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avTamokpion ko’ OAn T S1dpKeIR TOL TPOYPAUUATOC.
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epiinyn

210706 H g&étaom tov poOAov NG TOCOTIKOTOINGNG TG cVUVOEONS TNG KAPOTIOIKNG
TAOKOG UE TN XPNoT eAdcTOYpa@iag duTuntikev kopdtov (shear wave elastography,
SWE) kot g emaxoAiovdng tagivounong g nadkoag g aotabois, aitio ayyeiokon
EYKEPAMKOU €NEIC0SI0V N EVAAMTING, ONANON EMPPEMNG VIO TNV EUPAVIOT) QYYEIOKOD
EYKEQPAAKOV enelG0diov.

MéBoodou TIpaypatomotdnke GLUGTNUATIKY AVOCKOTNON Kol HUeTa-avaivon pe Baon
M pebodoroyio  «TPOTUMUEVOV — OTOWYEI®Y  ava@opdE YW  GUGTNUOTIKES
avaokomnoel kat peta-avarvoegy (PRISMA). O mpotopyikodc otdyog Mtav va
a&oroyndel 10 SWE wg dwyvootikd gpyoieio yoo 11¢ aotabelc kol vaAmTES
KOAPOTIOKES TAAKEC.

Anotedéopata: H avalnmmon katéinée otov eviomiopd 606 peietdv, £k TV 0noimv

01 24 g&taocav oLYKEKPEVE TOV TPAOTAPYIKO pag otdyo. T1évte cuykpitikés pehéteg
CLUTEPIANPONKAY OTNV OUAdGN CUURTOUATIKOV (0oTad®V) EVOVTL ACVUTTOUATIKOV
MG UETO-OVAALONG, €V TPEiS ocvpmepnebnkay omv oudda gvdimtov Evavtl
otafepdv. O1 evdA®TEG Kot 00TADEIS/ CUUTTOUATIKES KAPMTIOUKES TAAKESG ELPAVICOV
ONUAVTIKA YOUNAOTEPES TIUEG TOV cuvTedesTr) Tov Young (kPa) (kar o1 dvo, p <,001).
>vunépacua: To SWE éyet oeifer moAAd vmooydueva omoteAéopOTO YU TNV
a&loAOYNoN NG KOPOTIOIKNG TAGKOC Kol TN S1CTPOUATMOOT TOV KIVOUVOL OYYEIOKOD
EYKEPUAKOD EMELGOOI0V. ATHITOVVIOL TEPUUTEP® TPOOTTIKEG TOAVKEVIPIKES KAIVIKEG
UEAETEC Y10 TOV TPOCOIOPICUO TV BEATIOTOV TEYVIKOV KOl TOPAUETPOV YO, TOV
GUVIEAEGTI) TOV Young Kot TNG ToYVTNTAS O TUNTIKOV KOUOTOS, ¢ Ogikteg TG SWE,
EVIOYVOVTOG TNV TPMTOYEVH KO OELTEPOYEVH TPOAN YT Ko TN Ogpameia Tov ayyEI0KOD

EYKEPUAKOD ENEIGOOI0V.

AEEEIS — KAEWOWA: ehaoTOYPOQia, VITEPTYOG, KOPOTIOIKY 0BNpOSKANpUVOT), AYYEINKO

EYKEPAMKO ETEIGOD10
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Abstract

Objective: To examine the role of quantification of the carotid plaque’s composition
using shear wave elastography (SWE) and the subsequent classification of the plaque
as unstable, causing a stroke or vulnerable, prior to the occurrence of a stroke.
Methods: A systematic review and meta-analysis were conducted based on the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement. The primary goal was to evaluate SWE as a diagnostic tool for vulnerable
carotid plaques.

Results: The search resulted in the identification of 606 studies, of which 24
specifically examined our primary objective. Five comparative studies were included
in the symptomatic vs asymptomatic group of the meta-analysis, while three were
included in the vulnerable vs stable group. Vulnerable and symptomatic carotid
plaques showcased significantly lower Young’s modulus (kPa) values (both, p <.001)
Conclusion: SWE has shown promising results for carotid plaque assessment and
stroke risk stratification. Further prospective multicenter clinical studies are needed to
determine optimal techniques and parameters for Young’s modulus and shear wave

velocity indexes, enhancing stroke prevention and treatment.

Keywords: elastography, ultrasound, carotid atherosclerosis, stroke
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1. CAROTID DISEASE

1.1 Stroke burden
As reported by Global Burden of Disease (GBD) in 2019, stroke was the second most

prevalent cause of mortality and the third most prevalent cause of disability globally.
(1). This includes approximately 6.6 million deaths, loss of 143 million disability-
adjusted life-years (DALYs), and 12.2 million new cases (1,2). The previous
statement appears to be supported by the World Stroke Organization (3), as stroke
remains the second-leading cause of mortality and the third-leading cause of disability
and mortality combined on a global scale. The estimated global expenditure on stroke
is more than US$721 billion, which is equivalent to 0.66% of total worldwide gross
domestic product. Evidenced by a 70.0% increase in occurrence of cerebrovascular
accidents, a 43.0% increase in stroke-related fatalities, a 102.0% surge in prevalent
strokes, and a 143.0% rise in DALY, the burden of stroke significantly increased
between 1990 and 2019. The overwhelming majority of the worldwide stroke burden
is concentrated in countries with lesser incomes (4,5). Annually in Europe, 1.4 million
strokes occur in the 715 million Europeans and stroke is responsible for 1.1 million
deaths. Also, an increasing number of Europeans are believed to be affected by stroke
as a chronic disease; estimates place this figure at 4.6 million in 2035, up from 3.7
million in 2015 due to population aging (5,6). In 2015, European health systems
allocated a total of €45 billion annually for stroke care, inclusive of indirect costs.
Overall stroke expenses in the United States were €43.9 billion in 2015 and 2016,
while by 2035 they are predicted to rise to € 114 billion (4-6).

1.2 Transient ischemic attack (TIA) and stroke definition
Stroke, as defined by the World Health Organization (WHO), is a condition that is

characterized by the rapid development of clinical signs of focal or global
neurological deficit. These signs can worsen and persist for 24 hours or more,
potentially leading to death, and have no apparent cause other than vascular origin
(7,8). In order to reclassify certain cases that were previously diagnosed as transient
ischemic attacks (TIAs) as strokes, the WHO's definition has been expanded in the
ICD-11 to include individuals with symptoms lasting less than 24 hours if
neuroimaging reveals evidence of brain infarction. (9) Conversely, a TIA is defined as
a brief episode of neurological dysfunction that is initiated by focal ischemia in the

brain, spinal cord, or retina, without the presence of acute infarction (9). This
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definition, which is tissue-based, emphasizes the absence of infarction, distinguishing
it from the previous time-based definition, which focused on symptom resolution
within 24 hours. TIAs are significant because they act as a warning for potential
ischemic strokes, with a high risk of stroke occurring within 48 hours, notably
following TIA (10,11). Early intervention is crucial in the management of TIAs, as it
necessitates urgent assessment and treatment to prevent subsequent strokes. The
redefinition of stroke and TIA by the WHO and the ICD-11 is indicative of a change
in the understanding of cerebrovascular events, with the objective of enhancing the

strategies for diagnosis, treatment, and prevention (8,9).

2. CAROTID ATHEROSCLEROSIS

2.1 Anatomy
The complex structure of the arterial wall layers and their physiological functions are

crucial for a thorough understanding of the pathophysiological mechanisms involved
in carotid stenosis. The carotid artery consists of three unique layers organized
sequentially from inner to the outermost, namely the tunica intima, tunica media, and
tunica adventitia. Each layer serves a distinct and important purpose, functioning as a
non-thrombotic conduit that is crucial for sustaining cerebral blood flow, an essential
process for ensuring optimal brain function and health. The carotid artery itself is
inherently a highly flexible and adaptable structure, crucial for ensuring adequate
blood flow to the corresponding cerebral hemisphere, thus facilitating the delivery of
essential oxygen and nutrients to brain tissues (12). The tunica intima, the deepest and
most metabolically active layer of the artery wall, mostly consists of endothelial cells
essential for sustaining vascular homeostasis. This particular layer is essential for
inhibiting platelet aggregation and preventing thrombus formation, therefore
maintaining the general integrity of the vascular system. Adjacent to the tunica intima
is the internal elastic lamina, consisting of a single layer of elastic fibers that confer
structural support and elasticity to the artery wall. Adjacent to the internal elastic
lamina lies the tunica media, acknowledged as the thickest layer of the arterial wall,
distinguished by its intricate structure comprising a circumferential inner layer of
smooth muscle cells (SMCs) and a longitudinal outer layer of SMCs, both embedded
within a matrix abundant in proteins such as elastin and proteoglycans. The tunica

media not only reinforces the arterial wall's structural integrity but also critically
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modulates the vessel's diameter, regulating blood flow dynamics, vascular tone, and
arterial pressure (12,13). The external elastic lamina covers the tunica medium,
enhancing the artery's flexibility and distensibility. The outermost layer of the arterial
wall is the tunica adventitia, mostly consisting of collagen fibers that provide strength
and stability to the artery. This particular layer is acknowledged as the most resilient
of the three and is essential in preventing undue dilation of the arterial wall under
elevated blood pressure and flow, hence protecting the artery from potential damage
and preserving its functional integrity. The stratified structure of arterial walls and
their specific functions are crucial for preserving cerebrovascular health, underscoring
the complex relationship between structure and function in the vascular system

(12,13).

2.2 Mechanism
Atherosclerosis is defined not just as the abnormal accumulation of lipids but also as a

continuous, complex inflammatory process. This process is characterized by
significant alterations in wall shear stress (WSS) and low-density lipoprotein (LDL)
infiltration (14). WSS refers to the circumferential pressure exerted by blood on the
vessel's wall as it travels parallel to the direction of blood flow. In healthy settings,
WSS promotes endothelial cell proliferation and inhibits the generation of
inflammatory mediators and inflammation-related pathways (14-16). In the
subintima, The buildup of lipids and foam cells disrupts the fluidity of the vessel wall,
resulting in turbulent flow and subsequent alterations of WSS, which negatively
impact endothelial cells, resulting in impaired function and compromised integrity of
the tunica intima (17). In the initial phases of subintimal lipid accumulation and
atheromatous material formation, adaptive vascular mechanisms prevent stenosis. The
excessive growth of plaques caused by atherosclerosis exceeds the arteries'
compensatory capacity, leading to alterations in hemodynamics of the vascular
architecture (18). Plaque protrusionresults in a decrease in lumen diameter,
disrupting blood flow. Consequently, an area characterized by low WSS and
increased oscillatory vascular stress is established, stimulating the ongoing

atherosclerotic plaques formation (18,19).
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2.3 Pathway
The onset and advancement of atherosclerosis are associated with reactive oxygen spe

cies (ROS)(20,21). ROS enhance the production of cell adhesion molecules, including
itercellular adhesion molecule-1, vascular cell adhesion molecule-1, and endothelial
leukocyte adhesion molecule, which facilitate the attachment of monocytes to
endothelial cells (22—-24). Monocyte attachment to endothelial cells is facilitated by
adhesion molecules. Low-density lipoprotein undergoes modest oxidation to form
minimally modified LDL (MM-LDL), which prompts endothelial and SMCs to
generate the chemoattractant protein-1 (MCP-1). The migration of monocytes to the
subendothelial region, along with MCP-1, is facilitated by the further oxidation of
MM-LDL, resulting in the formation of completely oxidized LDL (OX-LDL) (25—
27).

OX-LDL functions as a ligand for the scavenger receptor in monocytes that has
developed into tissue macrophages. The secretion of colony-stimulating factors,
which is triggered by MM-LDL, promotes the differentiation of monocytes into
macrophages. The differentiated macrophage acquires receptors for OX-LDL, which
are incorporated to produce foam cells — which also produce ROS.

Macrophages produce a variety of growth-regulating molecules (e.g. platelet-derived
growth factor - PDGF), and transforming growth factors (e.g. TGF-f), as well as
cytokines that influence adjacent cells (28,29). The synthesis of elastic fiber proteins,
collagen, growth-regulating molecules and cytokines may result from gene expression
and transcription in SMCs. Growth-promoting molecules and cytokines are also
synthesized by endothelial cells (29). T cells synthesize cytokines and TGF-. SMCs
also synthesize colony-stimulating factors which contribute to macrophage stability
and proliferation. TGF- is a powerful inducer of the creation of connective tissue and
extracellular matrix components. It obstructs the reproduction of several cell types,
along with SMCs. Cytokines stimulate the growth of SMCs. Both PDGF and IGF-I
serve as chemoattractants for SMCs. Fibroblast growth factors serve as
chemoattractants for endothelial cells, whereas M-CSF attracts monocyte-derived
macrophages. (29)

In summary, atherosclerotic plaque formation is a complex pathophysiological
process that begins with endothelial dysfunction, often triggered by conventional risk
factors such as hypercholesterolemia, smoking, hypertension, and impaired glucose

metabolism. This dysfunction increases endothelial permeability to lipoproteins,
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facilitating the accumulation of LDL in the subendothelial space, where it undergoes
oxidation. The OX-LDL functions as a chemoattractant, facilitating the attraction of
monocytes and their development into macrophages. These macrophages engulf the
OX-LDL to form foam cells, which are a characteristic of initial lesions of
atherosclerosis identified as fatty streaks. Activated macrophages contribute to the
chronic inflammatory environment within the plaque by releasing pro-inflammatory
cytokines and matrix metalloproteinases, as well as the accumulation of foam cells.
This inflammation is further exacerbated by T-cell activation and the release of
additional cytokines, which perpetuate the inflammatory cycle and promote the
migration and proliferation of SMCs from the media to the intima, establishing a

fibrous cap over the lipid-rich core.

2.4 Vulnerable carotid plaque
Embolization risk from carotid plaques is highly variable. Some have reported a

stroke risk of 0.5% per year in patients with high-grade stenosis, while others have
demonstrated a risk of over 10% per year in patients with severe carotid
stenosis.(30,31) Despite the fact that there were varying definitions of "high-grade"
stenosis in the early clinical trials, most clinicians have now concurred that 70%—-99%
stenosis is classified as high-grade, according to the NASCET criteria (32). It is
intriguing that the correlation between plaque vulnerability and the degree of stenosis
remains uncertain. The development of cerebrovascular symptoms has not been
demonstrated to be correlated with the degree of stenosis in numerous studies,
including ACAS and ACST (33,34). The heterogeneity of carotid plaques is a
significant factor in the variations in stroke risk. Not all carotid plaques exhibit
identical behavior. Even at modest or moderate levels of stenosis, plaques that are
referred to as "unstable” or "vulnerable" are found to be more susceptible to causing
stroke or TIA (35). Silent, micro-infarcts have been observed in patients with carotid
artery plaques that appear to be unstable (36,37). These plaques are referred to as
"high-risk", while stable plaques are referred to as "quiescent." The "upstream”
region, which is distal to the plaque, has been demonstrated to be particularly
susceptible to shear stresses, which in turn leads to changes in stability (38,39).
Plaque mobility has also been demonstrated to elevate the likelihood of

microembolization and subsequent cerebral infarction (40,41).
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Plaque stability can be assessed from a variety of perspectives, such as plaque
content and morphology, plaque mobility, plaque hemodynamics, and surface
characteristics. Plaque ulceration has been extensively investigated in terms of surface
characteristics and has been consistently demonstrated to be associated with
vulnerable plaque and microembolic activity (32,37,42). It has been demonstrated that
ulcerated plaques frequently contain an element of overlying thrombosis and that the
surface of ulcerated plaques exhibits an increase in platelet aggregation and activity
(40,42,43).

Atherosclerotic plaques are typically composed of two primary components: a soft,
lipid-rich portion and a firm, sclerotic portion that is primarily constituted of
connective tissue elements. The calcified, connective tissue component has been
suggested as a means of stabilizing the plaque. Consequently, plaques with a higher
calcific component may be less susceptible to rupture (40,44). The inner atheromatous
component of the lesion is thrombogenic and feeble, characterized by elevated
macrophage activity and cellular detritus (45). Consequently, this results in
intraplaque hemorrhage (IPH) and necrosis. Unstable plaque is characterized by a
necrotic core and a high lipid content that are echolucent or hypoechoic on ultrasound
(35,46). Plaque rupture risk has been associated with both the overall size of the
plaque and the size of the necrotic interior (40,44,46).

The occurrence of plaque neovascularization (via angiogenesis) is a response to the
escalating hypoxia within the interior of a plaque and has also been linked to
instability. Soft, lipid-rich plaques demonstrate great increase in neovascularization in
comparison to soft, calcified plaques (47—49). Neovascularization has been associated
with IPH since immature neo-vessels can bleed and consequently lead to thrombosis
and acute plaque enlargement (50,51).

Still, it is believed that plaques with larger dimensions (area or volume) are associated
with a greater degree of stenosis. The risk of plaque rupture is heightened by both the
necrotic core size and the overall plaque size. It is noteworthy that there is no
definitive correlation between the vulnerability of plaques and the degree of stenosis,
as the treatment algorithms between patients with unstable and stable plaques may

ultimately differ.
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4. ELASTOGRAPHY

Elastography, first introduced in the 1990s, (56,57) facilitates the assessment of the
elastic characteristics of vascular tissues and has extensive applications in the
examination of physiology and pathology of arteries. This method depends on
observing deformation of tissue caused by stimuli, internal or external. Through the
process of inverse analysis one can derive and interpret the mechanical characteristics
of soft tissues, based on the specific responses that are recorded during the application
of such stimuli. As presented in 7able 3 strain and shear wave elastography (SWE)
are techniques used to evaluate tissue mechanical characteristics by estimating strain

and shear wave velocity (or Young’s Modulus), respectively.

4.1 Strain elastography
When a practitioner applies force to a tissue using a probe oriented in alignment with

the trajectory of the ultrasound beam, deformation of the tissue ensues. The rate of
strain (deformation) can be evaluated through the analysis of the echo signal both
prior to and during the compression phase. Young's modulus (YM) is used to quantify
the stiffness of tissue and is calculated using the equation (E = s/¢) subsequent to the
application of stress — s, and the acquisition of strain measurement - ¢. Given the
challenges associated with ascertaining the internal stress distribution within the body,
it is typically assumed to be uniform. As a result, strain exhibits an inverse
relationship with stiffness. The strain representation is overlaid as a color gradient on
the B-mode image. Numerous ultrasonic devices also display elastograms that are
gray and other color-coded variants. A real-time quality indicator is provided to
indicate whether the applied compression is appropriate. Strain functions as a relative
indicator of stiffness and exhibits a proportional variation in response to the level of
compression applied (58—60).

Strain elastography is significantly operator-dependent, as it necessitates manual
compression to generate strain, which may vary among operators and impact the
consistency of results. In addition, it offers a qualitative evaluation of tissue rigidity,
which may result in results that are inconsistent due to operator dependence and the

subjective nature of the interpretation(61,62).
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4.2 Shear wave elastography
The various techniques employed in the assessment of SWE can be distinctly

classified into two primary categories, namely, the techniques predicated upon
transient elastography as well as those utilizing Acoustic Radiation Force Impulse
(ARFI), which fundamentally differ in their particular excitation methods, as it is
subsequently described (63).

4.2.1 Transient Elastography

An ultrasonic transducer is integrated with a mechanical piston, facilitating manual
manipulation to produce thrust on the surface of the body. This thrust applies force to
the liver through the intercostal space, leading to transient shear deformation and the
transmission of shear waves. Shear wave velocity (SWV) propagation is directly
correlated with the stiffness of the liver parenchyma; increased stiffness results in
faster propagation. Currently, this methodology is exclusively employed for assessing

liver stiffness (58).

4.2.2 ARFI based SWE techniques

The methodologies of ARFI differ from those of transient elastography in their
application of mechanical stimulation. Specifically, an acoustic radiation force
induces tissue displacement and shear wave propagation through a focused acoustic
beam (63). Shear waves travel perpendicularly to the ultrasonic waves; hence, shear
wave velocity (SWV) is determined by observing the time to peak displacement at
each lateral point. Tissue oscillations within a region of interest (ROI) facilitate the
production of shear waves via frequency-specific push pulses, which exhibit a
prolonged duration and elevated intensity compared to those employed in traditional
B-mode imaging. The recorded velocity is positively correlated with an increase in
frequency. B-mode imaging guidance remains viable throughout the assessment, as
both techniques utilize the same transducer (58,63). The YM (E = 3pVs2), where, p
for tissue density, and Vs for SWV can be used to convert this velocity to tissue
stiffness measured in kilopascals (kPa) under specific assumptions (64). The real-time
tracking of shear wave propagation was not achievable in ARFI-based SWE due to its
lack of reliance on ultrafast imaging rates. Rather, it was reconstructed in a
stroboscopic fashion through the application of multiple successive radiation force
impulses combined with various imaging lines. This repeated application of radiation

forces resulted in a greater deposition of acoustic energy, which consequently limited
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the frame rate and functional capabilities of ARFI-based SWE for real-time elasticity
assessment (58,60,63). Three subcategories of ARFI based SWE are addressed below

depending on the extend of the observed region:

Point shear wave elastography

Point shear wave clastography (p-SWE) exclusively triggers the acoustic radiation
force at a specific location and subsequently quantifies the shear wave velocity within
a confined ROI. The results are expressed in either meters per second (m/s) or kPa, as
dictated by the YM equation. Given the restricted area evaluated in shear wave
imaging, it is recommended to perform a minimum of 5 to 10 measurements and

compute the mean value (65).

Two-dimensional shear wave elastography

Through the continuous activation of the acoustic radiation force at multiple locations
and the subsequent assessment of the shear wave's arrival time utilizing a time-of-
flight estimation methodology, it is feasible to produce a shear wave image of an
expanded area of interest, which can be represented in either grayscale or color scale
(58,66). This type of shear wave imagery can be displayed autonomously or
superimposed onto the conventional B-mode visualization. A measurement box can
be placed within the ROI to ascertain the stiffness value The measurement box should
preferably be situated in the central area of the ROI, as inaccuracies frequently arise
near the peripheries. In contrast to p-SWE, the dimensions of the measurement box in
two-dimensional shear wave elastography (2D-SWE) can be modified, and 2D-SWE
offers not only the mean and the standard deviation of stiffness assessments but also
the minimum and maximum values. If the system includes a quality metric that
indicates the measurement area produces high-quality shear waves, it is recommended

to perform three to five measurements (58,66,67).

Three-dimensional shear wave elastography

A three-dimensional probe is essential for the implementation of three-dimensional
shear wave elastography (3D-SWE). This probe integrates a mechanical scanning
sequence utilizing two-dimensional sensors and possesses advanced computational

capabilities, thus facilitating the three-dimensional reconstruction of tissue stiffness.
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5. SYSTEMATIC REVIEW AND META-ANALYSIS

The role of shear wave elastography in the assessment of carotid plaque
vulnerability — A Systematic Review and Meta-analysis

5.1 Introduction

Cerebrovascular events are usually triggered by the rupture of carotid atherosclerotic
plaques. The ctiology of up to 80% of strokes is ischemic, with cerebral micro-
embolism accounting for 10% to 20% (1,68).

Stroke is the second leading cause of death and disability globally, with 12.2 million
incidents, 143 million lost disability-adjusted life-years, and 6.6 million deaths in
2019 (1). The cost of stroke exceeds $721 billion, constituting 0.66% of global GDP.
Between 1990 and 2019, the burden of stroke increased significantly, with the
majority in lower-income countries (4,5). Early intervention is crucial in managing
stroke and transient ischemic attacks (TIAs), preventing subsequent strokes.

The correlation between plaque vulnerability and the degree of stenosis remains
uncertain, as the development of cerebrovascular symptoms has not been
demonstrated to be correlated with just the degree of stenosis in numerous studies
(33,34). The heterogeneity of carotid plaques is a significant factor in the variations in
stroke risk. The heterogeneity of carotid plaques constitutes a critical determinant in
the disparities observed in stroke risk. Even at modest or moderate degrees of
stenosis, lesions characterized as unstable or vulnerable are observed to possess a
heightened propensity for precipitating stroke or transient ischemic attack (TIA)(35).
Silent micro-infarcts have been identified in patients exhibiting unstable carotid
artery. These plaques are referred to as "high-risk", while stable plaques are referred
to as "quiescent” (37,38). Plaque stability can be evaluated from multiple dimensions,
including plaque composition and morphology, plaque mobility, hemodynamic
properties, and surface characteristics. The ulceration of plaques has been the subject
of extensive research concerning their surface characteristics, and it has been
consistently shown to correlate with vulnerable plaques and microembolic
activity(37,42).

Atherosclerotic plaques are generally comprised of two principal components: a
flexible, lipid-rich segment and a dense, sclerotic segment predominantly made up of
connective tissue elements (40). The likelihood of plaque rupture has been correlated

with both the overall dimensions of the plaque and the extent of the necrotic core (45).
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Intraplaque hemorrhage (IPH) and neovascularization, which occurs as a response to
increasing ischemia within the core of a plaque, has also been associated with
instability (50,51).

Elastography, a technique that emerged in the 1990s (56,57), is employed to evaluate
the elastic properties of vascular tissues and has a wide range of applications in the
study of arterial physiology and pathology. It is predicated on the observation of
tissue deformation resulting from external or internal stimuli, and the mechanical
properties of soft tissue can be inferred from the observed responses through inverse
analysis. Strain elastography and shear wave -eclastography are sophisticated
techniques utilized to assess the mechanical properties of tissues by measuring strain
and shear wave velocity (or shear modulus), respectively. Strain elastography (59,63)
entails the examination of the echo signal both prior to and during the application of
compression, whereas shear wave elastography measures tissue stiffness in terms of
Young's modulus. Shear wave-based elastography (63) can be classified into two
categories: transient elastography and Acoustic Radiation Force Impulse (ARFI)
based SWE, contingent upon the method of excitation employed. Transient
elastography (58) has not yet been employed for the evaluation of arterial rigidity or
the assessment of plaque vulnerability. ARFI-based shear wave elastography employs
mechanical stimulation to induce tissue displacement and generate shear waves. The
velocities of these shear waves can be determined by measuring the time taken to
reach maximal displacement at each lateral point (58,60). This approach has shown
efficacy in distinguishing between stable and susceptible plaques, which is crucial for
clinical decision-making about procedures such as carotid endarterectomy or stenting
(69,70).

Overall, strain and SWE serves as an essential instrument for the non-invasive
evaluation of carotid plaque vulnerability, potentially influencing treatment choices

and enhancing patient outcomes in carotid artery disease (71).

5.2 Scope
The scope of this study is to examine the role of SWE on imaging the carotid plaque

by systematically reviewing the available literature on SWE assessing the
vulnerability of the carotid plaque and its potential role on predicting carotid stenosis

related symptoms. A meta-analysis of the available data was conducted.
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organs/sites, solely arterial stifness) or strain elastography. For homogenisation
purposes and robust statistical results, mean and standard deviation values were the

sole metrics obtained. during the search.

5.3.4 Quality Assessment

The methodological quality of each study was assessed independently by two authors
(CP and SK) with the revised Quality Assessment of Diagnostic Accuracy Studies
(QUADAS-2) tool (25). This tool comprises four domains: (1) patient selection; (2)
index text; (3) reference standard; and (4) flow and timing as presented in. These four
domains were assessed regarding risk of bias and the first three in terms of concerns
regarding applicability. Possible answers for risk of bias for the different domains
were high, low, some concerns or no information. The quality assessment is visually

presented in Figure 1 and Figure 2.

5.3.5 Data Pooling

Due to the heterogeneity of the reported carotid plaque stiffness data, provided sample
size, median, range and/or interquartile range or other convertible data (e.g.
Confidence Interval) were converted to mean + standard deviation utilizing the
appropriate estimation methods as suggested by Wan et al. (73) and in accordance to
the Cochrane handbook (74). Studies providing insufficient or unconvertable data
were excluded. Data were extracted and entered into tables and the outcomes were

analyzed cumulatively.
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As the need for new non-invasive techniques for carotid plaque vulnerability
assessment emerged Dahl et al. (76), in 2009, studied the feasibility of ARFI in
assessing the carotid plaque vulnerability. In this first in vivo feasibility study B-mode
images were acquired immediately before each ARFI image to provide
complementary data and as reference. ARFI imaging was identified as a feasible
technique for noninvasively observing and characterizing the mechanical composition
of carotid plaques, potentially assisting in the evaluation of ischemic event risk. This
preliminary study offers important information for future studies regarding plaque

characterization and the clinical applications of SWE/ARFI imaging.

5.4.1 Symptomatic Vs Asymptomatic plaques

In 2014, Ramnarine et al. (77) were the pioneers in categorizing subjects based on
their history of neurological symptoms associated with carotid atherosclerotic disease
and consequently compare their elasticity values. They found that plaques associated
with focal neurological symptoms had significantly lower mean YM compared to
asymptomatic plaques (62 kPa vs. 88 kPa; p =.01). Also, a significant correlation was
reported between plaque YM and percentage of stenosis (p=.003), while when the two
methods were combined the diagnostic accuracy was enhanced with an AUC of 0.78.
Following these findings Lou et al. (78) also found significantly lower (p <.01) YM in
the asymptomatic group (81.13 + 20.12 kPa) versus symptomatic (115.78 + 26.66
kPa), coming to accordance with a 2021 study (79) that found statistically significant
(p <.001) difference of the mean elasticity values, reporting 78.1+25.4 kPa for
asymptomatic and 51.5+18.3 kPa for symptomatic plaques.

In an observational, prospective pilot study Sivasankar et al. (80) measured the
elasticity of stroke and non-stroke side, while separating the plaque to proximal mid
and distal parts. All stiffness values were significantly lower (p <.05) on the stroke
side. Also, all stiffness values of the plaque were significantly higher (p<.05) on the
left compared to the right.

Skoloudik et al. (81) attempted to differentiate between asymptomatic stable,
progressive and symptomatic plaques. The mean elasticity in the asymptomatic stable
plaque group was significantly higher than in the asymptomatic progressive (52.2 vs.
30.4 kPa; p < 0.001) and symptomatic (52.2 vs. 36.4 kPa; p = 0.033) plaque groups.
They reported an AUC of 0.70 for differentiating stable asymptomatic plaques from
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progressive or symptomatic plaques and that sensitivity and specificity for a cut-off
value of 26 kPa were 83.6% and 40.0%, respectively. They also surprisingly found
that asymptomatic stable, asymptomatic progressive and symptomatic plaques did not
differ in echogenicity, calcifications, homogeneity, occurrence of ulcerated surface, or
intra-plaque hemorrhage (p >.05 in all cases).

Most recently, Globa and Derkach (82) found that the stiffness of plaques, as
measured by SWE, was significantly lower in patients with ischemic events compared
to those with asymptomatic stenosis (p <.001). Specifically, the median YM was 70.0
kPa (IQR: 57.0-80.0 kPa) in the right ICA and 72.0 kPa (IQR: 60.0-79.0 kPa) in the
left ICA for the symptomatic group. In contrast, the asymptomatic group had a
median YM of 82.0 kPa (IQR: 77.5-89.0 kPa) in the right [CA and 85.0 kPa (IQR:
74.0-94.0 kPa) in the left ICA. Adding to these Chen et al. (83) highlighted that the
risk of stroke was significantly associated with SWV (p =.045).

5.4.2 Vulnerable Vs Stable plaques

In a 2015 novel prospective observational comparative study of 25 carotid plaques,
Garrard et al. (84) reported that the mean plaque YM (50.0 £ 19.6 kPa) of the
vulnerable plaques was significantly lower (p =.027) than the mean plaque YM (79.1
+ 33.8 kPa) of the stable plaques. Plaque stability was based on histology.

Di Leo et al. (85) exploring the diagnostic accuracy of SWE reported a sensitivity of
87.1%, a specificity of 66.7%, a positive predictive value of 87.1% and a negative
predictive value of 66.7% for detecting vulnerable plaques. These findings came to
accordance with a recent study by Zhang et al. (86) who underlined that SWE results
were generally consistent with the final clinical diagnosis, showing a sensitivity of
87.10%, specificity of 76.32%, positive predictive value of 85.71%, and negative
predictive value of 78.38% reaffirming SWE as a useful tool for assessing carotid
plaque vulnerability.

In a prospective observational study by Goudot et al. (87) plaque stiffness measured
by SWV did not differ between vulnerable and stable plaques, while for the range of
3-5 m/s SWV was significantly increased in vulnerable plaques (p = 0.048). They
alternatively proposed a multiparametric score combining maximal WSS at the peak
of the plaque associated with SWE texture analysis since the combined model scored

a sensitivity of 80%, specificity of 78% and AUC of 0.8.
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Mazzacaro et al. (88) found significantly higher YM in patients with stable plaques
compared to those of vulnerable plaques (49.6 + 8.1 kPa vs. 24.6 = 4.3 kPa, p =.009).
The PWV was similar (12.2 + 0.9 m/s for stable plaques vs. 10.6 = 0.5 m/s for
vulnerable plaques (p =.16). Attempting to determine a cut-off elasticity value for
plaque non-vulnerability, YM values >34 kPa had a sensitivity of 50% and a
specificity of 73.3% and an AUC of 0.66.

The reliability of SWE in evaluating plaque stiffness and vulnerability was further
validated by Wang et al. (70) reporting statistically significant differences in YM
values among distinct echogenic types of plaques by whose plaque vulnerability was

originally characterized (all p < .05).

5.4.3 SWE and Histology

In their novel study Garrard et al.(84), used histology as a reference method to assess
plaque stability and independently identify features such as intraplaque hemorrhage
and lipid presence. They found that an increasing number of foam cells and the
presence of intra-plaque hemorrhage or thrombus were linked to a significantly lower
YM (p =.049 and p = .043, respectively).

Zhang et al. (89) intended to compare the ultrasound findings with histopathological
changes and to investigate the relationship between intraplaque neovascularization
and plaque elasticity. Plaque neovascularization was negatively correlated with the
SWV of SWE (p <.001), while the type I/IIl collagen ratio was significantly
positively correlated with the SWV of SWE (p <.001). This added to the previous
findings of Czernuszewicz et al. (90) who reported good performance for combined
ARFI and stiff (AUC = 0.86) and soft (AUC = 0.89) categories.

In a comparative study (85) multiparametric ultrasound evaluation was performed in
forty-three consecutive patients scheduled to undergo carotid endarterectomy. SWE
identified 27 out of 31 plaques as vulnerable, demonstrating a sensitivity of 87.1%
and a specificity of 66.7% when compared to histological findings. In contrast, a
recent prospective observational study (87) reported significant overlap in stiffness
values between histologically stable and vulnerable plaques, indicating that SWE
alone might not be sufficient to distinguish between them.

The effectiveness of alternative ARFI-derived outcome parameters was investigated

by Torres et al.(91), who reported that integrating both the correlation coefficient and
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signal-to-noise ratio into a singular metric, log(VoA), significantly enhances the
identification of carotid atherosclerotic plaque features, such as regions of collagen,
calcification, lipid-rich necrotic core, and intraplaque hemorrhage, in comparison to
ARFI peak displacement.

More recently Mazzacaro et al. (88) further support the correlation between YM when
used to non-invasively quantify carotid plaque elasticity and histological
characteristics, such as large IPH, ulceration, large necrotic/lipidic core, ruptured or

thin fibrous cap, inflammatory cell infiltration, and neovascularization.

5.4.4 SWE and B-mode

In this pioneering study (76) the complementary use of ARFI to B-mode was already
highlighted, since it can detect soft regions as small as 0.5 mm in diameter, which
may not as casily resolved with B-mode imaging, while B-mode seems to remain
preferable for IMT measurements. More recent studies (78,92,93) also underscore the
potentially beneficial complementary role of SWE to classic B-mode ultrasound in
assessing carotid plaque vulnerability.

Ramnarine et al. (77) reported that carotid plaque stiffness quantified by YM (AUC =
0.69) had better performance in predicting symptomatic carotid plaques when
compared to Gray scale median (GSM) (AUC = 0.61). Both imaging modalities
performed better when combined to percentage stenosis (AUC = 0.78 and 0.74,
respectively). The potential advantage of SWE to B-mode is also pointed out by Li et
al. (79) and Garrard et al. (84) due to the additional information provided by SWE,
particularly tissue elasticity quantification.

In a pilot study (94) on 41 atheromatous lesions correlation was observed between
SWE and Gray-Weale plaque classification method, which is consistent with Lou et al
findings (78). Although, it should be pointed out that there was insufficient data to
apply meaningful statistical correlation.

In a 2018 prospective comparative study Shang et al. (95), using SWV to measure
elasticity, examined the correlation of SWE to the plaque echolucency. Echogenic
plaques exhibited elevated shear wave velocities in comparison to echolucent plaques,
whereas serum homocysteine concentrations demonstrated a negative correlation with

the minimum, mean, and maximum values of SWV (all p values <.05)
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More recently, Wang et al. (70) found statistically significant differences between
GSM values (p <.001), with the maximum, mean, and minimum YM values of SWE
(p < .001). Moreover, it revealed a positive association between plaque echotype,
GSM, and YM (p <.001), indicating that a decrease in GSM corresponds to a
reduction in echo and stiffness values. These findings add to other available literature
(93) pointing out the statistically significant positive association of plaque
echolucency and stiffness.

Popova et al. (96) in a 2024 prospective case-control study concerning elastographic
evaluation of atherosclerotic plaques and assessment of vascular risk in individuals
with rheumatoid arthritis (RA) investigated the SWE cut-off value for predicting
plaque rupture and found that optimal cut-off value of 2D-SWE > 32.40 kPa was
associated with a sensitivity of 96%, a specificity of 56%, a positive predictive value
of 66.70%, and a negative predictive value of 92.90%. In the RA group, 2D-SWE
values showed significant positive correlations with the severity of atherosclerotic
plaques (p =.023) and the degree of stenosis (p <.001). Also, SWE showed a
significant area under the curve (AUC = 0.818; 95% CI: 0.683 to 0.913; p <.001) and
found significantly higher median values in the RA group when compared to the

healthy group (p =.011).

5.4.5 SWE and MRI

Doherty et al. (92) compares, in a preliminary in vivo study, measures of carotid
plaque stiffness obtained from ARFI imaging with its composition assessed through
spatially registered MRI in five subjects exhibiting stenosis greater than 50%. The
results support the potential of ARFI imaging to noninvasively identify vulnerable
plaques, providing early evidence for its clinical utility. Normal loose matrix
components appeared as homogeneous, stiff regions exhibiting little displacement in
ARFI, while MRI identified calcium components were indistinguishable in ARFI.
Lipid pools identified via MRI appeared as softer areas exhibiting about 1.8 times
greater displacement in ARFI compared to adjacent stiffer regions.

In a 2020 study (97) MRI was employed for plaque classification and 410 SWE
acquisitions were performed in 27 carotid plaques from 20 patients. AHA type VI
plaques exhibited significantly higher group velocity compared to other types. Group

and phase shear wave velocities were correlated with plaque characteristics such as
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lipid-rich necrotic core content and IPH, suggesting that SWE can enhance plaque
risk stratification.

Zhang et al. (86) in a retrospective observational study compared the diagnostic
efficacy of SWE, AngioPLUS planewave ultrasensitive imaging (AP), and high-
resolution MRI among 100 subjects. SWE and MRI results were similar
demonstrating a sensitivity of 87.10%, 88.71% and a specificity of 76.32%, 78.95%,
respectively. AP technology demonstrated the highest sensitivity (93.55%) and
specificity (84.21%).

5.4.6 SWE and CEUS

Di Leo et al. (85) in 2018 were the first to compare SWE to CEUS in this novel study.
SWE demonstrated a higher degree of agreement with CTA (81.4%) than with CEUS
(74.4%). The AUC for SWE is 76.9%, surpassing CEUS's 72.7%, indicating superior
overall diagnostic efficacy for SWE. Both SWE and CEUS had the same sensitivity
(87.1%), which is comparable to CTA, while SWE demonstrated higher specificity
(66,7%) than CEUS (58,3%).

In a 2021 study (89) on 94 individuals who had endarterectomy for symptomatic
carotid artery stenosis showed that, the SWE value of the carotid plaque in hyper-
enhancement areas were higher than that in hypoenhancement areas, of
heterogeneously enhanced plaques. Also, there was a significant negative correlation
between the SWV of SWE and the AUC of CEUS (p <.001), highlighting that
assessments can occur simultaneously, facilitating both direct comparisons between
elasticity and intraplaque neovascularization (IPN) thus ensuring efficiency, due to
the ability to combine the two techniques utilizing the same probe and equipment.
Chen et al. (83) also suggests that the combination of multiple ultrasound modalities,
such as CEUS and SWE, is viable and valuable for a thorough assessment of carotid
plaque vulnerability and stroke risk, since the risk of stroke is significantly associated
with IPN and SWV.

A most recent study (98) concerning 121 subjects with mild carotid stenosis (<50%)
showed that the combination of IPN and SWYV had better predictive value for the risk
of stroke, since their combined methods model demonstrated a significantly better
predictive performance (p =.027) when compared to grade 2 IPN or SWV methods

alone.
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Combining multiple ultrasound modalities such as CEUS and SWE are valuable for
assessing carotid plaque vulnerability and stroke risk. The combination of IPN and
SWYV as indexes for each method has already been tested and found feasible and
valuable due to the ability assessing them simultaneously (83,89,98).

The ability of SWE to be comparable to established diagnostic methods, such as CTA
(85) and MRI (86) indicate its potential. Furthermore, the significant advantages of
vascular ultrasound imaging over CTA and MRI, which provide accurate
identification and evaluation of vessels, are evident when considering the well-known
benefits of ultrasound imaging, such as bedside availability, short examination times,
lack of radiation exposure, and low cost (99).

As other studies (69,100) also pointed out cut-off values have not been yet established
for YM and SWV and remain essential for SWE to gain its full potential as a
diagnostic tool for carotid plaque assessment.

The findings of our meta-analysis study indicate statistically significant lower values
of YM for vulnerable vs stable plaques and symptomatic vs asymptomatic plaques
(p<.001 for both), further strengthening the hypothesis that vulnerable carotid
plaques, which have the tendency to cause stroke, have lower elasticity values in
terms of kPa.

Several limitations associated with this study should be pointed out. The
heterogeneity of the included studies in terms of the type and scope of the study, the
number of patients, the ultrasound devices and settings used, the number of
measurements, the test location, the methods of comparison, and the type of reported
data significantly complicated the comparison of the various studies included.

In conclusion, SWE showed promising results and poses great potential as a method
for carotid plaque assessment and stroke risk stratification. Extended prospective
multicenter clinical studies are deemed advantageous to determine the optimal
technique and parameters to establish criteria and cut-off values for both the YM and
SWYV indexes of vulnerable plaques, thus giving us an advantage in stroke prevention

and treatment.
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