification of lipid-rich plaques, which typically
exhibit low echogenicity and appear as a hypoechoic or “dark” region within the vessel
wall. In symptomatic patients, IVUS studies using integrated backscatter (IB) analysis have
revealed higher percentages of lipid and smaller percentages of fibrous volumes, along with
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a greater plaque eccentricity, plaque burden, and remodeling index than in asymptomatic
patients [15]. High-definition IVUS can identify IPH as an echolucent area with well-
defined borders, typically appearing as a crescent-shaped region within the plaque [16].
Using grayscale IVUS, calcium appears as bright, dense, and acoustic shadowing regions
and calcified nodules appear as distinct calcifications with an irregular, protruding, and
convex luminal surface [17].

Plaque Morphology

IVUS allows the quantitative analysis of plaque thickness by means of the measure-
ment of the distance between the luminal surface and the leading edge of the plaque.
Comparing cross-sectional areas at different locations within the vessel helps to identify
focal stenosis or diffuse disease. It also calculates the percentage of the vessel cross-sectional
area occupied by the plaque corresponding to plaque burden. IVUS has confirmed that
plaque erosion is characterized by an eccentric plaque with a thick fibrous cap while plaque
rupture is observed when a hypoechoic cavity within the plaque is connected to the lu-
men [18]. Ruptured plaques typically exhibit eccentricity, reduced calcification, increased
plaque burden, and positive remodeling, and are often associated with large thrombi [19].

Plaque Activity

IVUS-based assessment of inflammatory activity relies on the detection of features such
as neovascularization and macrophage infiltration. IVUS can identify neovascularization as
microvessels originating from the adventitial side and penetrating into the plaque. It also
can calculate the remodeling index by dividing the external elastic membrane area at the
site of maximal plaque burden by the average external elastic membrane area in reference
segments [20]. The remodeling index reflects the adaptive response of the vessel wall to
plaque formation. Numerous clinical studies have demonstrated that pre-interventional
positive remodeling, as assessed by IVUS, predicts unfavorable short-term and long-term
outcomes following percutaneous coronary intervention [21].

2.1.3. Clinical Practice Perspectives and Emerging Trends in IVUS
Diagnostic and Therapeutic Implications

IVUS plays a crucial role in guiding interventional procedures, providing real-time
visualization of the vessel and the stented segment, aiding in optimal stent sizing, place-
ment, expansion, and apposition [22]. IVUS enables the longitudinal assessment of plaque
progression and regression over time and is relevant in evaluating the effectiveness of ther-
apeutic interventions, such as lipid-lowering therapies or lifestyle modifications. Multiple
studies using serial IVUS imaging have demonstrated that statin therapy can slow plaque
progression and promote plaque regression in a dose-dependent manner [23,24].

In the prospective multicenter VICTORY registry study, IVUS and IVUS-VH exam-
inations performed during carotid artery interventional therapy were deemed feasible
and safe, offering valuable insights into the qualitative and quantitative composition of
carotid plaques [25]. Another study conducted by Diethrich et al., entitled The Carotid
Artery Plaque Virtual Histology Evaluation (CAPITAL), demonstrated a strong correlation
between VH-IVUS plaque characterization and the histological examination of plaques
following endarterectomy, particularly for unstable plaque types. They found that the
diagnostic accuracy varied with the composition of the plaque (from 99% in TCFA to
72% for calcified atheroma) [26].

Widespread adoption of IVUS to identify risk factors in asymptomatic patients in
standard clinical practice is currently facing challenges due to its invasiveness and high
cost. Although IVUS demonstrates high sensitivity and specificity in detecting large dense
calcified plaques or spot calcifications [27], one of the limitations of IVUS is the limited
axial resolution, ranging from 100 to 200 µm. This limitation hinders the identification
of thin-fibrous-cap thickness, plaque disruption, macrophage infiltration, and thrombosis
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within plaques [27]. Combining multiple imaging modalities may help overcome these
inherent limitations.

Advances in IVUS Technology

Traditional IVUS imaging provides two-dimensional cross-sectional images, limiting
the assessment of plaque characteristics in the longitudinal plane. Three-dimensional (3D)
IVUS allows for the reconstruction of volumetric images of the vessel and plaque, providing
a more comprehensive assessment of plaque burden and morphology. Hybrid imaging
systems that combine IVUS with NIRS or OCT catheters allow the simultaneous analysis
of both vessel structure and plaque composition and have the potential to overcome the
limitations of each technique, thus improving the accuracy of plaque characterization.

The integration of machine learning with artificial intelligence (AI) could be valuable
in combining intravascular imaging findings with biomarkers to identify factors associated
with plaque instability and progression [28].

2.2. Carotid Optical Coherence Tomography (OCT)

Traditionally, OCT has served as a non-invasive imaging diagnostic method that pro-
vides valuable insights into the functional blood vessels within the eye and allows for the
study of various retinal conditions, such as macular telangiectasia, impaired perfusion,
microaneurysms, capillary remodeling, certain types of intraretinal fluid, and neovascular-
ization [29]. In 1991, Huang et al. introduced OCT as an intravascular imaging technique
to overcome the limitations of angiography in visualizing the coronary artery [30]. Since
2010, the use of OCT has significantly expanded, particularly in the field of interventional
cardiology, and by extension, in carotid artery disease.

2.2.1. Fundamental Concepts and Methodological Approaches in OCT

OCT is an invasive microscopic imaging technology that utilizes reflected near-infrared
light and interferometry to generate high-resolution images of the tissue microstructure of
the carotid artery with exceptional clarity [31,32].

The OCT system employs rapid scanning of the catheter to acquire multiple cross-
sectional images, known as B-scans, along the length of the artery. The catheter is slowly
withdrawn, and the scanning process is repeated at different pullback speeds to capture
a three-dimensional representation of the structure of the vessel wall and assess plaque
morphology, composition, and vulnerability [33] as well as stent positioning in carotid
arteries [34].

2.2.2. Features of Vulnerable Carotid Plaque: Insights from OCT Imaging

In terms of vulnerable plaques, OCT provides visualization and assessment of various
characteristics such as cap thickness (with thin caps defined as those ≤65 µm), lipid core
detection, calcification, cholesterol crystallization, IPH, plaque erosion, plaque rupture or
thrombi, and neovascularization. Moreover, OCT allows for the observation and quantifica-
tion of inflammation within unstable plaques by measuring macrophage infiltration in the
fibrous cap and subintimal lipid accumulation [35]. Previous studies have validated the
use of OCT for assessing various characteristics of atherosclerotic plaque using histologic
controls [31,35,36] (Figure 2).

Plaque Composition

Lipid cores appear as low-intensity regions with distinct borders on OCT images.
Necrotic cores appear as a low-signal area in OCT imaging with an indistinct border, an
absence of backscattering signal, and a rapid signal drop-off. OCT also demonstrates high
sensitivity and specificity in detecting lipid-rich plaques, as verified by autopsy specimens
(90–94% and 90–92%, respectively) [37]. OCT can also visualize fresh and organized
intraplaque hemorrhage as high-intensity regions within the plaque due to the presence of
red blood cells. Unlike IVUS, OCT can penetrate plaque calcification and provide detailed
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information regarding its thickness, area, and volume [38]. As a result, the calcified nodules
are distinctly delineated from other components of the plaque with a very high sensitivity
(96%) and specificity (97%) [36,39].
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Figure 2. OCT images showing various characteristics of vulnerable plaques. (A) Thin fibrous plaque
(white arrow) overlying a large lipid pool or necrotic core (*). White arrowheads indicate the presence
of cholesterol crystals. (B) Plaque rupture (white lines) is sealed with thrombus (white arrows).
(C) Intraluminal thrombus (white arrowheads) covers a disrupted plaque with necrotic core (*)
(D) Intramural hematoma and intimal disruption (*) are observed.

Plaque Morphology

OCT provides a highly detailed visualization of intimal thickening, where the intima
layer exhibits a strong backscattering signal at its internal boundary, gradually decreasing
in intensity towards the outer layers [40]. Measurements of cap thickness by OCT have
been associated with the prevalence of plaque rupture [22]. The hallmark of plaque erosion
is represented by a thrombus covering a non-disrupted fibrous cap. On the other hand,
plaque ulceration is observed in OCT imaging as an intra-plaque cavity while plaque
erosion can occur without involvement of the lesion’s lipid core [39].
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Plaque Activity

In OCT imaging, inflammation is characterized by a highly intense speckle signal ob-
served in regions adjacent to the fibroatheroma, varying in size. It is crucial to differentiate
these areas from cholesterol crystals, elastic lamina, or calcium deposits [41]. It should be
noted that OCT indications of inflammation can only be interpreted when a fibrous plaque
is present, as there is currently no confirmed information regarding the significance of
images suggesting macrophage accumulation in other regions of the vascular wall [41].

2.2.3. Clinical Practice Perspectives and Emerging Trends in OCT
Diagnostic and Therapeutic Implications

The clinical applications of OCT in carotid stenosis encompass both diagnostic and
therapeutic purposes. The use of OCT in characterizing vulnerable carotid plaques has
significant clinical implications for risk stratification and patient management. By providing
detailed information on plaque morphology, fibrous cap thickness, lipid-rich regions, and
surface features, OCT can help to identify high-risk plaques that are prone to rupture
and subsequent ischemic events. This information can assist in determining the optimal
treatment strategy for individual patients and the need for invasive interventions.

OCT plays a crucial role in guiding therapeutic interventions for carotid artery dis-
ease. It provides real-time feedback during interventions, revealing features that were
not visualized using other imaging modalities like CT and MR angiography, such as free
intraluminal thrombus, dissection, TCFA with an underlying ulcerative plaque and filling
defects inside or adjacent to stents, or an undersized stent [42]. In view of this, several
studies have described the use of OCT imaging to guide appropriate endovascular therapy,
allowing for accurate stent placement and the detection of plaque prolapse and stent strut
malposition during CAS [42–46].

However, the prognostic value of plaque morphology and composition in terms
of stroke risk has not been established in large prospective studies. Therefore, it re-
mains challenging to set up OCT in routine clinical practice and determine its impact
on patient outcomes.

Advances in OCT Technology

Improvements in imaging devices, including a higher resolution and faster acquisition
rates, are expanding the capabilities of OCT in visualizing microstructural details. Addi-
tionally, the development of advanced image analysis algorithms and machine learning
techniques has enabled automated identification and quantification of plaque features,
reducing the subjectivity and time required for interpretation. Regardless, there is a need to
develop a validated algorithm for plaque characterization that can help to facilitate the stan-
dardization of OCT image detection of plaque instability. This goal has been achieved by He
et al., who designed a machine learning algorithm for the characterization of atherosclerotic
plaque components by intravascular OCT using ex vivo carotid plaque tissue samples [47].
A total of 31 patients underwent carotid endarterectomy and the ex vivo carotid plaques
were imaged with OCT. The algorithm was validated against histology slices, and it was
capable of characterizing the fibrous, calcified, and lipid tissue of the carotid plaque with
an excellent accuracy using the combined feature set [47].

2.3. Near-Infrared Spectroscopy (NIRS)

Near-infrared spectroscopy (NIRS) is a novel imaging technique that utilizes near-
infrared light to analyze the absorption pattern of cholesterol molecules within the vessel
wall, enabling the detection of lipid-rich plaques with high accuracy [48]. NIRS also
provides valuable information about cerebral hemodynamic conditions and has the po-
tential to serve as a brain monitor in various clinical scenarios, especially during carotid
endarterectomy [49]. While commonly used as a non-invasive technique, a catheter-based
NIRS proved to be accurate in detecting high lipid core plaque in atherosclerotic plaques.
In 2002, Moreno et al. reported the successful application of NIRS in detecting lipid-rich
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necrotic cores (LRNC) in human aortic specimens. Histological analysis demonstrated
NIRS’s high sensitivity and specificity, with values of 90% and 93% for identifying lipid
pools, and 77% and 93% for identifying thin caps, respectively [48].

However, there are limitations that have hindered its independent use in clinical
settings. Firstly, NIRS only provides information regarding the lipid composition of plaques
and does not offer a comprehensive morphological assessment. Secondly, it cannot visualize
or evaluate the size of the lumen, external vessel wall, or plaque burden. Lastly, NIRS lacks
the depth resolution required to precisely locate the necrotic core within the plaque and
differentiate TCFA from thick-cap fibroatheromas.

It is worth noting that NIRS provides limited anatomical information and is commonly
used in conjunction with intravascular ultrasound (IVUS) to generate a “chemogram” or
probability map. The chemogram represents the pullback position in millimeters on the X-
axis and the circumferential position in degrees on the Y-axis, resembling the longitudinal
splitting of the coronary vessel. In studies comparing NIRS to IVUS alone, NIRS has
demonstrated superior performance in identifying lipid core plaques [50]. Some studies
have explored the combination of NIRS with OCT probes to further enhance the system’s
accuracy [51]. Its integration with other imaging modalities and further advancements
in technology are expected to overcome its limitations and enhance its clinical utility in
the future.

2.4. Hybrid Intravascular Imaging Modalities

Multimodal imaging approaches, combining different imaging modalities such as
IVUS, OCT, and NIRS, have emerged to overcome the limitations of individual techniques
and provide a comprehensive assessment of plaque morphology and composition as well
as a prediction of disease progression. Studies have shown that a hybrid approach with
IVUS and NIRS imaging is particularly advantageous in identifying the distribution of
lipid core plaques and exploring the relationship between vascular geometry, shear stress,
and plaque composition [52]. While IVUS alone can detect fibrous atherosclerotic plaques,
which may be obscured by the presence of calcification, NIRS can detect lipids even in
the presence of calcifications [53]. In the PACMANAMI randomized clinical trial, the
combination of IVUS and NIRS was successfully utilized to evaluate the effect of statins on
plaque burden and composition [54]. The ATHEROREMO-IVUS study and other recent
prospective studies have suggested that IVUS-NIRS can serve as a diagnostic tool in clinical
practice for detecting unstable plaques, especially fatty plaques, and identifying patients at
high risk of subsequent major adverse cardiovascular events [55].

However, IVUS-NIRS also has limitations as the low resolution of IVUS affects the
evaluation of cap thickness and luminal boundary definition in the presence of thrombo-
sis or severe intraplaque bleeding. Alternatively, it has been suggested to integrate the
two approaches of IVUS and OCT in order to benefit from the deep penetration of IVUS
and the high resolution of OCT [25]. The application of IVUS-OCT has demonstrated
improved imaging characteristics and provided supplementary information for detecting
TCFA [56]. Furthermore, OCT-NIRS catheters have been developed to acquire OCT and
NIRS data in a pull-back manner, combining the advantage of NIRS in identifying lipid
core components with the advantage of OCT in determining fibrous cap thickness over
lipid pools [57]. Additionally, other innovative multimodal imaging techniques such as
OCT–near-infrared fluorescence (NIRF), IVUS–NIRF, IVUS–intravascular photoacoustic
imaging (IVPA), and IVUS–fluorescence lifetime imaging microscopy (FLIM) are currently
undergoing preclinical evaluation [58–61].

2.5. Carotid Angiography

Carotid angiography is considered to be the gold standard in evaluating carotid artery
disease. In the North American Symptomatic Carotid Endarterectomy Trial (NASCET)
and European Carotid Surgery Trial (ECST), angiography served as the reference standard
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for assessing luminal stenosis in carotid extracranial disease [62,63]. Based on these trials,
stenosis emerged as a crucial factor in determining stroke risk.

In as early as 1978, Moore et al. noted that the presence of ulceration observed on
angiography could identify patients at high risk of subsequent strokes [64]. In the initial
500 patients enrolled in NASCET, angiography was performed to detect ulceration and
was subsequently compared to observations during endarterectomy. The sensitivity and
specificity of angiography in detecting ulcerated plaques were 46% and 74%, respectively.
The positive predictive value for identifying an ulcer was 72% [65]. A similar study design
was employed in ECST, involving 1671 patients, with sensitivities and specificities for
ulceration of 69% and 47%, respectively [66]. Studies that compared the radiological
appearance with the histology of resected plaques showed a wide range of sensitivity
and specificity, indicating substantial variability in the results [67–69]. Therefore, due
to this variability, angiography provides little information regarding the actual risk of
plaque instability.

3. Biomarkers of Non-Invasive Imaging
3.1. Carotid Ultrasound (US)

US has been widely used since the 1980s, particularly duplex ultrasonography, for
quantifying the degree of carotid stenosis by measuring flow velocity and flow ratios, and
it is the modality of choice for the initial evaluation of carotid artery disease [70,71]. In
addition, it can also provide information on plaque instability based on the plaque surface
and composition [72,73] (Figure 3).
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Figure 3. (A) B-mode ultrasound showing a longitudinal view of the internal carotid artery (ICA)
with a heterogeneous echolucent plaque of irregular surface (*) and areas of focal calcification (arrow
head). (B) High turbulence of the flow in the color Doppler study suggests the presence of severe
stenosis. Spectral Doppler measurement of peak systolic velocity (PSV) = 245 cm/s, end diastolic
velocity (EDV) = 90 cm/s, and ICA/carotid common artery (CCA) ratio = 3.7.

3.1.1. Fundamental Concepts and Methodological Approaches in US

Originally, the appearance of a plaque was either classified as echogenic (calcified)
or echolucent (non-calcified) [74]. Later, in an attempt to decrease observer variability,
more detailed classifications were developed, such as the one proposed by Gray–Weale
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and Geroulakos [75]. Based on the echogenicity of the plaque, a five-category Gray–Weale
scale was developed, from type I (uniformly echolucent) to type V (highly calcified) [75].
The Gray–Weale scale was used in the Tromsø Study, in which echolucent plaques were
found to predict a higher risk of cerebrovascular events over a 3-year follow-up period [76].
However, these classifications exhibited weak inter-investigator reliability and little or no
agreement with histologic results [77]. Regarding the histological features, the American
Heart Association (AHA) introduced a well-validated classification system in 1995, that
categorizes the distinct phases involved in the development and progression of atheroscle-
rosis [78]. During the early stages of life, changes in the intima start with the deposition
of macrophages, which later transform into foam cells as a result of excessive cholesterol
phagocytosis. This process leads to the adaptive thickening of the intima, classified as Type
I according to the AHA classification. These macrophages filled with lipids accumulate in
multiple layers, resulting in the formation of fatty streak lesions (Type II). Type III plaques
are characterized by the extracellular accumulation of lipids in small pools and can be
considered as a pre-atheroma stage. These first three phases are clinically silent [79]. As
the disease progresses, extracellular lipid merges into a dense lipid core within the intima,
leading to the formation of atheroma lesions (Type IV). Macrophages, foam cells, and
lymphocytes infiltrate the periphery of the lesion, while neovessels surround it, facing the
lumen. The progression of Type IV lesions to Type V occurs when the lipid core becomes
covered by a fibrotic layer, also known as a fibroatheroma (Type V). Type IV and V plaques
are at risk of complications due to the appearance of fissures resulting from plaque dis-
ruption, intraplaque hemorrhage, or thrombosis, thus becoming Type VI or complicated
lesions. This stage is considered to be the most advanced of the atherosclerotic process,
often associated with significant stenosis or obstruction of the lumen and it is usually symp-
tomatic due to the prothrombotic characteristics of the plaque that significantly increase
the risk of ischemic events [78,79] (Figure 4).
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In order to reconcile the discrepancies between ultrasound classification and his-
tological findings, computer-assisted image analysis has been used to quantify plaque
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echogenicity. Nowadays, there are several possibilities for analyzing US images, such as the
Gray Scale Median (GSM), Pixel Distribution Analysis (PDA), and Virtual Histology (VH).

GSM values are calculated by digitizing B-mode images and subsequently processing
them with Adobe Photoshop (Adobe Systems Inc, San Jose, Calif). The Imaging in Carotid
Angioplasty and Risk of Stroke study, a large-scale study that examined the relationship
between GSM and the risk of stroke during carotid artery stenting, demonstrated that
the rate of stroke and TIA was greater in patients with plaques that had GSM values of
<25 than in patients with GSM > 25 [80].

Another approach is PDA, which maps individual tissue components within the
carotid plaque image [81]. PDA digitizes ultrasound scan images and normalizes pixel
intensities between two reference points (blood and arterial adventitia). This technique
allows the application of a false color scale, creating a form of VH [81].

Despite the high expectations projected onto these imaging techniques, the results of
the study conducted by Denzel et al. were not as encouraging. They compared B-mode
images of 107 carotid endarterectomy specimens and their GSM values to a histologic clas-
sification consisting of only three groups (calcium-rich, lipid-rich, and combined plaques).
Only 46% of the cases showed agreement between the GSM and the histopathological
findings [82]. Correlation of PDA with histology showed similar results [12,81].

Three-Dimensional US (3D US)

Three-dimensional US provides better visualization of plaque geometry, surface ir-
regularity, luminal plaque borders, intima-media layers, and ulceration compared to 2D
ultrasound. It enables differentiation between ulceration and gaps between adjacent
plaques, enhancing diagnostic accuracy [83], as well as quantification of plaque volume,
which has been found to be a stronger predictor of coronary artery disease (CAD) compared
to current 2D methods like intima-media thickness (IMT) measurement [84]. The presence
and quantification of ulcers using 3D ultrasound in association with carotid stenosis have
shown a correlation between the number of ulcers and the risk of stroke or death [85]. More
recently, Muraki et al. demonstrated high sensitivity (85.7%) and specificity (81.3%) for
the detection of plaque ulceration [86]. Kanber et al. developed an algorithm for detecting
plaque surface irregularity using software to calculate the sum of the angular deviations of
a plaque’s surface from a straight line, naming it the surface irregularity index (SII) [87].
The investigators found that the SII alone could predict the presence of cerebrovascular
symptoms with a 66% accuracy and, in combination with stenosis, had an accuracy of
83% [87].

Contrast-Enhanced Ultrasound (CEUS)

Contrast-enhanced ultrasound (CEUS) is an innovative diagnostic tool that utilizes
microbubble contrast agents to offer an objective evaluation of carotid plaque vulnerability.
It allows for the visualization of neovessels within the plaque and plaque ulceration,
assisting in distinguishing between occlusion and stenosis [88]. During the early phase of
contrast administration, the neovessels fill with blood, leading to stronger echogenicity.
In the late phase, JBA (defined as an area of pixels with a greyscale value < 25 adjacent
to the lumen without a visible echogenic cap after image normalization) can be observed,
indicating hypoechoic areas without a fibrous cap, and containing fragments of the lipid
core in ruptured plaques [89]. A large JBA (>6 mm2) may indicate vulnerable plaques,
while a discrete white area (DWA) is related to neovascularization [90].

Van den Oord et al. found that CEUS changed the risk category in asymptomatic
patients previously classified by the traditional risk stratification model by calculating
the Prospective Cardiovascular Munster Heart Study (PROCAM) risk [91]. Hamada et al.
validated plaque ulceration assessed by CEUS with histology analysis, confirming its high
sensitivity for identifying plaque ulceration and fibrous cap disruption [92].
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3.1.2. Features of a Vulnerable Carotid Plaque: Insights from US Imaging
Plaque Composition

The TCFA can be visualized on ultrasound as an echogenic structure that reflects more
echoes than the surrounding plaque and blood [71]. The thickness of the TCFA can be
measured by using stratified GSM measurements, which have a sensitivity of 73% and
specificity of 67% [93]. The lipid-rich necrotic core or IPH of a vulnerable plaque may be
identified by assessing echo intensity [84]. On US, lipid appears as an echolucent area
that looks similar to IPH. The presence of lipid necrosis can cause the plaque to have a
heterogeneous appearance [94]. The Asymptomatic Carotid Stenosis and Risk of Stroke
(ACSRS) study used the JBA to refer to either IPH or a large fatty core and found that
this feature was associated with an increased risk of stroke [95]. The size of the lipid
core is believed to be a critical factor in plaque stability, with larger pools of lipid being
associated with less stable plaques [96]. However, data on the ability to detect the lipid core
using ultrasound or computer-aided greyscale analysis are conflicting [81,97]. Calcification
appears as a bright or hyperechogenic area on ultrasound and it can be assessed by the
mean pixel value [98], GSM [99], and PDA [81]. One limitation of assessing heavily
calcified plaques with ultrasound is that the shadowing effect can limit the assessment of
other plaque characteristics and the severity of stenosis. The presence of a thrombus or
intraplaque hemorrhage can cause an echolucent lesion that resembles a fatty core [71].
Conventional 2D ultrasound has been found to have a high level of accuracy in detecting
an intraluminal thrombus, with sensitivity and specificity ranging from 80% to 90% and
80% to 91%, respectively [100]. In contrast, the findings from the GSM measurement and
histology of IPH have been found to be less-well correlated [101].

Plaque Morphology

On ultrasound, ulceration is defined as a focal depression of at least 2 mm deep and
2 mm long, with a distinct wall at its base, and a region of reversed flow at the site of
the recess [83,102]. However, when CEUS is performed, ulceration is defined as a plaque–
lumen border disruption filled with microbubbles and measuring at least 1 × 1 mm [103].
In many instances, the varying sensitivity (33–75%) and specificity (33–92%) of ultrasound
in detecting plaque ulceration may be attributed to a lack of experience in identifying this
feature [104,105].

Plaque Activity

Plaques with higher enhancement have been correlated with a greater neovascu-
larization on histology analysis [106]. Camps-Renom et al. demonstrated that plaque
neovascularization detected by CEUS in patients with anterior circulation ischemic stroke
and carotid atherosclerosis was an independent predictor of stroke recurrence [107].

3.1.3. Clinical Practice Perspectives and Emerging Trends in US
Diagnostic and Therapeutic Implications

US allows for the measurement of flow velocity, detection of stenosis severity, and
visualization of plaque echogenicity. It can also provide information on plaque vulner-
ability based on the plaque surface and composition [72,73]. Plaque activity can also be
estimated by CEUS. Van Engelen et al. demonstrated that changes in carotid plaque texture
and total plaque volume predicted cardiovascular events in subjects with increased Fram-
ingham risk scores, suggesting the potential for integrating texture analysis to enhance risk
stratification [108].

In addition, the development of computer-assisted image analysis has reduced inter-
observer variability in ultrasound scan analysis. The Imaging in Carotid Angioplasty
and Risk of Stroke (ICAROS) trial demonstrated that increased echolucency of the carotid
plaque, measured by GSM, is a risk factor for stroke during and immediately after carotid
artery stenting [109]. However, since the ICAROS trial focused on patients receiving
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a carotid stent, a histological substrate was not available for comparison with GSM
values [109].

Advances in US Technology

Recent advancements in integrated backscattering (IB) analysis have created a map-
like image that describes the mixed composition of the plaque, providing more detailed
information than averaged IB values. Custom software, such as iPlaque, allows the vi-
sualization of different tissue components of a plaque in a color-coded display, based on
previously established IB threshold values [110].

A limitation of GSM analysis is that by analyzing the median gray value of the plaque
as a whole, it may overlook significant heterogeneity within the plaque and misrepresent
instability if a plaque contains both soft and hard components. Texture analysis is an
alternative approach that takes into consideration the heterogeneity and spatial variations
in pixel intensity within the plaque. Acharya et al. used semi-automatic texture features
and features based on a trace transform matrix to classify plaques as symptomatic or
asymptomatic, achieving high accuracy rates [111].

While the widespread applicability of these methods is still limited, recent studies
have suggested that the grayscale algorithms used for two-dimensional (2D) images can
be applied to three-dimensional (3D) ultrasound for whole-plaque analysis [112]. The
combination of GSM and texture analysis in 3D ultrasound may enable the identification of
unstable regions within a plaque, but further validation of this method is needed [83,112].

3.2. Transcranial Doppler Ultrasonography

Transcranial Doppler ultrasonography (TCD) is a non-invasive and portable imaging
technique that is used to visualize the intracranial blood vessels. To perform imaging, a
sector-array transducer with a low-frequency (2 MHz) is typically used to allow the signal
to penetrate through the skull.

The primary role of TCD in carotid imaging is to evaluate cerebral microembolic signals
(MESs), and the middle cerebral artery is the preferred artery to monitor [113]. In patients
with symptomatic carotid stenosis, MESs were found in 43% of patients, compared to just
10% in asymptomatic patients, as reported by Ritter et al. [114]. Conversely, the absence
of MESs indicates a very low risk of future symptoms in patients with asymptomatic
carotid plaques. This is further supported by the fact that MESs rapidly diminish following
CEA [115].

Additionally, TCD is useful in assessing the risk of stroke in these patients, especially
when combined with other imaging modalities. The combination of plaque echolucency on
B-mode ultrasonography and MESs on TCD has been associated with a 10-times-greater
risk of stroke in patients with asymptomatic carotid stenosis [116]. The combination of
plaque neovascularization on contrast-enhanced ultrasound (CEUS) and MESs on TCD is
also emerging as a strong risk factor for acute ischemic stroke [117].

3.3. Elastography

Elastography is a valuable technique for evaluating the stiffness of a plaque, which
reflects its histological composition [118]. By measuring plaque displacement and deforma-
tion, elastography assesses the mechanical properties of the tissue.

Two methods of elastography are commonly used: strain elastography (SE) and
shear-wave elastography (SWE). SE measures the displacement of the plaque caused by
external forces such as blood pressure oscillations or manual compression of the probe
and provides semi-quantitative parameters like strain, strain velocity, or strain rate using
deformation estimating algorithms. On the other hand, SWE involves the emission of shear
waves into the tissue through an acoustic radiation force impulse. These waves propagate
perpendicularly to the impulse, and the technique measures their velocity, expressed as
Young’s modulus (YM). YM defines tissue resistance to elastic deformation and quantifies
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the stress required to achieve a unit of deformation, thus providing a measure of tissue
elasticity [118].

Plaques with a higher lipid content exhibit significant elastic deformation, a lower
YM, and lower shear-wave velocities (SWV). In contrast, more rigid tissues like calcified
plaques demonstrate less elastic deformation and higher SWV [119]. A lower mean YM
and SWV were found in symptomatic plaques compared to the asymptomatic group [120].
SWV were also shown to be lower in hypoechoic plaques, suggesting that SWE indices
could be used to differentiate vulnerable from less vulnerable plaques. SWE imaging has
demonstrated its value in identifying carotid plaques prone to rupture by correlating YM
values with the Gray–Weale echogenicity grading and GSM values [121]. YM was found to
be a superior vulnerability marker compared to GSM, and combining YM values with the
degree of stenosis improved diagnostic performance [120]. Studies have shown increased
SWE displacements in regions identified as lipid on MRI, and larger local deformations
and increased complexity in deformation patterns are more likely to occur in vulnerable
plaques [122,123].

The sensitivity and specificity of elastography vary depending on the reference method
used. When compared to MRI, sensitivity was reported as 71.4%, and specificity was
87.1%. In comparison to histology, sensitivity decreased to 50%, while specificity reached
100% [124].

While elastography indices cannot replace the grading of stenosis for determining
eligibility for surgery, they can provide additional information to improve the detection of
unstable plaques and patient risk stratification. However, further large-scale studies with
longitudinal follow-up are warranted to enhance our understanding of this technique.

3.4. Computational Fluid Dynamics (CFD)

Computational fluid dynamics (CFD) technologies are used to analyze and quantify
fluid flow behavior in various systems, including the cardiovascular system. In the context
of atherosclerotic plaques, CFD allows for the calculation and visualization of hemodynamic
forces acting on the plaque, such as wall shear stress (WSS) and axial plaque stress (APS).
These technologies have undergone significant progress, now enabling the utilization of
more accurate and patient-specific geometric models derived from sources like coronary
computed tomography angiography (CTA). By discretizing the coronary models into
volumetric meshes, CFD analysis can simulate blood flow and pressure patterns, providing
valuable insights into the behavior of atherosclerotic plaques and their susceptibility to
rupture or complications [125].

WSS is a critical factor in the development and rupture of atherosclerotic plaques.
High WSS has been observed to co-occur with plaque rupture in various artery imaging
studies. However, solely considering WSS magnitude may not fully predict the rupture
process. To address this, researchers have introduced APS as an alternative measure to
estimate plaque rupture risk. APS has shown statistical associations with necrotic-core
plaques and functional ischemia in the coronary arteries [125,126].

Li et al. established a clear association between plaque geometry and stress, as mea-
sured by WSS and APS. Plaque severity and eccentricity were identified as independent
factors linked to acute vascular events in coronary plaques, while the lengths of proximal
and distal segments indicated potential sites of rupture. APS was found to be directly
linked to plaque rupture, especially in the distal segments [126]. Another study by Choi
et al. revealed distinct APS distributions between upstream-dominant and downstream-
dominant lesions, indicating a lower risk of downstream rupture in cases of severe stenosis
due to decreased downstream pressure. Moreover, a significant negative correlation be-
tween APS and lesion length can provide an explanation for the higher incidence of plaque
rupture in short and focal lesions compared to diffuse lesions [125].

The enhanced capabilities of these hemodynamic and geometric indices have opened
up new possibilities for studying plaque-related pathologies and guiding personalized
treatment strategies.
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3.5. Carotid Computed Tomography (CT)

Computed tomography (CT) is a non-invasive imaging modality that has proven to
be an excellent tool for carotid stenosis evaluation and it also provides a viable alternative
for assessing vessel wall size, high-risk plaque burden, morphological characteristics, and
vulnerability, with a relatively high accuracy [127] (Figure 5).
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Figure 5. CT imaging can be used for the analysis of carotid plaque by assessing the density of
its components, which is measured in Hounsfield units (HU). Image (A) shows a sagittal view of
CCA and ICA with a low-density plaque (red lines) and spotty calcification (white arrow). Image
(C) displays an axial view of the ICA. Images (B) (sagittal view) and (D) (axial view) represent
the automated color coding of carotid plaque components. The predominant color is blue, which
correlates with a lipidic core (<60 HU).
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3.5.1. Fundamental Concepts and Methodological Approaches in CT

There are two primary CT techniques used for plaque characterization: multidetector-
row CT angiography (MDCTA) and dual-source CT (DSCT). MDCTA allows for recon-
structions in multiple planes (axial, sagittal, and coronal) and provides high spatial and
contrast resolution, similar to MRI [128]. MDCTA has demonstrated excellent sensitivity
and specificity in detecting plaque ulcers and plaque neovascularization, both surpassing
90% [129].

DSCT utilizes two different X-ray sources operating at different energies to achieve
distinct Hounsfield units (HUs) within the same tissue. This allows for improved tissue
differentiation and advanced postprocessing techniques. DSCT also can be combined with
bone-removal algorithms, enabling better visualization of the vasculature and providing
a high spatial resolution for multiplanar reformats [130]. Compared to standard MDCT,
DSCT has advantages such as the ability to differentiate calcified plaque from iodinated
contrast, which facilitates the accurate assessment of calcified plaque volume and easy
bone subtraction [130].

3.5.2. Features of Vulnerable Carotid Plaque: Insights from CT Imaging
Plaque Composition

As a general guideline, lower plaque density is indicative of increased instability [128].
The thickness of the TFCA can be measured with a good correlation to histology, and
MDCTA has shown an association between a fissured fibrous cap and cerebrovascular
symptoms [131]. IPH is characterized by low HU and Saba et al. [132] proposed a <25 HU
threshold, but this is still vastly debated in the literature. A lipid core can be detected
as an area of lower density. Multidetector computed tomography (MDCT) has shown
good correlations with histology in identifying large lipid cores, although this is limited
to mildly calcified plaques. Distinguishing IPH from lipid-rich non-calcified components
on CT is a nontrivial challenge because both IPH and LRNC have low overlapping CT
numbers of <60 HU [131]. MDCT can also accurately detect the presence and amount of
calcification due to their high density. In fact, CT is considered to be the most effective
imaging technique for identifying calcification in carotid plaques [133]. On CT, a soft plaque
is generally defined as a low-attenuation plaque with approximately <60 HU, whereas
fibrous tissue is considered to be between 60–130 HU and >130 HU is considered to be a
calcified plaque [134]. However, there is significant overlap in HU values among LRNC,
connective tissue, and IPH, and the presence of calcification artifact limits its usefulness in
plaque analysis [131,135]. In this regard, it should be noted that, regarding the extraction
of calcified plaques, de-blooming algorithms have been effective in minimizing blooming
artifacts for calcified plaque extraction, but further investigation is needed to address other
factors affecting accuracy and reliability, such as individual differences and co-existing
plaques and stents [136].

Plaque Morphology

A plaque ulcer is characterized by the presence of an intimal defect that causes the
contrast material to extend beyond the lumen and into the surrounding plaque on CT
imaging. MDCTA can detect ulceration with moderate to good sensitivity (60–94%) and
specificity (70–99%) when compared to histological analysis [104,137].

Plaque Activity

CT can also identify and quantify neovascularization as well as plaque volume and
vascular remodeling [90,132]. In a study of 97 patients, Saba et al. found that symptomatic
plaques exhibited significantly higher degrees of plaque enhancement following contrast
administration compared with asymptomatic plaques. A threshold of 15 HU had a speci-
ficity of 83% and a sensitivity of 76% [128]. Delayed-phase images have also demonstrated
a strong correlation with symptomatology, with stable plaques exhibiting progressive
enhancement on delayed images, while symptomatic plaques tend to show more washout.
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This is likely due to the presence of neovascularization within unstable plaques, leading to
increased contrast washout on delayed images [138].

3.5.3. Clinical Practice Perspectives and Emerging Trends in CT
Diagnostic and Therapeutic Implications

MDCTA is already integrated as standard care for the evaluation of carotid plaques.
Observation of the characteristics of plaque instability in CT studies would greatly reduce
the need for further imaging assessment. However, stratification tools for vulnerable
carotid plaque diagnosis in CT studies have yet to be developed, as the literature lacks
comparative studies with systematic reporting of outcomes between the two imaging
modalities. In particular, MDCTA has been used to monitor the effects of statins, showing
modifications in plaque composition over time, with a progressive reduction in fatty
subcomponents [34,139]. Additionally, it has been demonstrated that the identification of
high-risk markers of carotid atherosclerosis in MDCTA can predict 10-year atherosclerotic
cardiovascular disease risk scores [140].

Advances in CT Technology

A study by Ball et al. utilized a novel technology called tomographic ultrasound
(tUS) [141]. This technology involves a three-dimensional (3D) ultrasound system with
a spatial tracker that computes multiplanar reconstructions to produce 3D ultrasound
volumes. The study found that tUS is an accurate method that offers all the advantages of
ultrasound [89].

Other recent studies suggest that high shear stress contributes to the progression of
unstable plaques [142], but little is known about the exact pathophysiological mechanism of
shear stress in plaque progression. MDCTA 3D lumen geometry assessment may contribute
to a better understanding of various hemodynamic factors, including shear stress, in the
future [143].

3.6. Carotid Magnetic Resonance Imaging (MRI)

Histological correlation studies have demonstrated the high sensitivity and specificity
of in vivo high-resolution MRI in identifying vulnerable plaque characteristics [144]. The
best potential of MRI lies in estimating the thickness of the fibrous cap and detecting the
presence of IPH, being particularly adept at distinguishing between LRNC and IPH [32].
MRI has proven clinically valuable in detecting IPH with a sensitivity ranging from 82% to
97% and a specificity of 74% to 100% [145,146] (Figure 6).
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Figure 6. MRI images of an IPH. T1-weighted (T1W) sagittal (A) and axial views (B) show hyperin-
tense signal within the carotid plaque (white arrows). On the T1W with fat saturation image (C) the
plaque also presents areas of high intensity, indicating the presence of IPH.
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3.6.1. Fundamental Concepts and Methodological Approaches in MRI

There are multiple pulse sequences available for characterizing plaques using MRI.
One frequently utilized technique is rapid spin echo (RSE), which enables imaging with
T1-weighting, T2-weighting, and proton density weighting (PDW) [147].

Magnetization-prepared rapid-acquisition gradient echo (MPRAGE) combines the use
of magnetization preparation with rapid image acquisition using gradient echoes and it
reliably detects IPH and LRNC on T1-weighted images [148].

The black-blood technique is commonly employed for plaque imaging. It employs an
RSE sequence with double inversion recovery preparatory pulses, enhancing the contrast
between the dark lumen and the vessel wall. However, this technique often necessitates
longer examination times [149].

To accurately characterize plaque morphology, fat suppression is critical. This tech-
nique is utilized in all sequences to suppress the signal from the subcutaneous fat, improv-
ing the contrast between different plaque components as well as between the carotid wall
and surrounding tissues. Fat-suppressed T1-weighted images are particularly valuable in
differentiating the high T1 signal of intraplaque lipid from that of IPH [150].

Contrast-enhanced images play a pivotal role in distinguishing various plaque com-
ponents. Gadolinium (Gd)-based contrast imaging can be employed to evaluate plaque
neovascularity and differentiate a necrotic core from fibrous tissue on T1-weighted im-
ages [151,152].

3.6.2. Features of Vulnerable Carotid Plaque: Insights from MRI Imaging
Plaque Composition

On MRI, the fibrous cap can be visualized as a thin band adjacent to the lumen. It ap-
pears hypointense on time-of-flight (TOF)-weighted images and isointense on T1-weighted
(T1W), T2-weighted (T2W), and proton-density-weighted (PDW) images. A ruptured FC
will demonstrate a disrupted, dark band on CE-T1W with an irregular luminal surface
on all images, although distinguishing between the two is still challenging [145]. Using
3D TOF MRA, Hatsukami et al. demonstrated a high level of agreement (89%) between
MRI and histological findings [153]. The necrotic core and IPH do not exhibit enhancement
as they lack vascularity, whereas the fibrous cap component of the plaque demonstrates
enhancement. Increased enhancement with Gd is also associated with neovascularity and
plaque inflammation [151,152]. LRNC is hypointense on T2W images and will not enhance
on CE-T1W images. The detection rate of an LRNC is slightly better when IPH is not
present [154]. Differentiating IPH from LRNC can be challenging as the thrombus is often
located within the necrotic core. IPH typically appears hyperintense on all T1W imaging
sequences while LRNC appears hyperintense only on T1-weighted images and isointense
on TOF MR images [154] IPH was found to be detectable with both T1W and TOF MRA
images at 1.5 T with a sensitivity of 82% and specificity of 77% by Saam et al. [155], whereas
3T MPRAGE depicted IPH with a similar sensitivity (80%) but a much higher specificity
(97%) [156]. MPRAGE, as compared with FSE and TOF, demonstrated higher diagnostic
capability for the detection and quantification of IPH [156]. MRI can detect calcification in
the vessel wall with a sensitivity ranging from 76% to 84% and a specificity ranging from
86% to 94%. Calcification appears hypointense on all contrast images [145,149,154]. How-
ever, measuring the area of calcification as a percentage of the vessel wall using histology
as the reference may lead to underestimation [149].

Plaque Morphology

MRI identifies ulceration using a variety of imaging sequences such as 3D TOF, T1,
proton density, T2, and contrast-enhanced T1 [157]. In MRI the fibrous cap appears as a
dark band between the bright lumen and the gray plaque. The absence of this thin dark
band indicates plaque ulceration on all contrast weightings. The sensitivity and specificity
of MRI in identifying ulceration can be further improved by incorporating longitudinal
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black-blood MR angiography, which results in a sensitivity and specificity of 80% and 70%,
respectively [158].

Plaque Activity

Plaque enhancement on post-contrast T1-W MR images is associated with plaque
vulnerability, neovascularization, and macrophage infiltration [79]. Dynamic contrast-
enhanced (DCE) MRI has been employed in previous studies to quantify plaque enhance-
ment, neovascularity, and inflammation [151,159], demonstrating a significant association
between plaque enhancement and ipsilateral ischemic events, independent of the degree of
stenosis [144]. Millon et al. found that neovascularity was observed in up to 97% of areas
with gadolinium (Gd) enhancement on post-contrast images, while macrophage infiltration
was seen in 87% of regions of Gd enhancement [144].

3.6.3. Clinical Practice Perspectives and Emerging Trends in MRI
Diagnostic and Therapeutic Implications

MRI is currently the most promising imaging modality for identifying vulnerable
plaque components, thanks to its high soft-tissue contrast and high in-plane resolution.
Studies have shown that MRI can detect most of the described plaque characteristics with
moderate to good agreement [145,146,154,155,158].

Studies involving both asymptomatic and symptomatic patients with moderate carotid
stenosis (<70%) have shown that MRI findings of IPH are associated with a higher hazard
ratio for future ipsilateral ischemic events [79,144,155,160]. There exists a subpopulation of
clinically stable asymptomatic patients with cardiovascular disease whose carotid plaque
contains IPH despite maximum-tolerated intensive statin therapy. MRI can reclassify these
patients without clinical very-high-risk features into an imaging-defined very-high-risk
group who may benefit from very intensive lipid-lowering therapy [161]. However, there
are still potential obstacles to its widespread adoption as a routine risk stratification tool.
The associated high cost and limited availability are the most significant barriers.

Advances in MRI Technology

There is significant interest and ongoing research regarding potential biomarkers that
are specifically designed to target molecules present in unstable atherosclerotic lesions.
Superparamagnetic iron oxide (SPIO) particles have become the favored MR contrast
agent that targets specific molecules or cells such as elastin, fibrin, or vascular cell adhesion
molecule 1 [162]. These particles induce magnetic susceptibility on T2-weighted images and
are useful for identifying plaque macrophages as surrogate markers of plaque inflammation
in the assessment of instability of carotid plaques [163].

One difficulty with multi-contrast carotid plaque MRI is needed to co-register multiple
sequences. A newly developed 3D sequence to obtain three different contrast weight-
ings (T1, T2, and gray blood) during a single 5-min acquisition can streamline carotid
plaque imaging and analysis. The multi-contrast atherosclerosis characterization (MATCH)
sequence was used in 53 consecutive patients, and it was comparable, if not superior,
to conventional multi-contrast carotid plaque MRI in identifying and quantifying major
carotid plaque components [164]. In another effort to streamline carotid plaque composi-
tional analysis, the simultaneous non-contrast angiography and intraplaque hemorrhage
(SNAP) technique allows for imaging of the blood vessels without the need for contrast
administration, while simultaneously identifying the presence of IPH in the carotid plaque.
By combining these sequences, the carotid arteries can be visualized without the use of
contrast agents, while also identifying areas of hemorrhage within the plaque [165].

Another area of future research could focus on the correlation between carotid plaque
characteristics and cerebral damage in patients with silent cerebral ischemic events who
are at high risk of a future stroke. The 7-Tesla MRI has proven to be superior in visualizing
cerebral microbleeds and microinfarcts in symptomatic patients with high-grade stenosis
than 1.5-Tesla and 3-Tesla [166].
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However, the current manual processing of atherosclerotic plaque features derived
from MRI wall imaging data is subject to inter- and intra-observer variability and is a time-
consuming process. Therefore, automated segmentation techniques have been developed
to overcome these limitations [143].

3.7. Positron Emission Tomography (PET)

Positron emission tomography (PET) is a medical imaging technique that uses ra-
dioactive tracers to assess the biological processes related to atherosclerosis, such as
intraplaque inflammation, microcalcification, and intraplaque angiogenesis. Moreover,
18F-fluorodeoxyglucose (18F-FDG) is currently the most validated tracer for imaging plaque
inflammation, particularly in vulnerable carotid plaques, where high FDG uptake has been
shown to correlate with macrophage accumulation [167]. In addition to glucose uptake,
nuclear imaging can target numerous other metabolic and signaling pathways associ-
ated with vulnerable plaques, such as low-density lipoproteins, matrix metalloproteinase
inhibitors [168], and chemotactic proteins [32].

3.7.1. Fundamental Concepts and Methodological Approaches in PET

The primary molecular imaging technique used for assessing carotid plaques is
18F-fluorodeoxyglucose (FDG) PET/CT. FDG is partially metabolized through glycol-
ysis within the atherosclerotic plaque, and serves as an indicator of plaque inflammation
and hypoxia [169]. Intravenous injection of FDG is followed by image acquisition after
60–180 min using a dedicated PET/CT scanner [170].

Tawakol et al. were the first to identify a histological association between plaque
inflammation and the degree of 18F-FDG uptake [167]. The abundance of inflammatory
cells is observed in highly inflamed vulnerable plaques, which take up FDG, a glucose
analog. Higher metabolic activity leads to a more significant accumulation of FDG [89,171].

Special consideration is needed when utilizing FDG-PET/CT for plaque characteriza-
tion. The concentration of FDG in the blood pool can affect contrast resolution, particularly
when evaluating small areas like carotid plaques. The optimal timing for imaging following
FDG administration is a subject of debate. The carotid maximal standardized uptake value
(SUVmax) at 180 min is more strongly associated with a 10-year risk of fatal cardiovascular
disease compared to imaging at 90 min, as well as the quantification of atherosclerotic
plaque inflammation [172].

3.7.2. Features of Vulnerable Carotid Plaque: Insights from PET Imaging
Plaque Activity

Researchers have explored the combination of FDG-PET to detect active inflammation
and MRI to identify morphological features indicative of higher risk, aiming to optimize
risk stratification. Truijman et al. found only a weak correlation between plaque inflam-
mation on PET and neovascularization detected by dynamic contrast-enhanced (DCE)
MRI, suggesting the complementary nature of these two techniques [173]. Calcagno et al.
also identified a weak inverse relationship between neovascularization on DCE MRI and
plaque inflammation on PET [174]. Similarly, FDG uptake did not strongly correlate with
IPH observed on MRI [171]. In their examination of carotid artery specimens, Joshi et al.
observed that 18F-NaF uptake occurred precisely at the site of all carotid plaque ruptures
and was strongly associated with active calcification, macrophage infiltration, apoptosis,
and necrosis [175].

In a study of patients undergoing carotid endarterectomy (CEA) after FDG-PET/CT,
SUVmax was associated with an increased CD68 concentration, a marker of macrophage
activity [176]. Tawakol et al. also found higher CD68 staining in plaques with high SUV
compared to those with low SUV [167].
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3.7.3. Clinical Practice and Emerging Trends in PET
Diagnostic and Therapeutic Implications

PET is a validated imaging technique for plaque inflammation-related metabolism
and plaque instability [177]. Additionally, FDG-PET can reveal common cardiovascular
risk factors, showing significant correlations with factors such as obesity, male gender, age
(>65 years), smoking, hypertension, diabetes, and hypercholesterolemia. These risk factors
are associated with local arterial inflammation, highlighting the potential predictive value
of FDG-PET imaging in disease progression [178].

Several studies have also reported a link between FDG uptake and the risk of future
events in both asymptomatic and symptomatic individuals [167]. Skagen et al. showed
that there was a greater uptake of 18F-FDG on PET/CT in patients with symptomatic
carotid artery plaques compared with those who were asymptomatic [179]. In addition,
Fujimoto et al. demonstrated that the uptake of 18F-NaF was related to the severity of
ischemic vascular brain disease on MRI, which suggests that it may be useful in the risk
assessment of cerebrovascular disease [180]. In this way, the Biomarkers Imaging Vulnera-
ble Atherosclerosis in Symptomatic Carotid disease (BIOVASC) trial, involving patients
with carotid stenosis and a recent stroke/transient ischemic attack, found that in patients
with recent symptomatic carotid stenosis, plaque 18F-FDG uptake was associated with
early recurrent stroke [181]. The study showed for the first time that plaque FDG uptake
independently predicts early stroke after PET. This finding suggests that higher plaque
FDG uptake is a marker of a vulnerable carotid plaque leading to stroke recurrence. These
results led to the development of a novel score called the Symptomatic Carotid Atheroma
Inflammation Lumen Stenosis Score (SCAIL) [182]. This score, developed by Kelly PJ et al.,
assigns points based on the severity of stenosis and 18F-fluorodeoxyglucose (18F-FDG)
uptake and predicts the risk of recurrent ischemic stroke using 18F-FDG standardized
uptake values on PET-CT as a parameter for plaque inflammation [182].

Advances in PET Technology

The development of novel PET tracers is an active area of extensive research. Some
of these novel tracers, including 18F-FMISO, 68Ga-NOTA-RGD, and 18F-NAF, are being
studied in humans as alternative markers of inflammation and potential markers for
microcalcification, respectively, with some success [175,183,184]. Furthermore, 18F-NAF
specifically targets active microcalcification in atherosclerotic plaques, which could be
valuable in identifying vulnerable carotid plaques. Recent clinical trials have demonstrated
that 18F-FMISO and 68Ga-NOTA-RGD are associated with angiogenesis and they have been
proposed to target molecules that are highly expressed within vulnerable plaques [185–187].
Imaging of matrix metalloproteinases, proteases associated with plaque rupture, has also
exhibited promise in early preclinical studies [188]. However, further validation through
large-scale clinical studies is necessary for these radioactive tracers.

In terms of the translation of promising PET tracers into the clinical setting, the co-
registration of PET images with CT or MRI PET has limited spatial resolution (3–5 mm),
which restricts the direct quantification of vulnerable plaques in smaller vessels. To address
this issue, hybrid scanner constructs, such as PET/CT and PET/MRI, are essential, with
MRI potentially providing additional benefit over CT as it provides better visualization of
the vessel wall [71].

4. Evaluating Imaging Modalities: A Comparative Approach

Although computed tomography (CT), magnetic resonance imaging (MRI), and sonog-
raphy have demonstrated their effectiveness in detecting key markers of carotid plaque
vulnerability, they have certain limitations in capturing cellular markers at a microscopic
scale. In this context, optical coherence tomography (OCT) emerges as a promising and
dynamic imaging-based modality for the real-time visualization of microvascular struc-
tures. OCT offers an impressive spatial resolution of around 10 µm in tissue [189], which is
approximately ten times higher than IVUS [53]. This makes OCT well-suited for investigat-
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ing plaque microstructure, fibrous cap thickness, and lipid-rich regions, which are crucial
indicators of plaque instability [41]. Moreover, OCT provides imaging quality comparable
to histological biopsy. On the other hand, IVUS has a lower spatial resolution compared
to OCT but provides deeper penetration into the tissues. Therefore, IVUS is effective in
visualizing plaque burden, identifying calcium deposits, and assessing vessel dimensions
(Table 1).

Table 1. Comparison of intravascular imaging modalities for visualization of vulnerable plaque.

IVUS OCT NIRS-IVUS Angiography US CEUS CT MRI PET

TCFA - +++ - + + + + ++ -

LRNC + +++ +++ - - + + ++ -

IPH + +++ +++ - + ++ ++ +++ -

Calcification +++ +++ +++ ++ ++ ++ +++ ++ -

Ulceration +++ +++ +++ ++ ++ +++ +++ +++ -

Neovascularization - + - - - ++ + + -

Inflamation + + + - - ++ ++ ++ +++

Positive
remodeling +++ + +++ - - ++ ++ ++ +

Indicator: - means not detectable; + barely detectable; ++ visible; +++ well delineated.

One common misconception regarding OCT is that it can replace intravascular ultra-
sound (IVUS) [41]. In fact, each technology excels at different tasks, and it is important
to highlight that both IVUS and OCT have their specific strengths and limitations, and a
combined approach may be necessary for a comprehensive evaluation of the vulnerability
of the carotid plaque.

CTA and MRA have been the cornerstones, along with US for the imaging of carotid
artery disease. Arteriography has been largely sidetracked in recent decades due to its
invasive nature and associated risks of complications. CTA has demonstrated its effective-
ness in evaluating stenosis, while MRA offers detailed information about the morphology
of atherosclerotic carotid lesions. MRA studies have demonstrated superior ability in
distinguishing vulnerable carotid plaque characteristics such as TFCA, LRNC, IPH, plaque
ulceration, and neovascularization [190]. Although CTA shows promising potential in de-
tecting certain vulnerable lesions, limited data are available regarding these characteristics
in CTA imaging sequences (Table 2).

Table 2. Advantages, disadvantages, and application scenarios of the various imaging techniques.

Imaging
Technique Advantages Disadvantages Application

Scenarios

IVUS High penetration Invasive; spatial resolution;
availability; cost

Calcification; ulceration; positive
remodeling

OCT High spatial resolution Invasive; availability; cost Hemorrage; Lipid component;
calcification; ulceration

NIRS-IVUS High penetration; high spatial
resolution

Invasive; spatial resolution;
availability; cost

Positive remodeling; hemorrage;
Lipid component; calcification;

ulceration

Angiography - Invasive; radiation; contrast;
resolution; availability Luminal stenosis

US Noninvasive; radiation-free; wide
availability; low cost

Operator dependency;
variability; resolution Ulceration
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Table 2. Cont.

Imaging
Technique Advantages Disadvantages Application

Scenarios

CEUS Noninvasive; radiation-free; good
availability; limited cost

Operator dependency;
variability; resolution Ulceration; neovascularization

CT Noninvasive; high resolution;
reproducibility

Radiation; contrast agents;
calcification Calcification; ulceration;

MRI Noninvasive; radiation-free; high
resolution; reproducibility

Gadolinium; costs; time;
availability Hemorrage; ulceration, necrosis,

PET Noninvasive; reproducibility Radiation; time; availability;
resolution Inflammation

5. Conclusions

Several imaging biomarkers have been identified for carotid plaque instability includ-
ing intraplaque hemorrhage, neovascularization, plaque rupture, lipid-rich necrotic core,
and fibrous cap thickness.

The clinical relevance of these imaging biomarkers lies in their ability to predict
stroke risk and guide treatment decisions. Identifying vulnerable plaques with imaging
biomarkers can aid in the selection of patients who may benefit from carotid endarterectomy
or stenting. Additionally, monitoring changes in imaging biomarkers over time can help
to assess the effectiveness of medical therapy or lifestyle modifications aimed at reducing
stroke risk.

These biomarkers can be assessed using various non-invasive imaging modalities such
as US, CT, MRI, and PET. US is commonly used as the primary imaging modality for initial
evaluation, providing valuable information on flow velocity, stenosis severity, and plaque
surface and composition. The implementation of 3D US enables the quantification of plaque
volume and differentiation between ulceration and gaps within plaques; however, for the
more precise assessment of ulceration, CEUS is preferred, which also allows visualization
of neovessels. CT imaging is highly effective in accurately detecting calcification, and
assessing vessel wall size, plaque burden, and morphological characteristics. MRI has
demonstrated clinical significance in detecting IPH with high sensitivity and specificity.
Lastly, PET currently stands as the most validated tracer for imaging plaque inflammation.
In recent years, technological advancements have greatly contributed to the development
of intravascular imaging techniques. The implementation of IVUS, OCT, and NIRS in the
assessment of carotid plaque instability represents a significant improvement, with OCT
showing the potential to achieve results comparable to those obtained through histological
biopsy. However, considering their invasive approach, the use of these techniques in
assessing risk in asymptomatic patients is highly debatable.

Incorporating a synergistic approach involving multiple imaging modalities is imper-
ative in order to acquire a comprehensive understanding of the features and behavior of
unstable plaques, thereby leading to a reduction in the risk of cerebrovascular events.

Author Contributions: Conceptualization, V.F.-A.; writing and original draft preparation, V.F.-A.;
imaging, M.L.-S.; writing—review and editing, C.S., F.L., O.G.L., A.A.M., P.J.B. and A.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable. This article is a review and does not require
ethical approval.

Informed Consent Statement: Not applicable. This article is a review and does not involve the
conduct of studies with human participants.

Data Availability Statement: Not applicable.



Biomolecules 2023, 13, 1236 24 of 32

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Naylor, R.; Ricco, J.B.; de Borst, G.J.; Debus, S.; de Haro, J.; Halliday, A.; Hamilton, G.; Kakisis, J.; Kakkos, S.; Lepidi, S.; et al.

Editor’s Choice-Management of Atherosclerotic Carotid and Vertebral Artery Disease: 2017 Clinical Practice Guidelines of the
European Society for Vascular Surgery (ESVS). Eur. J. Vasc. Endovasc. Surg. 2018, 55, 3–81. [CrossRef] [PubMed]

2. Ibanez, B.; James, S.; Agewall, S.; Antunes, M.J.; Bucciarelli-Ducci, C.; Bueno, H.; Caforio, A.L.P.; Crea, F.; Goudevenos, J.A.;
Halvorsen, S.; et al. ESC Guidelines for the management of acute myocardial infarction in patients presenting with ST-segment
elevation: The Task Force for the management of acute myocardial infarction in patients presenting with ST-segment elevation of
the European Society of Cardiology (ESC). Eur. Heart J. 2018, 39, 119–177. [PubMed]

3. Naylor, R.; Rantner, B.; Ancetti, S.; de Borst, G.J.; De Carlo, M.; Halliday, A.; Kakkos, S.K.; Markus, H.S.; McCabe, D.J.H.;
Sillesen, H.; et al. Editor’s Choice—European Society for Vascular Surgery (ESVS) 2023 Clinical Practice Guidelines on the
Management of Atherosclerotic Carotid and Vertebral Artery Disease. Eur. J. Vasc. Endovasc. Surg. 2023, 65, 7–111. [CrossRef]
[PubMed]

4. Kamtchum-Tatuene, J.; Wilman, A.; Saqqur, M.; Shuaib, A.; Jickling, G.C. Carotid plaque with high-risk features in embolic stroke
of undetermined source: Systematic review and meta-analysis. Stroke 2020, 51, 311–314. [CrossRef]

5. Fayad, Z.A.; Fuster, V. Clinical imaging of the high-risk or vulnerable atherosclerotic plaque. Circ. Res. 2001, 89, 305–316.
[CrossRef] [PubMed]

6. Skagen, K.; Skjelland, M.; Zamani, M.; Russell, D. Unstable carotid artery plaque: New insights and controversies in diagnostics
and treatment. Croat. Med. J. 2016, 57, 311–320. [CrossRef]

7. Nighoghossian, N.; Derex, L.; Douek, P. The vulnerable carotid artery plaque: Current imaging methods and new perspectives.
Stroke 2005, 36, 2764–2772. [CrossRef]

8. Yock, P.G.; Linker, D.T.; Angelsen, B.A. Two-dimensional intravascular ultrasound: Technical development and initial clinical
experience. J. Am. Soc. Echocardiogr. 1989, 2, 296–304. [CrossRef]

9. Yamagishi, M.; Tereshima, M.; Awano, K.; Kijima, M.; Nakatani, S.; Daikoku, S.; Ito, K.; Yasumura, Y.; Miyatake, K. Morphology of
vulnerable coronary plaque: Insights from follow-up of patients examined by intravascular ultrasound before an acute coronary
syndrome. J. Am. Coll. Cardiol. 2000, 35, 106–111. [CrossRef]

10. Cismaru, G.; Serban, T.; Tirpe, A. Ultrasound methods in the evaluation of atherosclerosis: From pathophysiology to clinic.
Biomedicines 2021, 9, 418. [CrossRef]

11. Shin, E.S.; Garcia-Garcia, H.M.; Serruys, P.W. A new method to measure necrotic core and calcium content in coronary plaques
using intravascular ultrasound radiofrequency-based analysis. Int. J. Cardiovasc. Imaging 2010, 26, 387–396. [CrossRef] [PubMed]

12. Nasu, K.; Tsuchikane, E.; Katoh, O.; Vince, D.G.; Virmani, R.; Surmely, J.F.; Murata, A.; Takeda, Y.; Ito, T.; Ehara, M.; et al.
Accuracy of in vivo coronary plaque morphology assessment: A validation study of in vivo virtual histology compared with
in vitro histopathology. J. Am. Coll. Cardiol. 2006, 47, 2405–2412. [CrossRef] [PubMed]

13. Rodriguez-Granillo, G.A.; Garcia-Garcia, H.M.; Fadden, E.P.M.; Valgimigli, M.; Aoki, J.; de Feyter, P.; Serruys, P.W. In Vivo
intravascular ultrasound-derived thin-cap fibroatheroma detection using ultrasound radiofrequency data analysis. J. Am. Coll.
Cardiol. 2005, 46, 2038–2042. [CrossRef] [PubMed]

14. Stone, G.W.; Maehara, A.; Lansky, A.J.; de Bruyne, B.; Cristae, E.; Mintz, G.S.; Mehran, R.; McPherson, J.; Farhat, N.;
Marso, S.P.; et al. PROSPECT Investigators. A prospective natural-history study of coronary atherosclerosis. N. Engl. J. Med. 2011,
364, 226–235. [CrossRef] [PubMed]

15. Sano, K.; Kawasaki, M.; Ishihara, Y.; Okubo, M.; Tsuchiya, K.; Nishigaki, K.; Zhou, X.; Minatoguchi, S.; Fujita, H.; Fujiwara, H.
Assessment of vulnerable plaques causing acute coronary syndrome using integrated backscatter intravascular ultrasound. J. Am.
Coll. Cardiol. 2006, 47, 734–741. [CrossRef] [PubMed]

16. Ohashi, H.; Ando, H.; Otsuka, F.; Takashima, H.; Amano, T. Histopathologically confirmed intraplaque haemorrhage in a patient
with unstable angina. Eur. Heart J.-Cardiovasc. Imaging 2022, 23, e165. [CrossRef] [PubMed]

17. Lee, J.B.; Mintz, G.S.; Lisauskas, J.B.; Biro, S.G.; Pu, J.; Sum, S.T.; Madden, S.P.; Burke, A.P.; Goldstein, J.; Stone, G.W.; et al.
Histopathologic Validation of the intravascular ultrasound diagnosis of calcified coronary artery nodules. Am. J. Cardiol. 2011,
108, 1547–1551. [CrossRef]

18. Kusama, I.; Hibi, K.; Kosuge, M.; Nozawa, N.; Ozaki, H.; Yano, H.; Sumita, S.; Tsukahara, K.; Okuda, J.; Ebina, T.; et al. Impact
of plaque rupture on infarct size in ST-segment elevation anterior acute myocardial infarction. J. Am. Coll. Cardiol. 2007, 50,
1230–1237. [CrossRef]

19. Naghavi, M.; Libby, P.; Falk, E.; Casscells, S.W.; Litovsky, S.; Rumberger, J.; Badimon, J.J.; Stefanadis, C.; Moreno, P.;
Pasterkamp, G.; et al. From Vulnerable Plaque to Vulnerable Patient A Call for New Definitions and Risk Assessment Strategies:
Part I. Circulation 2003, 108, 1664–1672. [CrossRef]

20. Yonetsu, T.; Jang, I.K. Advances in intravascular imaging: New insights into the vulnerable plaque from imaging studies. Korean
Circ. J. 2010, 48, 1–15. [CrossRef]

21. Okura, H.; Morino, Y.; Oshima, A.; Hayase, M.; Ward, M.R.; Popma, J.J.; Kuntz, R.E.; Bonneau, H.N.; Yock, P.G.; Fitzgerald, P.J.
Preintervention arterial remodeling affects clinical outcome following stenting: An intravascular ultrasound study. J. Am. Coll.
Cardiol. 2001, 37, 1031–1035. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ejvs.2017.06.021
https://www.ncbi.nlm.nih.gov/pubmed/28851594
https://www.ncbi.nlm.nih.gov/pubmed/28886621
https://doi.org/10.1016/j.ejvs.2022.04.011
https://www.ncbi.nlm.nih.gov/pubmed/35598721
https://doi.org/10.1161/STROKEAHA.119.027272
https://doi.org/10.1161/hh1601.095596
https://www.ncbi.nlm.nih.gov/pubmed/11509446
https://doi.org/10.3325/cmj.2016.57.311
https://doi.org/10.1161/01.STR.0000190895.51934.43
https://doi.org/10.1016/S0894-7317(89)80090-2
https://doi.org/10.1016/S0735-1097(99)00533-1
https://doi.org/10.3390/biomedicines9040418
https://doi.org/10.1007/s10554-009-9567-6
https://www.ncbi.nlm.nih.gov/pubmed/20063068
https://doi.org/10.1016/j.jacc.2006.02.044
https://www.ncbi.nlm.nih.gov/pubmed/16781367
https://doi.org/10.1016/j.jacc.2005.07.064
https://www.ncbi.nlm.nih.gov/pubmed/16325038
https://doi.org/10.1056/NEJMoa1002358
https://www.ncbi.nlm.nih.gov/pubmed/21247313
https://doi.org/10.1016/j.jacc.2005.09.061
https://www.ncbi.nlm.nih.gov/pubmed/16487837
https://doi.org/10.1093/ehjci/jeab295
https://www.ncbi.nlm.nih.gov/pubmed/35015832
https://doi.org/10.1016/j.amjcard.2011.07.014
https://doi.org/10.1016/j.jacc.2007.07.004
https://doi.org/10.1161/01.CIR.0000087480.94275.97
https://doi.org/10.4070/kcj.2017.0182
https://doi.org/10.1016/S0735-1097(01)01145-7
https://www.ncbi.nlm.nih.gov/pubmed/11263604


Biomolecules 2023, 13, 1236 25 of 32

22. Tian, J.; Ren, X.; Vergallo, R.; Xing, L.; Yu, H.; Jia, H.; Soeda, T.; McNulty, I.; Hu, S.; Lee, H.; et al. Distinct morphological features of
ruptured culprit plaque for acute coronary events compared to those with silent rupture and thin-cap fibroatheroma: A combined
optical coherence tomography and intravascular ultrasound study. J. Am. Coll. Cardiol. 2014, 63, 2209–2216. [CrossRef] [PubMed]

23. Nicholls, S.J.; Hsu, A.; Wolski, K.; Hu, B.; Bayturan, O.; Lavoie, A.; Uno, K.; Tuzcu, E.M.; Nissen, S.E. Intravascular ultrasound-
derived measures of coronary atherosclerotic plaque burden and clinical outcome. J. Am. Coll. Cardiol. 2010, 55, 2399–2407.
[CrossRef] [PubMed]

24. Ahmadi, A.; Narula, J. Primary and secondary prevention, or subclinical and clinical atherosclerosis. JACC Cardiovasc. Imaging
2017, 10, 447–450. [CrossRef]

25. Sangiorgi, G.; Bedogni, F.; Sganzerla, P.; Binetti, G.; Inglese, L.; Musialek, P.; Esposito, G.; Cremonesi, A.; Biasi, G.; Jakala, J.; et al.
The Virtual histology In CaroTids Observational RegistrY (VICTORY) study: A European prospective registry to assess the
feasibility and safety of intravascular ultrasound and virtual histology during carotid interventions. Int. J. Cardiol. 2013, 168,
2089–2093. [CrossRef]

26. Diethrich, E.B.; Margolis, M.P.; Reid, D.B.; Burke, A.; Ramaiah, V.; Rodriguez-Lopez, J.A.; Wheatley, G.; Olsen, D.; Virmani, R.
Virtual histology intravascular ultrasound assessment of carotid artery disease: The Carotid Artery Plaque Virtual Histology
Evaluation (CAPITAL) Study. J. Endovasc. Ther. 2007, 14, 676–686. [CrossRef]

27. Van Veelen, A.; Van der Sangen, N.; Delewi, R.; Beijk, M.; Henriques, J.; Claessen, B. Detection of vulnerable coronary plaques
using invasive and non-invasive imaging modalities. J. Clin. Med. 2022, 11, 1361. [CrossRef]

28. Roy-Cardinal, M.H.; Destrempes, F.; Soulez, G.; Cloutier, G. Assessment of carotid artery plaque components with machine
learning classification using homodyned-K parametric maps and elastograms. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2019,
66, 493–504. [CrossRef]

29. Kashani, A.H.; Chen, C.L.; Gahm, J.K.; Zheng, F.; Richter, G.M.; Rosenfeld, P.J.; Shi, Y.; Wang, R.K. Optical coherence tomography
angiography: A comprehensive review of current methods and clinical applications. Prog. Retin. Eye Res. 2017, 60, 66–100.
[CrossRef]

30. Huang, D.; Swanson, E.A.; Lin, C.P.; Schuman, J.S.; Stinson, W.; GChang, W.; Hee, M.R.; Flotte, T.; Gregory, K.; Puliafito, C.A.; et al.
Optical coherence tomography. Science 1991, 254, 1178–1181. [CrossRef]

31. Kume, T.; Uemura, S. Current clinical applications of coronary optical coherence tomography. Cardiovasc. Interv. Ther. 2018, 33,
1–10. [CrossRef] [PubMed]

32. Spacek, M.; Zemanek, D.; Hutyra, M.; Sluka, M.; Taborsky, M. Vulnerable atherosclerotic plaque—A review of current concepts
and advanced imaging. Biomed. Pap. Med. Fac. Palacky Univ. Olomouc 2018, 162, 10–17. [CrossRef]

33. Xu, X.; Huang, F.; Shi, X.; Liu, R.; Han, Y.; Li, M.; Wang, F.; Yang, Q.; Zhu, W.; Ye, R.; et al. Optical Coherence Tomography
Evaluation of Carotid Artery Stenosis and Stenting in Patients With Previous Cervical Radiotherapy. Front. Neurosci. 2022, 16,
861511. [CrossRef] [PubMed]

34. Uemura, S.; Ishigami, K.; Soeda, T.; Okayama, S.; Sung, J.H.; Nakagawa, H.; Somekawa, S.; Takeda, Y.; Kawata, H.; Horii, M.; et al.
Thincap fibroatheroma and microchannel findings in optical coherence tomography correlate with subsequent progression of
coronary atheromatous plaques. Eur. Heart J. 2012, 33, 78–85. [CrossRef]

35. Tearney, G.J.; Yabushita, H.; Houser, S.L.; Aretz, H.T.; Jang, I.K.; Schlendorf, K.H.; Kauffman, C.R.; Shishkov, M.; Halpern, E.F.;
Bouma, B.E. Quantification of macrophages content in atherosclerotic plaques by optical coherence tomography. Circulation 2003,
107, 113–119. [CrossRef] [PubMed]

36. Yabushita, H.; Bouma, B.E.; Houser, S.L.; Aretz, H.T.; Jang, I.K.; Schlendorf, K.H.; Kauffman, C.R.; Shishkov, M.; Kang, D.H.;
Halpern, E.F.; et al. Characterization of human atherosclerosis by optical coherence tomography. Circulation 2002, 106, 1640–1645.
[CrossRef]

37. Takahashi, S.; Kawasaki, M.; Miyata, S.; Suzuki, K.; Yamaura, M.; Ido, T.; Aoyama, T.; Fujiwara, H.; Minatoguchi, S. Feasibility
of tissue characterization of coronary plaques using 320- detector row computed tomography: Comparison with integrated
backscatter intravascular ultrasound. Heart Vessels. 2016, 31, 29–37. [CrossRef] [PubMed]

38. Mushenkova, N.V.; Summerhill, V.I.; Zhang, D.; Romanenko, E.B.; Grechko, A.V.; Orekhov, A.N. Current advances in the
diagnostic imaging of atherosclerosis: Insights into the pathophysiology of vulnerable plaque. Int. J. Mol. Sci. 2020, 21, 2992.
[CrossRef]

39. Spinu, M.; Olinic, D.M.; Olinic, M.; Homorodean, C. In vivo imaging of complicated atherosclerotic plaque—Role of optical
coherence tomography (OCT). Rom. J. Morphol. Embryol. 2018, 59, 469–478.

40. Otsuka, F.; Joner, M.; Prati, F.; Virmani, R.; Narula, J. Clinical classification of plaque morphology in coronary disease. Nat. Rev.
Cardiol. 2014, 11, 379–389. [CrossRef]

41. Tearney, G.J.; Regar, E.; Akasaka, T.; Adriaenssens, T.; Barlis, P.; Bezerra, H.G.; Bouma, B.; Bruining, N.; Cho, J.M.;
Chowdhary, S.; et al. International Working Group for Intravascular Optical Coherence Tomography (IWG-IVOCT). Consensus
standards for acquisition, measurement, and reporting of intravascular optical coherence tomography studies: A report from the
International Working Group for Intravascular Optical Coherence Tomography Standardization and Validation. J. Am. Coll.
Cardiol. 2012, 59, 1058–1072.

42. Pasarikovski, C.; Ramjist, J.; da Costa, L.; Black, S.; Cardinell, J.; Yang, V. Optical coherence tomography as an adjunct during
carotid artery stenting for carotid atherosclerotic disease. Clin. Neuroradiol. 2020, 30, 503–509. [CrossRef]

https://doi.org/10.1016/j.jacc.2014.01.061
https://www.ncbi.nlm.nih.gov/pubmed/24632266
https://doi.org/10.1016/j.jacc.2010.02.026
https://www.ncbi.nlm.nih.gov/pubmed/20488313
https://doi.org/10.1016/j.jcmg.2016.08.002
https://doi.org/10.1016/j.ijcard.2013.01.159
https://doi.org/10.1177/152660280701400512
https://doi.org/10.3390/jcm11051361
https://doi.org/10.1109/TUFFC.2018.2851846
https://doi.org/10.1016/j.preteyeres.2017.07.002
https://doi.org/10.1126/science.1957169
https://doi.org/10.1007/s12928-017-0483-8
https://www.ncbi.nlm.nih.gov/pubmed/28710605
https://doi.org/10.5507/bp.2018.004
https://doi.org/10.3389/fnins.2022.861511
https://www.ncbi.nlm.nih.gov/pubmed/35573285
https://doi.org/10.1093/eurheartj/ehr284
https://doi.org/10.1161/01.CIR.0000044384.41037.43
https://www.ncbi.nlm.nih.gov/pubmed/12515752
https://doi.org/10.1161/01.CIR.0000029927.92825.F6
https://doi.org/10.1007/s00380-014-0577-5
https://www.ncbi.nlm.nih.gov/pubmed/25217036
https://doi.org/10.3390/ijms21082992
https://doi.org/10.1038/nrcardio.2014.62
https://doi.org/10.1007/s00062-019-00799-9


Biomolecules 2023, 13, 1236 26 of 32

43. Dohad, S.; Zhu, A.; Krishnan, S.; Wang, F.; Wang, S.; Cox, J.; Henry, T.D. Optical coherence tomography guided carotid artery
stent procedure: Technique and potential applications. Cathet. Cardiovasc. Intervent. 2018, 91, 521–530. [CrossRef] [PubMed]

44. Jones, M.R.; Attizzani, G.F.; Given, C.A., 2nd; Brooks, W.H.; Costa, M.A.; Bezerra, H.G. Intravascular frequency-domain optical
coherence tomography assessment of atherosclerosis and stent-vessel interactions in human carotid arteries. AJNR Am. J.
Neuroradiol. 2012, 33, 1494–1501. [CrossRef] [PubMed]

45. Harada, K.; Kajihara, M.; Sankoda, Y.; Taniguchi, S. Efficacy of post-dilatation during carotid artery stenting for unstable plaque
using closed-cell design stent evaluated by optical coherence tomography. J. Neuroradiol. 2019, 46, 384–389. [CrossRef]

46. De Donato, G.; Setacci, F.; Sirignano, P.; Galzerano, G.; Cappelli, A.; Setacci, C. Optical coherence tomography after carotid
stenting: Rate of stent malapposition, plaque prolapse and fibrous cap rupture according to stent design. Eur. J. Vasc. Endovasc.
Surg. 2013, 45, 579–587. [CrossRef] [PubMed]

47. He, C.; Li, Z.; Wang, J.; Huang, Y.; Yin, Y.; Li, Z. Atherosclerotic Plaque Tissue Characterization-An OCT-Based Machine Learning
Algorithm With ex vivo Validation. Front. Bioeng. Biotechnol. 2020, 8, 749. [CrossRef]

48. Moreno, P.R.; Lodder, R.A.; Purushothaman, K.R.; Charash, W.E.; O’Connor, W.N.; Muller, J.E. Detection of lipid pool, thin fibrous
cap, and inflammatory cells in human aortic atherosclerotic plaques by near-infrared spectroscopy. Circulation 2002, 105, 923–927.
[CrossRef]

49. Smith, M. Shedding light on the adult brain: A review of the clinical applications of near-infrared spectroscopy. Philos. Trans. A
Math. Phys. Eng. Sci. 2011, 369, 4452–4469. [CrossRef]

50. Kang, S.J.; Mintz, G.S.; Pu, J.; Sum, S.T.; Madden, S.P.; Burke, A.P.; Xu, K.; Goldstein, J.A.; Stone, G.W.; Muller, J.E.; et al. Combined
IVUS and NIRS detection of fibroateheromas: Histopatological validation in human coronary arteries. J. Am. Coll. Cardiol. Img.
2015, 8, 184–194. [CrossRef]

51. Fard, A.M.; Vacas-Jacques, P.; Hamidi, E.; Wang, H.; Carruth, R.W.; Gardecki, J.A.; Tearney, G.J. Optical coherence
tomography—near infrared spectroscopy system and catheter for intravascular imaging. Opt. Express 2013, 21, 30849–30858.
[CrossRef] [PubMed]

52. Ono, M.; Kawashima, H.; Hara, H.; Gao, C.; Wang, R.; Kogame, N.; Takahashi, K.; Chichareon, P.; Modolo, R.; Tomaniak, M.; et al.
Advances in IVUS/OCT and Future Clinical Perspective of Novel Hybrid Catheter System in Coronary Imaging. Front. Cardiovasc.
Med. 2020, 7, 119, Erratum in: Front. Cardiovasc. Med. 2020, 7, 594899. [CrossRef] [PubMed]

53. Weng, S.T.; Lai, Q.L.; Cai, M.T.; Wang, J.J.; Zhuang, L.Y.; Cheng, L.; Mo, Y.J.; Liu, L.; Zhang, Y.X.; Qiao, S. Detecting vulnerable
carotid plaque and its component characteristics: Progress in related imaging techniques. Front. Neurol. 2022, 13, 982147.
[CrossRef] [PubMed]

54. Räber, L.; Ueki, Y.; Otsuka, T.; Losdat, S.; Häner, J.D.; Lonborg, J.; Fahrni, G.; Iglesias, J.F.; van Geuns, R.J.; Ondracek, A.S.; et al.
PACMAN-AMI collaborators. Effect of Alirocumab Added to High-Intensity Statin Therapy on Coronary Atherosclerosis
in Patients With Acute Myocardial Infarction: The PACMAN-AMI Randomized Clinical Trial. JAMA 2022, 327, 1771–1781.
[CrossRef]

55. De Boer, S.; Baran, Y.; Garcia-Garcia, H.M.; Eskin, I.; Lenzen, M.J.; Kleber, M.E.; Regar, E.; de Jaegere, P.J.; Ligth-
art, J.M.; van Geuns, R.J.; et al. The European Collaborative Project on Inflammation and Vascular Wall Remodeling in
Atherosclerosis—Intravascular Ultrasound (ATHEROREMO-IVUS) study. EuroIntervention 2018, 14, 194–203. [CrossRef]
[PubMed]

56. Lv, R.; Maehara, A.; Matsumura, M.; Wang, L.; Zhang, C.; Huang, M.; Guo, X.; Samady, H.; Giddens, D.P.; Zheng, J.; et al.
Using optical coherence tomography and intravascular ultrasound imaging to quantify coronary plaque cap stress/strain and
progression: A follow-up study using 3D thin-layer models. Front. Bioeng. Biotechnol. 2021, 9, 713525. [CrossRef]

57. Muller, J.; Madder, R. OCT-NIRS Imaging for Detection of Coronary Plaque Structure and Vulnerability. Front. Cardiovasc. Med.
2020, 7, 90. [CrossRef]

58. Yoo, H.; Kim, J.W.; Shishkov, M.; Namati, E.; Morse, T.; Shubochkin, R.; McCarthy, J.R.; Ntziachristos, V.; Bouma, B.E.;
Jaffer, F.A.; et al. Intraarterial catheter for simultaneous microstructural and molecular imaging in vivo. Nat. Med. 2011, 17,
1680–1684. [CrossRef]

59. Peng, C.; Wu, H.; Kim, S.; Dai, X.; Jiang, X. Recent advances in transducers for intravascular ultrasound (IVUS) imaging. Sensors
2021, 21, 3540. [CrossRef]

60. Sowers, T.; VanderLaan, D.; Karpiouk, A.; Onohara, D.; Schmarkey, S.; Rousselle, S.; Padala, M.; Emelianov, S. In vivo safety
study using radiation at wavelengths and dosages relevant to intravascular imaging. J. Biomed. Opt. 2022, 27, 016003. [CrossRef]

61. Alfonso-Garcia, A.; Bec, J.; Weyers, B.; Marsden, M.; Zhou, X.; Li, C.; Marcu, L. Mesoscopic fluorescence lifetime imaging:
Fundamental principles, clinical applications and future directions. J. Biophoton. 2021, 14, e202000472. [CrossRef]

62. Ferguson, G.G.; Eliasziw, M.; Barr, H.W.; Clagett, G.P.; Barnes, R.W.; Wallace, M.C.; Taylor, D.W.; Haynes, R.B.; Finan, J.W.;
Hachinski, V.C.; et al. The North American Symptomatic Carotid Endarterectomy Trial: Surgical results in 1415 patients. Stroke
1999, 30, 1751–1758. [CrossRef] [PubMed]

63. Warlow, C.P. Symptomatic patients: The European Carotid Surgery Trial (ECST). J. Mal. Vasc. 1993, 18, 198–201.
64. Moore, W.S.; Boren, C.; Malone, J.M.; Roon, A.J.; Eisenberg, R.; Goldstone, J.; Mani, R. Natural history of nonstenotic, asymp-

tomatic ulcerative lesions of the carotid artery. Arch. Surg. 1978, 113, 1352–1359. [CrossRef] [PubMed]

https://doi.org/10.1002/ccd.27344
https://www.ncbi.nlm.nih.gov/pubmed/29044926
https://doi.org/10.3174/ajnr.A3016
https://www.ncbi.nlm.nih.gov/pubmed/22422179
https://doi.org/10.1016/j.neurad.2019.03.006
https://doi.org/10.1016/j.ejvs.2013.03.005
https://www.ncbi.nlm.nih.gov/pubmed/23582886
https://doi.org/10.3389/fbioe.2020.00749
https://doi.org/10.1161/hc0802.104291
https://doi.org/10.1098/rsta.2011.0242
https://doi.org/10.1016/j.jcmg.2014.09.021
https://doi.org/10.1364/OE.21.030849
https://www.ncbi.nlm.nih.gov/pubmed/24514658
https://doi.org/10.3389/fcvm.2020.00119
https://www.ncbi.nlm.nih.gov/pubmed/32850981
https://doi.org/10.3389/fneur.2022.982147
https://www.ncbi.nlm.nih.gov/pubmed/36188371
https://doi.org/10.1001/jama.2022.5218
https://doi.org/10.4244/EIJ-D-17-00180
https://www.ncbi.nlm.nih.gov/pubmed/28943493
https://doi.org/10.3389/fbioe.2021.713525
https://doi.org/10.3389/fcvm.2020.00090
https://doi.org/10.1038/nm.2555
https://doi.org/10.3390/s21103540
https://doi.org/10.1117/1.JBO.27.1.016003
https://doi.org/10.1002/jbio.202000472
https://doi.org/10.1161/01.STR.30.9.1751
https://www.ncbi.nlm.nih.gov/pubmed/10471419
https://doi.org/10.1001/archsurg.1978.01370230142018
https://www.ncbi.nlm.nih.gov/pubmed/708257


Biomolecules 2023, 13, 1236 27 of 32

65. Streifler, J.Y.; Eliasziw, M.; Fox, A.J.; Benavente, O.R.; Hachinski, V.C.; Ferguson, G.G.; Barnett, H.J. Angiographic detection of
carotid plaque ulceration. Comparison with surgical observations in a multicenter study. North American Symptomatic Carotid
Endarterectomy Trial. Stroke 1994, 25, 1130–1132. [CrossRef]

66. Rothwell, P.M.; Gibson, R.; Warlow, C.P. Interrelation between plaque surface morphology and degree of stenosis on carotid
angiograms and the risk of ischemic stroke in patients with symptomatic carotid stenosis. On behalf of the European Carotid
Surgery Trialists’ Collaborative Group. Stroke 2000, 31, 615–621. [CrossRef]

67. Lovett, J.K.; Gallagher, P.J.; Hands, L.J.; Walton, J.; Rothwell, P.M. Histological correlates of carotid plaque surface morphology on
lumen contrast imaging. Circulation 2004, 110, 2190–2197. [CrossRef]

68. O’Donnell, T.F., Jr.; Erdoes, L.; Mackey, W.C.; McCullough, J.; Shepard, A.; Heggerick, P.; Isner, J.; Callow, A.D. Correlation of
B-mode ultrasound scan imaging and arteriography with pathologic findings at carotid endarterectomy. Arch. Surg. 1985, 120,
443–449. [CrossRef] [PubMed]

69. Kim, D.I.; Lee, S.J.; Lee, B.B.; Kim, Y.I.; Chung, C.S.; Seo, D.W.; Lee, K.H.; Ko, Y.H.; Kim, D.K.; Do, Y.S.; et al. The relationship
between the angiographic findings and the clinical features of carotid artery plaque. Surg. Today 2000, 30, 37–42. [CrossRef]

70. de Vries, B.M.W.; van Dam, G.M.; Tio, R.A.; Hillebrands, J.L.; Slart, R.H.; Zeebregts, C.J. Current imaging modalities to visualize
vulnerability within the atherosclerotic carotid plaque. J. Vasc. Surg. 2008, 48, 1620–1629. [CrossRef]

71. Huibers, A.; de Borst, G.J.; Wan, S.; Kennedy, F.; Giannopoulos, A.; Moll, F.L.; Richards, T. Non-invasive Carotid Artery Imaging
to Identify the Vulnerable Plaque: Current Status and Future Goals. Eur. J. Vasc. Endovasc. Surg. 2015, 50, 563–572. [CrossRef]
[PubMed]

72. Brinjikji, W.; Rabinstein, A.A.; Lanzino, G.; Murad, M.H.; Williamson, E.E.; DeMarco, J.K.; Huston, J. Ultrasound characteristics of
symptomatic carotid plaques: A systematic review and meta-analysis. Cerebrovasc. Dis. 2015, 40, 165–174. [CrossRef] [PubMed]

73. Gupta, A.; Kesavabhotla, K.; Baradaran, H.; Kamel, H.; Pandya, A.; Giambrone, A.E.; Wright, D.; Pain, K.J.; Mtui, E.E.;
Suri, J.S.; et al. Plaque echolucency and stroke risk in asymptomatic carotid stenosis: A systematic review and meta-analysis.
Stroke 2015, 46, 91–97. [CrossRef] [PubMed]

74. Ratliff, D.A.; Gallagher, P.J.; Hames, T.K.; Humphries, K.N.; Webster, J.H.; Chant, A.D. Characterisation of carotid artery disease:
Comparison of duplex scanning with histology. Ultrasound Med. Biol. 1985, 11, 835–840. [CrossRef]

75. Gray-Weale, A.C.; Graham, J.C.; Burnett, J.R.; Byrne, K.; Lusby, R.J. Carotid artery atheroma: Comparison of preoperative B-mode
ultrasound appearance with carotid endarterectomy specimen pathology. J. Cardiovasc. Surg. 1988, 29, 676–681.

76. Mathiesen, E.B.; Bønaa, K.H.; Joakimsen, O. Echolucent plaques are associated with high risk of ischemic cerebrovascular events
in carotid stenosis: The tromsø study. Circulation 2001, 103, 2171–2175. [CrossRef]

77. Arnold, J.A.; Modaresi, K.B.; Thomas, N.; Taylor, P.R.; Padayachee, T.S. Carotid plaque characterization by duplex scanning:
Observer error may undermine current clinical trials. Stroke 1999, 30, 61–65. [CrossRef]

78. Stary, H.C.; Chandler, A.B.; Dinsmore, R.E.; Fuster, V.; Glagov, S.; Insull, W., Jr.; Rosenfeld, M.E.; Schwartz, C.J.; Wagner, W.D.;
Wissler, R.W. A definition of advanced types of atherosclerotic lesions and a histological classification of atherosclerosis. Circulation
1995, 92, 1355–1374. [CrossRef]

79. Brinjikji, W.; Huston, J., 3rd; Rabinstein, A.A.; Kim, G.M.; Lerman, A.; Lanzino, G. Contemporary carotid imaging: From degree
of stenosis to plaque vulnerability. J. Neurosurg. 2016, 124, 27–42. [CrossRef]

80. Biasi, G.M.; Froio, A.; Diethrich, E.B.; Deleo, G.; Galimberti, S.; Mingazzini, P.; Nicolaides, A.N.; Griffin, M.; Raithel, D.;
Reid, D.B.; et al. Carotid plaque echolucency increases the risk of stroke in carotid stenting: The Imaging in Carotid Angioplasty
and Risk of Stroke (ICAROS) study. Circulation 2004, 110, 756–762. [CrossRef]

81. Lal, B.K.; Hobson, R.W., 2nd; Hameed, M.; Pappas, P.J.; Padberg, F.T., Jr.; Jamil, Z.; Duran, W.N. Noninvasive identification of the
unstable carotid plaque. Ann. Vasc. Surg. 2006, 20, 167–174. [CrossRef] [PubMed]

82. Denzel, C.; Balzer, K.; Müller, K.M.; Fellner, F.; Fellner, C.; Lang, W. Relative value of normalized sonographic in vitro analysis of
arteriosclerotic plaques of internal carotid artery. Stroke 2003, 34, 1901–1906. [CrossRef] [PubMed]

83. Heliopoulos, J.; Vadikolias, K.; Piperidou, C.; Mitsias, P. Detection of carotid artery plaque ulceration using 3-dimensional
ultrasound. J. Neuroimaging 2011, 21, 126–131. [CrossRef] [PubMed]

84. Johri, A.M.; Herr, J.E.; Li, T.Y.; Yau, O.; Nambi, V. Novel Ultrasound Methods to Investigate Carotid Artery Plaque Vulnerability.
J. Am. Soc. Echocardiogr. 2017, 30, 139–148. [CrossRef] [PubMed]

85. Madani, A.; Beletsky, V.; Tamayo, A.; Munoz, C.; Spence, J.D. High-risk asymptomatic carotid stenosis: Ulceration on 3D
ultrasound vs TCD microemboli. Neurology 2011, 77, 744–750. [CrossRef]

86. Muraki, M.; Mikami, T.; Yoshimoto, T.; Fujimoto, S.; Tokuda, K.; Kaneko, S.; Kashiwaba, T. New criteria for the sonographic
diagnosis of a plaque ulcer in the extracranial carotid artery. AJR Am. J. Roentgenol. 2012, 198, 1161–1166. [CrossRef]

87. Kanber, B.; Hartshorne, T.C.; Horsfield, M.A.; Naylor, A.R.; Robinson, T.G.; Ramnarine, K.V. Dynamic variations in the ultrasound
greyscale median of carotid artery plaques. Cardiovasc. Ultrasound. 2013, 11, 21. [CrossRef]

88. Fedak, A.; Ciuk, K.; Urbanik, A. Ultrasonography of vulnerable atherosclerotic plaque in the carotid arteries: B-mode imaging.
J. Ultrason. 2020, 20, 135–145. [CrossRef]

89. Geiger, M.A.; Flumignan, R.L.G.; Sobreira, M.L.; Avelar, W.M.; Fingerhut, C.; Stein, S.; Guillaumon, A.T. Carotid Plaque
Composition and the Importance of Non-Invasive in Imaging Stroke Prevention. Front. Cardiovasc. Med. 2022, 9, 885483.
[CrossRef]

https://doi.org/10.1161/01.STR.25.6.1130
https://doi.org/10.1161/01.STR.31.3.615
https://doi.org/10.1161/01.CIR.0000144307.82502.32
https://doi.org/10.1001/archsurg.1985.01390280037009
https://www.ncbi.nlm.nih.gov/pubmed/3885910
https://doi.org/10.1007/PL00010044
https://doi.org/10.1016/j.jvs.2008.07.011
https://doi.org/10.1016/j.ejvs.2015.06.113
https://www.ncbi.nlm.nih.gov/pubmed/26298222
https://doi.org/10.1159/000437339
https://www.ncbi.nlm.nih.gov/pubmed/26279159
https://doi.org/10.1161/STROKEAHA.114.006091
https://www.ncbi.nlm.nih.gov/pubmed/25406150
https://doi.org/10.1016/0301-5629(85)90077-8
https://doi.org/10.1161/01.CIR.103.17.2171
https://doi.org/10.1161/01.STR.30.1.61
https://doi.org/10.1161/01.CIR.92.5.1355
https://doi.org/10.3171/2015.1.JNS142452
https://doi.org/10.1161/01.CIR.0000138103.91187.E3
https://doi.org/10.1007/s10016-006-9000-8
https://www.ncbi.nlm.nih.gov/pubmed/16572292
https://doi.org/10.1161/01.STR.0000081982.85010.A8
https://www.ncbi.nlm.nih.gov/pubmed/12855830
https://doi.org/10.1111/j.1552-6569.2009.00450.x
https://www.ncbi.nlm.nih.gov/pubmed/19888925
https://doi.org/10.1016/j.echo.2016.11.003
https://www.ncbi.nlm.nih.gov/pubmed/27986358
https://doi.org/10.1212/WNL.0b013e31822b0090
https://doi.org/10.2214/AJR.11.7018
https://doi.org/10.1186/1476-7120-11-21
https://doi.org/10.15557/JoU.2020.0022
https://doi.org/10.3389/fcvm.2022.885483


Biomolecules 2023, 13, 1236 28 of 32

90. Wang, Y.; Wang, T.; Luo, Y.; Jiao, L. Identification Markers of Carotid Vulnerable Plaques: An Update. Biomolecules 2022, 12, 1192.
[CrossRef]

91. van den Oord, S.C.; ten Kate, G.L.; Sijbrands, E.J.G.; van der Steen, A.F.W.; Schinkel, A.F.L. Effect of carotid plaque screening
using contrast-enhanced ultrasound on cardiovascular risk stratification. Am. J. Cardiol. 2013, 111, 754–759. [CrossRef] [PubMed]

92. Hamada, O.; Sakata, N.; Ogata, T.; Shimada, H.; Inoue, T. Contrastenhanced ultrasonography for detecting histological carotid
plaque rupture: Quantitative analysis of ulcer. Int. J. Stroke 2016, 11, 791–798. [CrossRef] [PubMed]

93. Sztajzel, R.; Momjian, S.; Momjian-Mayor, I.; Murith, N.; Djebaili, K.; Boissard, G.; Comelli, M.; Pizolatto, G. Stratified gray-scale
median analysis and color mapping of the carotid plaque: Correlation with endarterectomy specimen histology of 28 patients.
Stroke 2005, 36, 741–745. [CrossRef] [PubMed]

94. Lammie, G.A.; Wardlaw, J.; Allan, P.; Ruckley, C.V.; Peek, R.; Signorini, D.F. What pathological components indicate carotid
atheroma activity and can these be identified reliably using ultrasound? Eur. J. Ultrasound. 2000, 11, 77–86. [CrossRef] [PubMed]

95. Kakkos, S.K.; Griffin, M.B.; Nicolaides, A.N.; Kyriacou, E.; Sabetai, M.M.; Tegos, T.; Makris, G.C.; Thomas, D.J.; Geroulakos, G.;
Asymptomatic Carotid Stenosis and Risk of Stroke (ACSRS) Study Group. The size of juxtaluminal hypoechoic area in ultrasound
images of asymptomatic carotid plaques predicts the occurrence of stroke. J. Vasc. Surg. 2013, 57, 609–618. [CrossRef]

96. Davies, M.J.; Richardson, P.D.; Woolf, N.; Katz, D.R.; Mann, J. Risk of thrombosis in human atherosclerotic plaques: Role of
extracellular lipid, macrophage, and smooth muscle cell content. Br. Heart J. 1993, 69, 377–381. [CrossRef]

97. Tegos, T.J.; Sohail, M.; Sabetai, M.M.; Robless, P.; Akbar, N.; Pare, G.; Stansby, G.; Nicolaides, A.N. Echomorphologic and
histopathologic characteristics of unstable carotid plaques. Am. J. Neuroradiol. 2000, 21, 1937–1944.

98. Aly, S.; Bishop, C.C. An objective characterization of atherosclerotic lesion: An alternative method to identify unstable plaque.
Stroke 2000, 21, 1921–1924. [CrossRef]

99. Gronholdt, M.L.; Nordestgaard, B.G.; Schroeder, T.V.; Vorstrup, S.; Sillesen, H. Ultrasonic echolucent carotid plaques predict
future strokes. Circulation 2001, 104, 68–73. [CrossRef]

100. Kawasaki, M.; Takatsu, H.; Noda, T.; Ito, Y.; Kunishima, A.; Arai, M.; Nishigaki, K.; Takemura, G.; Morita, N.; Minatoguchi, S.; et al.
Noninvasive quantitative tissue characterization and twodimensional color-coded map of human atherosclerotic lesions using
ultrasound integrated backscatter: Comparison between histology and integrated backscatter images. J. Am. Coll. Cardiol. 2001,
38, 486–492. [CrossRef]

101. Gronholdt, M.L.; Wagner, A.; Wiebe, B.M.; Hansen, J.U.; Schroeder, T.V.; Wilhjelm, J.E.; Nowak, M.; Sillesen, H. Spiral computed
tomographic imaging related to computerized ultrasonographic images of carotid plaque morphology and histology. J. Ultrasound
Med. 2001, 20, 451–458. [CrossRef]

102. De Bray, J.M.; Baud, J.M.; Dauzat, M. Consensus concerning the morphology and the risk of carotid plaques. Cerebrovasc. Dis.
1997, 7, 289–296. [CrossRef]

103. Rafailidis, V.; Li, X.; Sidhu, P.S.; Partovi, S.; Staub, D. Contrast imaging ultrasound for the detection and characterization of carotid
vulnerable plaque. Cardiovasc. Diagn. Ther. 2020, 10, 965–981. [CrossRef]

104. Saba, L.; Caddeo, G.; Sanfilippo, R.; Montisci, R.; Mallarini, G. Efficacy and sensitivity of axial scans and different reconstruction
methods in the study of the ulcerated carotid plaque using multidetector-row CT angiography: Comparison with surgical results.
AJNR Am. J. Neuroradiol. 2007, 28, 716–723. [CrossRef]

105. Denzel, C.; Fellner, F.; Wutke, R.; Bazler, K.; Müller, K.M.; Lang, W. Ultrasonographic analysis of arteriosclerotic plaques in the
internal carotid artery. Eur. J. Ultrasound 2003, 16, 161–167. [CrossRef] [PubMed]

106. Coli, S.; Magnoni, M.; Sangiorgi, G.; Marrocco-Trischitta, M.M.; Melisurgo, G.; Mauriello, A.; Spagnoli, L.; Chiesa, R.; Cianflone,
D.; Maseri, A. Contrast-enhanced ultrasound imaging of intraplaque neovascularization in carotid arteries: Correlation with
histology and plaque echogenicity. J. Am. Coll. Cardiol. 2008, 52, 223–230. [CrossRef] [PubMed]

107. Camps-Renom, P.; Prats-Sánchez, L.; Casoni, F.; González-de-Echávarri, J.M.; Marrero-González, P.; Castrillón, I.; Marín, R.;
Jiménez-Xarrié, E.; Delgado-Mederos, R.; Martínez-Domeño, A.; et al. Plaque neovascularization detected with contrast-enhanced
ultrasound predicts ischaemic stroke recurrence in patients with carotid atherosclerosis. Eur. J. Neurol. 2020, 27, 809–816.
[CrossRef] [PubMed]

108. Van Engelen, A.; Wannarong, T.; Parraga, G.; Niessen, W.J.; Fenster, A.; Spence, J.D.; de Bruijne, M. Three-dimensional carotid
ultrasound plaque texture predicts vascular events. Stroke 2014, 45, 2695–2701. [CrossRef]

109. Biasi, G.M.; Ferrari, S.A.; Nicolaides, A.N.; Mingazzini, P.M.; Reid, D. The ICAROS Registry of Carotid Artery Stenting.
J. Endovasc. Ther. 2001, 8, 46–52. [CrossRef]

110. Bando, M.; Yamada, H.; Kusunose, K.; Fukuda, D.; Amano, R.; Tamai, R.; Torii, Y.; Hirata, Y.; Nishio, S.; Satomi, J.; et al.
Noninvasive quantitative tissue characterization of carotid plaques using color-coded mapping based on ultrasound integrated
backscatter. JACC Cardiovasc. Imaging 2016, 9, 625–627. [CrossRef]

111. Acharya, U.R.; Mookiah, M.R.; Vinitha Sree, S.; Afonso, D.; Sanches, J.; Shafique, S.; Nicolaides, A.; Pedro, L.M.; Fernandes, E.;
Fernandes, J.; et al. Atherosclerotic plaque tissue characterization in 2D ultrasound longitudinal carotid scans for automated
classification: A paradigm for stroke risk assessment. Med. Biol. Eng. Comput. 2013, 51, 513–523. [CrossRef] [PubMed]

112. Seabra, J.C.; Pedro, L.M.; e Fernandes, J.F.; Sanches, J.M. A 3-D ultrasound-based framework to characterize the echo morphology
of carotid plaques. IEEE Trans. Biomed. Eng. 2009, 56, 1442–1453. [CrossRef] [PubMed]

113. Markus, H.S.; Brown, M.M. Differentiation between different pathological cerebral embolic materials using transcranial Doppler
in an in vitro model. Stroke 1993, 24, 1–5. [CrossRef] [PubMed]

https://doi.org/10.3390/biom12091192
https://doi.org/10.1016/j.amjcard.2012.11.033
https://www.ncbi.nlm.nih.gov/pubmed/23266072
https://doi.org/10.1177/1747493016641964
https://www.ncbi.nlm.nih.gov/pubmed/27256473
https://doi.org/10.1161/01.STR.0000157599.10026.ad
https://www.ncbi.nlm.nih.gov/pubmed/15705933
https://doi.org/10.1016/S0929-8266(99)00076-2
https://www.ncbi.nlm.nih.gov/pubmed/10781655
https://doi.org/10.1016/j.jvs.2012.09.045
https://doi.org/10.1136/hrt.69.5.377
https://doi.org/10.1161/01.STR.31.8.1921
https://doi.org/10.1161/hc2601.091704
https://doi.org/10.1016/S0735-1097(01)01393-6
https://doi.org/10.7863/jum.2001.20.5.451
https://doi.org/10.1159/000108415
https://doi.org/10.21037/cdt.2020.01.08
https://doi.org/10.3174/ajnr.A0486
https://doi.org/10.1016/S0929-8266(02)00069-1
https://www.ncbi.nlm.nih.gov/pubmed/12573784
https://doi.org/10.1016/j.jacc.2008.02.082
https://www.ncbi.nlm.nih.gov/pubmed/18617072
https://doi.org/10.1111/ene.14157
https://www.ncbi.nlm.nih.gov/pubmed/31997418
https://doi.org/10.1161/STROKEAHA.114.005752
https://doi.org/10.1177/152660280100800108
https://doi.org/10.1016/j.jcmg.2015.02.017
https://doi.org/10.1007/s11517-012-1019-0
https://www.ncbi.nlm.nih.gov/pubmed/23292291
https://doi.org/10.1109/TBME.2009.2013964
https://www.ncbi.nlm.nih.gov/pubmed/19203880
https://doi.org/10.1161/01.STR.24.1.1
https://www.ncbi.nlm.nih.gov/pubmed/8418529


Biomolecules 2023, 13, 1236 29 of 32

114. Ritter, M.A.; Dittrich, R.; Thoenissen, N.; Ringelstein, E.B.; Nabavi, D.G. Prevalence and prognostic impact of microembolic
signals in arterial sources of embolism. A systematic review of the literature. J. Neurol. 2008, 255, 953–961. [CrossRef] [PubMed]

115. Spence, J.D.; Tamayo, A.; Lownie, S.P.; Ng, W.P.; Ferguson, G.G. Absence of microemboli on transcranial Doppler identifies
low-risk patients with asymptomatic carotid stenosis. Stroke 2005, 36, 2373–2378. [CrossRef]

116. Topakian, R.; King, A.; Kwon, S.U.; Schaafsma, A.; Shipley, M.; Markus, H.S. Ultrasonic plaque echolucency and emboli signals
predict stroke in asymptomatic carotid stenosis. Neurology 2011, 77, 751–758. [CrossRef]

117. Zhou, Y.; Xing, Y.; Li, Y.; Bai, Y.; Chen, Y.; Sun, X.; Zhu, Y.; Wu, J. An assessment of the vulnerability of carotid plaques: A
comparative study between intraplaque neovascularization and plaque echogenicity. BMC Med. Imaging 2013, 13, 13. [CrossRef]

118. Bamber, J.; Cosgrove, D.; Dietrich, C.F.; Fromageau, J.; Bojunga, J.; Calliada, F.; Cantisani, V.; Correas, J.M.; D’Onofrio, M.;
Drakonaki, E.E.; et al. EFSUMB guidelines and recommendations on the clinical use of ultrasound elastography. Part 1: Basic
principles and technology. Ultraschall Med. 2013, 34, 169–184. [CrossRef]

119. Chai, C.K.; Akyildiz, A.C.; Speelman, L.; Gijsen, F.J.H.; Oomens, C.W.J.; van Sambeek, M.R.; van der Lugt, A.; Baaijens, F.P. Local
axial compressive mechanical properties of human carotid atherosclerotic plaques—Characterisation by indentation test and
inverse finite element analysis. J. Biomech. 2013, 46, 1759–1766. [CrossRef]

120. Shang, J.; Wang, W.; Feng, J.; Luo, G.G.; Dan, Y.; Sun, J.; Yang, Y.Q.; Ruan, L.T. Carotid Plaque Stiffness Measured with Supersonic
Shear Imaging and Its Correlation with Serum Homocysteine Level in Ischemic Stroke Patients. Korean J. Radiol. 2018, 19, 15–22.
[CrossRef]

121. 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]

122. Doherty, J.R.; Dahl, J.J.; Kranz, P.G.; El Husseini, N.; Chang, H.C.; Chen, N.K.; Allen, J.D.; Ham, K.L.; Trahey, G.E. Comparison
of Acoustic Radiation Force Impulse Imaging Derived Carotid Plaque Stiffness With Spatially Registered MRI Determined
Composition. IEEE Trans. Med. Imaging 2015, 34, 2354–2365. [CrossRef] [PubMed]

123. Huang, C.; He, Q.; Huang, M.; Huang, L.; Zhao, X.; Yuan, C.; Luo, J. Non-Invasive Identification of Vulnerable Atherosclerotic
Plaques Using Texture Analysis in Ultrasound Carotid Elastography: An In Vivo Feasibility Study Validated by Magnetic
Resonance Imaging. Ultrasound Med. Biol. 2017, 43, 817–830. [CrossRef] [PubMed]

124. Liu, Z.; Bai, Z.; Huang, C.; Huang, M.; Huang, L.; Xu, D.; Zhang, H.; Yuan, C.; Luo, J. Interoperator Reproducibility of Carotid
Elastography for Identification of Vulnerable Atherosclerotic Plaques. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2019, 66,
505–516. [CrossRef]

125. Choi, G.; Lee, J.M.; Kim, H.J.; Park, J.B.; Sankaran, S.; Otake, H.; Doh, J.H.; Nam, C.W.; Shin, E.S.; Taylor, C.A.; et al. Coronary
Artery Axial Plaque Stress and its Relationship With Lesion Geometry: Application of Computational Fluid Dynamics to Coronary
CT Angiography. JACC Cardiovasc. Imaging 2015, 8, 1156–1166. [CrossRef] [PubMed]

126. Liu, H.; Leung, T.; Wong, A.; Chen, F.; Zheng, D. The Geometric Effects on the Stress of Arterial Atherosclerotic Plaques:
A Computational Study. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2019, 2019, 6948–6951. [PubMed]

127. Syed, M.B.; Fletcher, A.J.; Forsythe, R.O.; Kaczynski, J.; Newby, D.E.; Dweck, M.R.; van Beek, E.J. Emerging techniques in
atherosclerosis imaging. Br. J. Radiol. 2019, 92, 20180309. [CrossRef]

128. Saba, L.; Mallarini, G. Carotid plaque enhancement and symptom correlations: An evaluation by using multidetector row CT
angiography. AJNR Am. J. Neuroradiol. 2011, 32, 1919–1925. [CrossRef]

129. Zhang, M.; Xie, Z.; Long, H.; Ren, K.; Hou, L.; Wang, Y.; Xu, X.; Lei, W.; Yang, Z.; Ahmed, S.; et al. Current advances in the
imaging of atherosclerotic vulnerable plaque using nanoparticles. Mater. Today Bio. 2022, 14, 100236. [CrossRef]

130. Das, M.; Braunschweig, T.; Mühlenbruch, G.; Mahnken, A.H.; Krings, T.; Langer, S.; Koeppel, T.; Jacobs, M.; Günther, R.W.;
Mommertz, G. Carotid plaque analysis: Comparison of dual-source computed tomography (CT) findings and histopathological
correlation. Eur. J. Vasc. Endovasc. Surg. 2009, 38, 14–19. [CrossRef]

131. Wintermark, M.; Jawadi, S.S.; Rapp, J.H.; Tihan, T.; Tong, E.; Glidden, D.V.; Abedin, S.; Schaeffer, S.; Acevedo-Bolton, G.;
Boudignon, B.; et al. High-resolution CT imaging of carotid artery atherosclerotic plaques. AJNR Am. J. Neuroradiol. 2008, 29,
875–882. [CrossRef]

132. Saba, L.; Francone, M.; Bassareo, P.P.; Lai, L.; Sanfilippo, R.; Montisci, R.; Suri, J.S.; De Cecco, C.N.; Faa, G. CT attenuation analysis
of carotid intraplaque hemorrhage. Am. J. Neuroradiol. 2018, 39, 131–137. [CrossRef] [PubMed]

133. Miralles, M.; Merino, J.; Busto, M.; Perich, X.; Barranco, C.; Vidal- Barraquer, F. Quantification and characterization of carotid
calcium with multi-detector CT-angiography. Eur. J. Vasc. Endovasc. Surg. 2006, 32, 561–567. [CrossRef] [PubMed]

134. Singh, A.; Nasir, U.; Segal, J.; Waheed, T.A.; Ameen, M.; Hafeez, H. The utility of ultrasound and computed tomography in the
assessment of carotid artery plaque vulnerability—A mini review. Front. Cardiovasc. Med. 2022, 9, 1023562. [CrossRef]

135. Ajduk, M.; Pavic, L.; Bulimbasic, S.; Sarlija, M.; Pavic, P.; Patrlj, L.; Brkljacić, B. Multidetector-row computed tomography in
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