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ARTICLE INFO ABSTRACT

Keywords: Objective: This study seeks to assess the influence of using patient-specific data from different imaging methods
Carotid artery plaque on evaluating carotid plaque vulnerability via finite element analysis (FEA) instead of using data derived from
Atherosclerosis

the literature.

Methods: 54 patients were considered in this analysis, who preoperatively underwent computed tomography
angiography (CTA) and ultrasound (US) imaging evaluations. The composition (i.e. calcific, lipidic and mixed)
and vulnerability (i.e. stable or vulnerable) of their plaques were evaluated by macroscopic and histologic
assessment post-endarterectomy. In particular, the plaques of these 54 patients were classified as mixed. 3D
reconstructions of the carotid artery were generated from CTA scans, and computational analyses were per-
formed using two different simulation settings for material properties and loads: a) the material properties of the
plaque components were set as an average of values available in the literature (LIT-based); b) the material
property of the plaque fibrous content was modified using stiffness data derived from US shear-wave elastog-
raphy imaging (SWE-based). Statistical analyses were conducted to compare stress parameters obtained from the
different simulations within groups of vulnerable and stable plaques.

Results: Comparisons between LIT-based and SWE-based FEA revealed notable differences in stress parameters
associated with plaque vulnerability. In particular, the stress values derived from SWE-based simulations pro-
vided distinct stratification of vulnerable versus stable plaques, whereas LIT-based models showed limited dif-
ferentiation. Significant variations in von Mises (p = 0.015, p = 0.037) and maximum principal stress (p = 0.014)
distributions were observed in SWE-based FEA.

Conclusions: Patient-specific modelling and computational analysis integrating CTA-derived morphological with
US-derived biomechanical data could improve the assessment of plaque vulnerability in mixed-composition
carotid plaques.

Plaque vulnerability

Finite element analysis

Computed tomography angiography
Ultrasound elastography

1. Introduction Most patients with high-grade stenosis remain asymptomatic, whereas

many with minor stenosis become symptomatic [2]. Therefore, plaque’s

Atherosclerotic disease in the carotid arteries is a critical condition,
as the instability of carotid artery plaques is linked to the onset of ce-
rebrovascular events [1].

Vulnerability of plaques refers to those plaque elements that concur
with the instability of the plaque itself, making it more prone to rupture.
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morphology and composition must be important determinants of un-
stable carotid lesions, other than the degree of stenosis [1,3,4]
Morphological characteristics and composition of vulnerable plaques
encompass several features, typically the presence of a thin fibrous cap
(FC) with a large lipid necrotic core (LRNC) or intraplaque haemorrhage
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(IPH) [5]. Otherwise, plaques with a high degree of calcification are
usually considered at low embolic risk [6]. These features of plaque
composition affect the plaque's mechanical stability. Plaque rupture
could occur when the vessel wall mechanical loading exceeds the tissue
strength [7].

Consequently, a complete characterization of the plaque that en-
compasses morphology, composition and mechanical stress, is crucial
for a proper preoperative risk assessment.

The evaluation of these features is usually performed using different
non-invasive preoperative imaging modalities and, in particular,
computed tomography angiography (CTA) and ultrasound (US)
imaging.

CTA is generally used in the clinical routine to investigate the ste-
nosis degree of atherosclerotic vessels and to evaluate the plaque
morphology and components [8], classifying carotid atherosclerotic
plaques according to their HU density. Some authors defined plaques as
fatty (lipidic or non-calcified), calcified, and mixed [9-11], according to
the plaque pattern on CTA. In particular, mixed plaques are depicted as
heterogeneous plaques characterized by the balanced presence of all
three main components (calcium, fibrous and lipid tissue). However,
numerous studies have revealed that CTA has limited accuracy in dis-
tinguishing lipids, fibrotic tissue components and intraplaque inflam-
mation due to the considerable overlap between the CT densities of the
overmentioned tissues, resulting in reduced reliability in pixel-by-pixel
assessment of plaque composition [8,12].

Additionally, US images, often used for an initial evaluation of the
degree of stenosis or to better characterize the overall morphology of the
plaque through 3D acquisitions [13], can provide further information on
plaque composition and biomechanics. Recent applications of US use
elastography, which may offer additional insights into carotid artery
stiffness and, consequently, its composition [14,15].

The application of US elastography techniques to the vascular sys-
tem, and particularly for the assessment of elastic properties of the ca-
rotid tissues, either by strain elastography or by shear wave
elastography (SWE), is based on the rationale that carotid artery plaques
are generally considered “hard,” when their composition is predomi-
nantly calcified, or “soft,” in case of the presence of intraplaque hae-
morrhage or lipid content, which will thus result in higher and lower
stiffness values, respectively. In particular, SWE estimates quantitatively
tissue elasticity (i.e., the Young's tensile modulus) [16]. A specific mo-
dality of SWE is point-SWE (pSWE), which provides an average Young's
Modulus (YM) measurement within a predefined region of interest
(ROI). Since stiffer tissues result in a higher YM, vulnerable plaques
show lower YV, indicating changes in deformation and stress/strain
characteristics [17,18].

Another promising method for noninvasively studying plaque
biomechanical characteristics is the use of computational simulations.
Several authors have resorted to Computational Fluid Dynamics (CFD)
to analyze blood flow and hemodynamic parameters in the carotid ar-
tery [19-20]. However, since the fluid domain is not static as a result of
the deformation of the arterial walls during the cardiac cycle, it may be
important to also include the influence of this movement in the analysis.
Finite element analysis (FEA) allows computing stress/strain distribu-
tions in arterial walls of various types and morphologies. The patient
risk stratification based on plaque assessment has been considered in
several previous works that studied different vessel types, stress values,
and material models by performing FEA, integrating different imaging
techniques and clinical data to provide further information about the
progression or symptoms of the pathology [9,21-29]. Furthermore, FEA
is often integrated into Fluid-Structure Interaction (FSI) models, leading
to better predictions of hemodynamics and arterial wall stresses
[30-35].

In computational studies, different imaging modalities, such as CTA,
magnetic resonance imaging (MRI) and intra-vascular US (IVUS) im-
aging were employed to assess morphological characteristics of the ca-
rotid artery (CA) wall and plaque. However, these techniques neither
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detect and distinguish all the different plaque components nor provide
information related to the biomechanical assessment of tissues. More-
over, the critical information of the multicomponent material properties
of atherosclerotic carotid arteries is still lacking greatly.

When tissue properties are unavailable, literature values are often
used, not providing a fully patient-specific assessment. Otherwise,
several studies developed inverse finite element modeling (iFEM)
pipelines that integrate ex-vivo mechanical testing (such as inflation or
indentation), imaging (US, CT), and optimization algorithms to estimate
the material properties of carotid plaque components [36,37]. In this
latter case, high-quality experimental and imaging data are essential for
reliable property estimation, which may limit clinical translation in
some settings.

As a complete assessment of patient vulnerability depends not only
on morphological but also on compositional and mechanical properties
of the CA structure, this study exploits imaging data from CTA and US
SWE modalities to create patient-specific computational models of ca-
rotid artery and plaque structures. In particular, our study uniquely
combines CTA for geometric and compositional modeling and pSWE for
mechanical characterization, leading to a multimodal approach to
simulate carotid walls and plaques.

Starting from the assumption that, according to current clinical
knowledge, a predominantly calcified plaque might not be associated
with vulnerability and a plaque with a higher prevalence of soft com-
ponents could instead be vulnerable [10,38-39], we focus our analysis
on patients who presented mixed plaques. Indeed, due to the more
heterogeneous composition of these latter, it remains challenging to
definitively and preoperatively categorize them as either vulnerable or
stable.

Therefore, our goal is to evaluate stress distributions in mixed pla-
ques using two different simulation settings of vessel models derived
from CTA images: (1) “LIT-based” simulations, where the material
properties of the plaque components are obtained as an average of
values available in the literature, and (2) “SWE-based” simulations,
where the material properties of the plaque fibrous component are set
using in vivo US elastography measurements. The integration of pPSWE
data to calibrate the YM of plaques structures brings an advancement in
our FEA study, allowing for precise adjustments of plaque stiffness based
on direct, non-invasive patient-specific measurements, and enhance-
ment of the accuracy of FEA. By comparing simulation results using both
settings, we aim to demonstrate that using specific patient data from
both CTA and US imaging techniques could significantly enhance the
classification of mixed plaques as vulnerable or stable.

2. Methods
2.1. Patients’ recruitment and data acquisition

The patients involved in this study are part of a subgroup enrolled in
a prospective monocentric research approved by the Ethics Committee
of San Raffaele Hospital on June 20, 2019 (110/int/2019) and regis-
tered on ClinicalTrials.gov (ClinicalTrials.gov Identifier:
NCT05566080). All participants in the study at IRCCS Policlinico San
Donato provided written informed consent. The study comprised 100
patients who underwent carotid endarterectomy (CEA) at the Vascular
Surgery Unit of IRCCS Policlinico San Donato due to the presence of
atherosclerotic plaques causing asymptomatic critical stenosis,
following current guidelines. Prior to CEA, all patients had a preopera-
tive evaluation of carotid stenosis using US imaging and CTA.

The vascular surgeon (DM) also provided a visual macroscopic
assessment of the removed plaques, to classify them as vulnerable or
stable plaques, supported by the histological analysis performed on
plaque specimens after CEA. According to [18,40], vulnerable plaques
were defined by the presence of at least one of the following charac-
teristics: thin (<65 pm) fibrous cap, necrotic or lipidic core for >25 % of
the total area, large intraplaque haemorrhage, infiltration of
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inflammatory cells, neovascularization of the cap.

Furthermore, CTA scans enabled a visual characterization of plaque
composition based on plaque density [41], facilitating their classifica-
tion as either calcific, lipidic, or mixed plaques (i.e., neither calcific nor
lipidic). This classification was confirmed through the analysis of the
volumes of each reconstructed plaque’s content and histological exams
following CEA. As reported in our previous study [42], this validation
was performed on the previosly mentioned cohort of 100 patients who
underwent CEA, with extensive histological analysis conducted on each
excised plaque. More details about plaque classification are available in
the Supplementary Materials (Section 1).

2.2. Ultrasound acquisitions

The patients were scanned prior to undergoing CEA for asymptom-
atic stenosis. Specifically, the US acquisitions were conducted by skilled
vascular surgeons using a MyLab Eight scanner and a 7.5 MHz linear
probe, model L4-15 (both from Esaote S.p.A., Genova, Italy). The ac-
quisitions were performed with the patients in a supine position and
with slight neck extension, on the side of the carotid stenosis. The device
was equipped with two different software packages: Quality Arterial
Stiffness (QAS) and g-Elaxto modalities.

The g-Elaxto modality, which conducts a pSWE acquisition, provides
a quantitative estimate of stiffness within a ROI, specifically, the tissue’s
average YM in kPa for the selected region. The linear probe was posi-
tioned longitudinally on the side of the carotid, and acquisitions were
performed on the plaque as well as on the distal and proximal portions of
the plaque region, yielding a measure of the YM of the plaque and two
measures of the common carotid artery (CCA) and internal carotid ar-
tery (ICA) walls.

The QAS modality uses an RF echo-based arterial wall tracking
procedure. The QAS algorithm computes local pressure waveforms from
the carotid wall distention waveform and the patient's brachial pressure.
It determines the local diastolic and systolic pressure by integrating the
measured wall distention waveform with the patient's brachial pressure
values. In this case, the ultrasound probe was properly positioned to
scan the CA longitudinally, and the acquisitions were conducted on the
far wall in the CCA, with the bifurcation on the left side, positioned far
from the origin of the bulb. As an example, acquisitions in both mo-
dalities are illustrated in Fig. 1.

2.3. Computational analysis

The following sections describe the methodology employed to
quantify the stress distribution of an atherosclerotic CA through 3D
patient-specific vessel modeling, using CTA scans and establishing
structural simulations based on US-derived data. The workflow for
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executing all simulations is illustrated in Fig. 2.

2.3.1. 3D patient-specific modelling of the CA vessel and plaque

The segmentation of the DICOM sequences of CTA scans was per-
formed by using a semi-automatic method implemented in ITK-Snap, or
through manual reconstruction when plaque components were not
easily detectable in the images. CTA segmentation allows to obtain the
CA lumen, and the calcific and lipidic plaque component geometries.
The CA wall and plaque fibrous component, instead, were reconstructed
after segmenting the other structures via a specific procedure developed
with Rhinoceros v6.13 software (McNeel and Associates, Seattle, WA,
USA) integrated with the Grasshopper v1.0 plug-in. This procedure
involved generating the outer surface of the vessel wall by enlarging the
lumen surface and incorporating plaque components; thus, the geometry
of the CA wall was derived as the difference between the lumen and
outer wall surfaces. Ultimately, the reconstruction of the fibrous
component was achieved by filling the stenotic area of the lumen sur-
rounding the lipid and calcified plaque regions. A detailed description of
the reconstruction procedure can be found in our previous study [43].

Fig. 3 presents an example featuring three patient-specific CA
models, highlighting three primary types of plaque. We chose these
three cases as they represent plaques with substantial calcific content
(calcific plaque), lipidic content (lipidic plaque), or a more varied
composition (mixed plaque).

2.3.2. Simulation settings

All 3D finite element simulations were based on models generated
from CTA images, and geometrical reconstructions were performed
using Abaqus CAE (Simulia, Providence, RI, USA). The models were
simulated using static analyses. The optimum mesh density was deter-
mined through a convergence analysis performed in our previous study
[43] (Supplementary Materials). Blood pressure was applied uniformly
to the lumen surface, with the patient-specific differential carotid
pressure obtained from the QAS US modality serving as the blood vessel
load. Boundary conditions were applied to fully constrain the distal ends
of the bifurcation and the proximal end of the CCA. Each plaque
component and the arterial wall were assumed to be nearly incom-
pressible, isotropic, and linear elastic, with a Poisson’s ratio of 0.49;
however, a different YM was considered for each component of the
atherosclerotic carotid wall.

Each patient-specific model was used for two simulations. We
denoted as “LIT-based” those simulations in which the fibrous compo-
nent YM was set as an average of values available in the literature, as
reported in [43]. The material properties used in these simulations are
reported in Table 1.

On the other hand, we refer to the simulations as “SWE-based” when
the YM values are determined based on the US pSWE data acquisitions

Fig. 1. (a) The B-mode image of the CA bifurcation displays a user-defined ROI (in green). The q-Elaxto modality measures the average YM within this ROL (b) The
B-mode image of the CCA shows the vessel distension waveform (in blue), calculated using the Esaote QAS modality. The QAS mode automatically detects and tracks
the average diameter of the vessel wall (in orange) along with its resulting amplified movement (in green), which is associated with wall distension.
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CTA data
Patient-specific Literature-based
— . i . .
geometries simulation
Image Processing Model Reconstruction
US data
Lumen local
pressure pSWE-based
simulation
Plaque’s Patient-specific
averaged YM material properties

g-Elaxto QAS

Fig. 2. Workflow for assessing carotid artery plaque vulnerability using CTA, US imaging, and simulations. The process begins with acquiring CTA data for image
processing and 3D model reconstruction, which enables simulation with patient-specific CA geometries and literature-based material parameter values. Concurrently,
US data provides measurements of carotid artery local pressure through QAS modality and YM through the g-Elaxto modality. These measurements are used to apply
patient-specific material properties and loading conditions, enabling SWE-based simulation based on patient-specific CA modeling. The figure is adapted from [43].

(a) (b) (c)

Fig. 3. Examples of final reconstructed geometries of atherosclerotic CA walls with three different types of plaque: calcific plaque (a), lipidic plaque (b), mixed
plaque (c). The geometries were obtained from the segmentation of in vivo images, including macro-components that can be present in an atheromatous plaque, i.e.
calcific (green), lipid (blue) and fibrous (light grey) components.

average YM of the plaque tissues.
As the fibrous component generally occupies the largest volume
within the plaque, we used the measured YM value to define the ma-

Table 1
Material properties set in “LIT-based" simulations.

Material Young’s Modulus (kPa) terial characteristics of this component only. We first computed a scaling
Plaque calcific component 20,000 factor by dividing the measured patient-specific YM by the average YM
Plaque lipid component 4 of our cohort of patients having stable plaques. This scaling factor was
Plaque fibrous component 400 then applied to modify the initial literature-derived YM value of 400

CA healthy wall 350 kPa, thereby establishing the material properties for the fibrous
component of the plaque. As a result, YM values below 400 kPa (scaling

for each patient. Indeed, pSWE provides a measured YM within a factor < 1) indicated softer heterogeneous plaques among patients,
selected ROI, which encompasses the entire plaque and represents an while YM values exceeding 400 kPa (scaling factor > 1) indicated harder
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heterogeneous plaques.

2.3.3. Post-Processing of simulations results

For each analyzed patient, the different contents of the plaque were
modeled in 3D to compute the volume of each component and assess the
type of plaque. The type of plaque (i.e., calcific, lipidic, or mixed) was
quantitatively confirmed by the relative percentage volumes of each
component (calcium, lipid, and fibrous content), based on the analysis of
plaque composition in CTA images and validated also by histological
analysis.

Then, for each patient, different values of simulated stresses were
calculated from the two structural simulations of the vessel. Specifically,
von Mises stress (VM) and maximum principal stress (MPS) were eval-
uated in the fibrous plaque component, similar to what is done in other
comparable computational studies [26,30,44-47]. For both simulated
stresses, the stress value corresponding to 99 % of the cumulative vol-
ume of the respective plaque component (VMgg and MPSgg, respec-
tively) and the average stress value within each component (VMean and
MPSnean, respectively) were calculated.

2.4. Statistical analysis

Data were analyzed using the statistical software SPSS (IBM Corp.,
Armonk, NY, USA). The normality of the distribution of continuous
variables was tested using the Shapiro-Wilk test, and the sample of
variables was defined as non-normally distributed. Therefore, contin-
uous variables are reported as median values and interquartile range
(IQR). The one-way ANOVA test was used to evaluate the differences in
results between the group of patients with a vulnerable plaque and the
ones with a stable plaque. To provide a clear visual comparison of re-
sults, the area under the ROC curves (AUC) was also assessed as illus-
trated in the Supplementary Materials (Section 2).

3. Results

Among the 100 patients enrolled in the clinical study, two had to be
excluded from the classification of plaque types due to the unavailability
of CTA images or presence of image artifacts. The data presented in
Table 2 illustrate the relative volumes of plaque components — calcium,
lipid, and fibrous content — across three distinct plaque types: calcific,
lipidic, and mixed. In this case, 9 further subjects were excluded from
the volume analysis since our 3D model semi-automatic reconstruction
method was not applicable due to their tortuos CA geometry. Calcific
plaques exhibit a predominant calcium content (56.36 + 15.78 %),
while their lipid content is low (0.37 + 0.67 %), consistent with their
classification as calcified plaques. Lipidic plaques show a higher lipid
content (17.83 + 12.12 %) compared to those that are calcific and
mixed. Mixed plaques display an intermediate calcium and lipid con-
tent, indicating a dual composition of both components. The lipid con-
tent (4.76 £+ 7.06 %) is lower than that found in lipidic plaques, the
calcium content (17.22 + 18.75 %) is less than that of calcific plaques,
and the fibrous content (78.02 + 19.67 %) is the highest among the
three plaque types.

Table 2
Relative volumes of plaque compnonents for each type of plaque.

Calcific plaques (n Lipidic plaques (n Mixed plaques (n

= 20) =23) = 46)
Calcium content 56.36+15.78 11.57+8.90 17.22+18.75
(%)
Lipid content 0.37+0.67 17.83+12.12 4.76+7.06
(%)
Fibrous content 46.27+15.64 70.59+13.45 78.02+19.67

(%)
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As reported in Table 3, the macroscopic assessment provided by the
surgeon and the histologic analysis revealed the presence of vulnerable
plaques in 42 patients. Among these vulnerable plaques, lipidic plaques
constitute the majority (83 %), which aligns with their association with
higher vulnerability. Similarly, in the stable plaque class, calcific pla-
ques represent the 95 %, consistent with the association between
elevated calcium content and reduced vulnerability. Finally, mixed
plaques account for 41 % of vulnerable lesions and 59 % of stable le-
sions. The data indicate that, while calcific and lipidic plaques exhibit a
relatively clear association with stable or vulnerable lesions, respec-
tively, mixed plaques present a challenge in terms of classification.

The results reported below include data from 54 patients charac-
terized by mixed plaques only. Among these, 8 patients were excluded
from computational analysis due to CT image artifacts and the tortuous
geometry of their vessels, which made the semi-automatic reconstruc-
tion method inapplicable. Of the 46 patients analyzed with the LIT-
based simulations, it was possible to analyze only 41 patients with
SWE-based simulations as well, due to the unavailability of US data for 5
of them.

As illustrated in Section 2.3.3, the stress parameters VMgg, VMmean,
MPSgyg, and MPS,,ean Were computed for the fibrous component of the
plaque. Accordingly, Table 4 presents the statistical analysis results,
highlighting the differences in these stress parameters between the two
patient groups, using either LIT-based or SWE-based data in the
simulations.

For LIT-based simulations, none of the stress parameters was statis-
tically significantly different between the two groups. In contrast, for
SWE-based simulations, stress parameters demonstrated a statistically
significant difference between the vulnerable and stable plaque groups
(i.e., 20.35 (30.18) kPa vs 39.07 (31.94) kPa, p-value=0.015 for VMgo;
56.02 (59.25) kPa vs 83.89 (82.16) kPa, p-value=0.014 for MPSqyg; 6.84
(9.66) kPa vs 10.92 (14.72) kPa, p-value=0.037 for VMean). However,
MPSpean (6.18 (13.53) kPa for vulnerable plaques vs. 9.99 (15.37) kPa
for stable plaques) could be also considered marginally significant (p-
value = 0.057), as it approaches the threshold for significance.

4. Discussion

This study examines how integrating patient-specific data from
clinical imaging modalities such as CTA and US enhances the accuracy
of mixed carotid plaques classification through FEA. We performed
simulations with different settings: LIT-based simulations set the mate-
rial properties of plaque content as an average of values available in the
literature, while SWE-based simulations assigned different material
properties to the fibrous component using data derived from US pSWE.
From the comparisons between these two types of settings, significant
variations in VM stress and MPS distributions were observed in simu-
lations using SWE-based settings, highlighting the importance of
incorporating YM in vivo data in the analysis.

Our analyses were conducted on a subgroup of patients with carotid
plaque stenosis greater than 70 % and characterized by a mixed
composition. Particularly, we focused on a group of patients with mixed
plaque that, at the CTA images analysis, revealed values of plaque
density that were not clearly distinguishable as either vulnerable or
stable. In our cohort of 100 recruited patients, these mixed plaques
represented the most challenging cases, with 41 % classified as

Table 3
Classification of the plaques.

Vulnerable (n = 42) Stable (n = 56)

Calcific plaque 1 (5 %) 20 (95 %)
Lipidic plaque 19 (83 %) 4 (17 %)
Mixed plaque 22 (41 %) 32 (59 %)

395

n” stands for the considered sample size. Values are provided as mean +
standard deviation.

Categorical data are presented as numbers with the corresponding percentages.
n” stands for the considered sample size.
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Table 4

Comparison of simulated stresses between the group of patients with vulnerable
plaque and those with stable plaque, using LIT-based data or SWE-based data in
simulations. Significant p-values are highlighted in bold.

Simulations  Stress parameter ~ Vulnerable plaque

[kPa] (n=20)

Stable plaque p-
(n = 26) value

LIT-based VMoo 36.23 (18.75) 40.66 (21.06) 0.352

MPSgq 70.91 (47.92) 94.79 (52.70) 0.163
VMmean 12.46 (7.12) 15.42 (10.37) 0.412
MPSean 11.66 (7.00) 13.16 (10.10) 0.389

Stress parameter ~ Vulnerable plaque
[kPa] n=17)

Stable plaque p-
(n=24) value

SWE-based VMoo 20.35 (30.18) 39.07 (31.94) 0.015

MPSo, 56.02 (59.25) 83.89 (82.16)  0.014
VMomean 6.84 (9.66) 10.92 (14.72)  0.037
MPS nean 6.18 (13.53) 9.99 (15.37) 0.057

”n” stands for the considered sample size. Parameter values are reported as
median value and (IQR).

vulnerable and 59 % as stable. These data highlight the complexity of
accurately classifying mixed plaques due to their heterogeneous
composition. Indeed, while the stability or vulnerability of calcific and
lipidic plaques can generally be inferred based on their high calcium or
lipid content, the overlapping of different components characterizing
mixed plaques makes it more challenging to clearly assess vulnerability.
The uncertainty of the pre-operative classification of mixed plaques
based on CTA led to the need to focus solely on this group to explore
whether any biomechanical feature (assessed by FEA and pSWE) could
help reveal a preoperative categorization.

To this aim, we integrated computational analyses with patient-
specific data from different imaging modalities to provide valuable in-
sights into plaques that are not easily classified based only on preoper-
ative imaging (mixed plaques). Indeed, all FEAs were conducted using
patient-specific data from the acquisition of CTA scans and US scans
in QAS and g-Elaxto modalities, adding different degrees of patient-
specificity to the analysis.

CTA scans were used to model the patient-specific geometry of
atherosclerotic CA walls. The advantage of this method is reconstructing
3D models that are realistic representations of the atherosclerotic ca-
rotid wall, including plaque geometries of each specific patient, as
opposed to other works in which an idealized plaque geometry was used
[47,48].

US imaging was employed to set patient-specific data in the simu-
lation settings. Specifically, echo-tracking modality (QAS) was used to
establish realistic load conditions in simulations; that is, measurements
of local blood pressure were used as pressure loads applied to the carotid
lumen surface. The pSWE modality (g-Elaxto), on the other hand, was
used to determine a patient-specific YM of the fibrous component of the
plaque in the simulations. However, it is important to note that pSWE
provides an average measurement of YM within a ROI selected by the
operator, which in this case encompassed the entire plaque region.
Consequently, we decided to compute a scaling factor that could be used
to adjust the “LIT-based” YM values to derive new YM values for
implementation in “SWE-based” simulations. The new YM values were
specifically applied to the fibrous content of the plaque to better char-
acterize its overall stiffness using the acquired pSWE data. This choice
was motivated by the fact that reliable values for calcified, lipidic, and
healthy arterial tissues are already well documented in the literature, in
contrast to the fibrous tissue stiffness characterization. Indeed, in all
simulations, the material properties of the calcific and lipidic compo-
nents and healthy wall were set as the average of values available in the
literature, as reported in [43]. In this way, the fibrous component
stiffness used in the models reflects both the dominant contribution of
this component and the variability captured by patient-specific mea-
surements, while values for the other components remain consistent
with experimental data reported in the literature. Moreover, as the
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fibrous part was found to be the predominant component among those
analyzed, it significantly influences stress evaluation within the plaque.

For a comparative evaluation of the different simulation settings
used, we analysed the simulated stress distributions within the fibrous
plaque component because it represents the region where potential
rupture occurs. More specifically, the obtained results show that some
stress parameters obtained from SWE-based simulation result to be
statistically different between the two groups considered, in contrast to
simulated stress results obtained from LIT-based simulations.

The hypothesis we aimed to demonstrate is that patient-specific
stiffness data from US modalities could yield more precise predictions
of stress concentrations. Comparing simulation outcomes, and in
particular VM and MPS distributions, using different material properties
of the fibrous part, has enabled us to identify stress parameters that
differ significantly between vulnerable and stable plaques. The higher
classification capability of our SWE-based simulations demonstrates the
importance of using patient-specific morphological, compositional and
biomechanical information in simulations, and should be considered for
the assessment of mixed plaque vulnerability and a better clinical
stratification of risk.

Patient-specific simulations are currently evaluated by patient-
specific modelling and loading. To the best of our knowledge, no
other work used in vivo data collection from pSWE of patient-specific
materials referred to the plaque composition. In our previous study on
a cohort of 100 patients [42], pSWE measurements were correlated with
the surgeon’s evaluation of plaque vulnerability, confirming their ability
to distinguish between vulnerable and stable plaques. Incorporating
pSWE data to calibrate the YM of plaque tissue represents a novel
methodological advancement. While FEA is commonly used in cardio-
vascular biomechanics studies, our work is one of the first to adjust
plaque stiffness based on direct, patient-specific SWE measurements,
rather than relying on average values from populations or existing
literature. This integration also results in clinically distinguishable
outcomes. Indeed, the statistically significant stress parameters, such as
VMg and MPSgqg, shown in SWE-based simulation are evidence of the
method’s potential to enhance our understanding of plaque structural
behaviour of vulnerability.

However, some limitations were noted. The US acquisitions could
present shadowing and reverberation artefacts. Moreover, subcutaneous
fat can attenuate US wave propagation, which may render local pressure
and YM measurements invalid. Additionally, other limitations could
include the variability introduced by the subjective selection of the ROI
for pSWE and the assumptions about the material under examination to
simplify the analysis and calculate the averaged YM value [49].
Computational analysis had some limitations too. First, a non-automatic
methodology was used to reconstruct patient-specific vessel geometries.
Secondly, structural analyses are based on simplifying hypotheses
regarding material properties and loads, as we assumed elastic and
linear material properties and simplifying assumptions about residual
stresses, according to other works in the literature [21,25,44,46,47,50,
51]. Nevertheless, it should be considered that here the target of FEA
simulations was mainly to compare the results from different plaque
typologies in the same conditions, pointing out stress distribution dif-
ferences e.g. between stable and unstable plaque. Such limitations will
be the object of future developments of this work, together with per-
forming FSI analysis considering the inclusion of patient-specific ge-
ometries, pSWE-derived material properties and local pressure
waveforms provided by QAS.

In conclusion, our analysis offers relevant insights into understand-
ing the personalization of analyses that include data from different non-
invasive imaging modalities (US SWE and CTA) to improve the classi-
fication of patients with mixed plaques, which can be more difficult to
associate with carotid plaque vulnerability.
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