
MOX-Report No. 73/2020

A computational fluid structure interaction study for
carotids with different atherosclerotic plaques

Bennati, L.; Vergara, C.; Domanin, M.; Trimarchi, S.; Malloggi,

C.; Silani, V.; Parati, G.; Casana, R.

MOX, Dipartimento di Matematica 
Politecnico di Milano, Via Bonardi 9 - 20133 Milano (Italy)

mox-dmat@polimi.it http://mox.polimi.it



A computational fluid structure interaction study for

carotids with different atherosclerotic plaques

Bennati, L1; Vergara, C2; Domanin, M3,4; Trimarchi, S3,4; Malloggi, C5;
Silani, V6,7; Parati, G8,9; Casana, R5,10.

October 29, 2020

1 Dipartimento di Scienze Chirurgiche
Odontomastologiche e Materno-Infantili,
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Abstract

Atherosclerosis is a systemic disease that leads to accumulation of de-
posits, known as atherosclerotic plaques, within the walls of the carotids.
In particular, three types of plaque can be distinguished: soft, fibrous and
calcific. Most of the computational studies who investigated the interplay
between the plaque and the blood flow on patient-specific geometries, used
non standard medical images to directly delineate and segment the plaque
and its components. However these techniques are not so widely available
in the clinical practice. In this context the aim of our work was twofold:
i) to propose a new geometric tool that allowed to reconstruct a plausible
plaque in the carotids from standard images and ii) to perform 3D FSI
simulations where we compared some fluid-dynamic and structural quanti-
ties among 15 patients characterized by different typologies of plaque. Our
results highlighted that both the morphology and the mechanical proper-
ties of different plaque components play a crucial role in determining the
vulnerability of the plaque.

1 Introduction

Carotid arteries represent a preferential site for the development of atheroscle-
rosis, a pathological condition corresponding to the reduction of the arterial
lumen due to the formation of deposits of calcium, fat substances or abnor-
mal inflammatory cells that occur in the innermost layer of arteries, the intima.
The accumulation of such deposits leads to the atherosclerotic plaques, which
can grow producing stenosis. The major complications of atherosclerotic plaque
development are the thrombotic occlusion of arterial lumen and the cerebral
embolization both from plaque’s inner content or dislodgement of thrombus. [1].

Based on the histology, the structure and the mechanical properties, three
types of plaques can be distinguished: soft, fibrous and calcific [2, 3, 4, 5]:

� Soft plaques mainly comprise high lipid content covered by a thin fibrous
cap. This type of plaque has a low mechanical stiffness due to the presence
of a large lipid pool;

� Fibrous plaques are made by packs of collagen fibers, small amount of
lipid pool, and possible small calcifications. This type of plaque has an
intermediate mechanical stiffness due to the presence of collagen fibers;

� Calcific plaques are composed by compact calcium crystals covered by a
fibrous cap. This type of plaque has a high mechanical stiffness due to the
presence of calcium deposits.
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Computational methods, based on patient-specific geometries obtained from
medical images, represent a non-invasive way to describe the interplay between
plaque and blood dynamics [6]. For example, low and oscillating Wall Shear
Stresses (WSS) have been shown to correlate positively with plaque formation,
intimal thickening [7, 8, 9, 10], and re-stenosis after carotid endarterectomy [11],
whereas high values of WSS and Von Mises (VM) stresses acting on the fibrous
cap are considered as haemodynamic indicators of plaque rupture [12, 13, 14, 15].

The geometric identification and reconstruction of the plaque are considered
a challenging task due to the difficulty to detect its three-dimensional extension
from standard imaging techniques and to the available reconstruction tools for
the vessel wall that are often based on extrusion strategies and thus scarcely
adaptable to the plaque. For this reason, Computational Fluid-Dynamics (CFD)
studies in a rigid domain have been often considered. These accounted for the
presence of the plaque in a ”geometric” way, through the stenosis appearing in
the lumen as a consequence of the plaque. Several groups considered simplified
idealized models of carotid arteries obtained by geometric-shaped narrowings [16,
17, 18]; others, instead, proposed studies in patient-specific geometries, obtained
with medical imaging techniques [19, 20, 21, 22, 23].

To obtain a better characterization of blood dynamics and accurate results
also for the internal structural stresses, several works considered a Fluid Struc-
ture Interaction (FSI) approach. This allowed to include the presence of the
plaque in the structure model with different approaches to account for the
changes in geometry and mechanical properties determined by its morphology
and composition. Early FSI works were performed in idealized geometries of
carotid arteries [24, 25, 26]. In order to provide clinically useful information,
several groups conducted studies in patient-specific geometries. First works
which involved the presence of plaque in the structure model were performed
in 2D [27, 28] which evaluated the mechanical stresses acting on plaques with
lipid filled necrotic core.

Regarding 3D FSI models, there were different strategies to account for the
presence of the plaque. In [29] the changes in geometry were modeled through the
inclusion of a stenosis in the fluid lumen. The presence of the plaque was however
ignored in the structure model. In [30] the authors proposed a surrogate model
based on substituting the plaque with a set of springs applied at the external
surface of the stenotic carotid wall.

Other works used a specific, non-standard imaging based on multi-contrast
MRI techniques to detect and segment directly the plaque. For example, in
[31] the 3D plaque was considered in the structure model, however with no
specific mechanical and morphological characterizations since it was embedded
as part of the healthy tissue; in [32, 33] the effects of varied lipid pool volumes on
distribution of mechanical stresses were studied; in [34, 35] the detailed modeling
of the atherosclerotic tissue allowed a better understanding of the rupture of the
plaque; in [36] the effect of calcification patterns in plaques with different fraction
volumes has been investigated.
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All the previous works suffer from the limitation that are all based on clinical
data that are not commonly acquired in the clinical practice for diagnostic pur-
poses. To overcome such limitation, in [37] the authors proposed a new strategy
to obtain a plausible plaque starting from standard MRI imaging. This method
is based on the (non-constant in space) extrusion of the stenotic lumen and on
the assumption that at an external view the carotid appears as the healthy one,
since the plaque grows up from the internal side, that is towards the lumen.

In this context, the aim of our work was twofold. The first one, in a effort of
using clinical data coming from the daily clinical practice, was to propose a new
geometric tool that allowed to reconstruct a plausible plaque in stenotic carotids
starting from standard AngioTC images. In more details, this strategy allowed
us to differentiate the mechanical properties of the single plaque components,
such as the lipidic core and the calcifications. This new tool could be useful when
one directly build the structure computational mesh, without reconstructing a
structure geometry. The second aim of the work was to perform, starting from
this tool, 3D FSI simulations where, for the first time at the best of the authors
knowledge, we compared fluid-dynamic (velocity and WSS) and structural (dis-
placements and Von Mises Stresses) quantities among patients characterized by
different typologies of plaque, namely soft, fibrous, and calcific, all with severe
degrees of stenosis (>70%).

2 Materials and Methods

2.1 Patients recruitment and images acquisition

Fifteen asymptomatic patients who underwent ECD with an Affinity 50 ultra-
sound scanner and linear 8MHz probe (Philips Ultrasound, Bothell, WA) as pre-
operative evaluation of the degree of stenosis and plaque typology, were selected
at the Operative Unit of Vascular Surgery of the Istituto Auxologico Italiano in
Milan, Italy. The percent of stenosis was classified according to the guidelines of
the European Society for Vascular Surgery (ESVS) [38], based on the NASCET
measurement method, referring to the peak systolic velocity (PSV), end-diastolic
velocity (EDV) and their ratios in the internal carotid artery (ICA) and common
carotid artery (CCA) [39]. Ethical review board approval and informed consent
were obtained from all patients.

The acquisitions of AngioTC images were performed with a GE Light Speed
VCT 64-slice 3T (GE Healthcare, Little Chalfont, U.K.) with the following main
acquisition parameters: slice thickness 0.625mm, reconstruction matrix by 512×
512 pixels and a final resolution of 0.39mm× 0.39mm× 0.625mm.

In Table 1 we reported some information about the patients. In particular,
the population analyzed is composed by five patients with soft plaques (S), five
patients with fibrous plaques (F) and five patients with calcific plaques (C).
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Patient Age Sex % Stenosis Type of plaque

S1 62 M 75 Soft
S2 71 M 75 Soft
S3 81 M 80 Soft
S4 84 M 85 Soft
S5 82 M 90 Soft

F1 74 M 75 Fibrous
F2 84 M 85 Fibrous
F3 66 M 90 Fibrous
F4 84 M 90 Fibrous
F5 83 M 90 Fibrous

C1 84 M 80 Calcific
C2 61 F 80 Calcific
C3 71 M 85 Calcific
C4 68 F 90 Calcific
C5 74 F 90 Calcific

Table 1: Data-set of the population under investigation.

2.2 Geometric reconstruction of the lumen

In Figure 1 we reported the flow chart summarizing the steps and the strategy
to obtain the geometry of the lumen, of the vessel wall, and of the plaque. In
particular, the surface model of the interface between the blood and the arterial
wall for each of the fifteen stenotic carotids was reconstructed starting from the
AngioTC images (Figure 1.a). This segmentation was performed by using a
level-set technique with a colliding fronts initialization provided by the Vascular
Modeling Toolkit (VMTK) [40]. The output represents the surface geometry of
the stenotic lumen (Figure 1.b), describing the vertices of triangles using a 3D
Cartesian coordinate system.

To generate the computational fluid meshes, the surface models of the stenotic
lumen were successively turned into volumetric meshes of about 220K tetrahedra
with 3 boundary layers (Figure 1.c). This corresponds to a representative value
of the space discretization h, which was about 0.05 cm far from the stenosis and
about 0.01 cm at the stenosis. This value was set after a mesh refinement study,
with the aim of obtaining a mesh-independent numerical solution.

2.3 Geometric reconstruction of the vessel wall and of the plaque

To include the physical presence of the plaque in the solid model and generate the
corresponding structure mesh, we proposed a new geometric pipeline based on
differentiating the mechanical properties of the structure to account for plaque
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and healthy vessel. The final results of our pipeline were reported in Figure 1.h
and 1.i.

To do this, we followed two steps. In the first one we reconstructed a plausible
healthy lumen (Figure 1.d) by reinflating the stenotic areas of the lumen. To do
this we used the software MeshMixer (http://www.meshmixer.com).

After, we performed a Boolean difference between the plausible healthy lu-
men and the stenotic lumen to obtain the contour of the plaque (Figure 1.e). In
this case we used the software NetFabb (https://www.autodesk.com/products/
netfabb/). This output allowed us to distinguish the plaque region with respect
to the healthy vessel one.

In the second step we generated the healthy vessel wall by combining two
constant in space extrusions, leading to two different solid meshes: the stenotic
solid mesh obtained by extruding the stenotic lumen (Figure 1.f) and the plau-
sible healthy solid mesh by extruding the plausible healthy lumen (Figure 1.g),
in both cases with a thickness equal to 20% of the radius of the lumen [41]. Af-
ter, we created a new geometry whose interface was given by the stenotic solid
mesh (f), whereas the external surface by the plausible healthy solid mesh (g).
Then, the volume subtended by the contour of the plaque found at previous
step was joined to this geometry. The output was the final structure (healthy
vessel + plaque) geometry (Figure 1.h). The final model was meshed in Gmsh
(http://gmsh.info/) in order to realize the plaque and healthy structure meshes
(Figure 1.i).

With this geometric tool we generated the 15 plaques related to the patients.
We observed that, based on the observation of the lumens that presented non-
eccentric stenosis and on the indications of vascular surgeons who removed the
plaques, we considered for all the cases a cylindrical plaque that spreads out
along all the lumen circumference with one or even two pronounced thickening,
see Figure 2.

As stressed, the tool we have described has been thought for standard im-
ages which are not able to detect the different plaque components. In order to
delineate the latter, such as the lipidic core and the calcifications, we referred to
some general properties reported in the literature.

In particular, regarding the soft plaque, we assumed that the contour of
the internal lipidic core featured the same shape of the external surface of the
reconstructed plaque [26], see Figure 3. Moreover, the area comprised between
the core and the external plaque surface was assumed to composed by the fibrous
cap [26], see Figure 3. The thickness of this cap was assumed to be constant
along the plaque and equal to about 100 µm, which is a typical value of plaques
with thin fibrous caps [42, 43].

Instead, for the fibrous plaque we did not identify different components since
this plaque was formed only by fibrotic material [44], see Figure 3.

Regarding the calcifications, we modeled them as a compact, dense, coherent
material [45] , immersed in the fibrous cap [46]. In particular, we assumed them
of ellipsoidal shape occupying a percent of volume of the total plaque volume
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Figure 1: Flow chart summarizing the steps and the strategy to obtain the
geometry of the lumen, of the healthy vessel, and of the plaque
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Figure 2: Plaques reconstructed by the proposed tool. In grey: contour of the
plaque. In green: plaque on an internal section.
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equal to 60%, see Figure 3, in accordance with studies based on medical imaging
which highlighted a fraction of volume greater than 50% [47] . The location of
this deposit was close to the lumen, with a thickness of the fibrous cap equal to
50 µm [48] .

Once the plaque with its components has been reconstructed, the correspond-
ing 15 structure meshes composed of about 300K tetrahedra were generated. The
value of space discretization h for healthy volume and plaque was set for all the
meshes equal to 0.1 cm. This value was obtained after a mesh refinement study,
with the aim of obtaining a mesh-independent numerical solution.

Figure 3: Geometric reconstruction of the each component of the plaque. Red:
healthy vessel; Green: fibrous cup; Blue: lipidic core; Yellow: calcifications;
Pink: lumen.

In Figure 4 we reported all the structure meshes, together with the compo-
nents of each plaque typology.

2.4 Mathematical and numerical model

We considered the blood as a Newtonian, homogeneous, and incompressible fluid,
and, accordingly, we numerically solved the Navier-Stokes equations written in
the Arbitrary Lagrangian-Eulerian (ALE) formulation [49, 50]. Regarding the
structure, both the healthy vessel and the plaque components were modeled
by means of the linear infinitesimal elasticity (Hooke’s law) to study the wall
mechanics [51, 52]. The elastodynamics problem was written in the Lagrangian
configuration [53].

The fluid and structure problems were coupled through the no-slip condition
and the third Newton law (kinematic and dynamic conditions) [54].

For the computation of the fluid domain, we used an harmonic extension of
the fluid-structure interface displacement [55, 56]. This led also to a geometric
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Figure 4: Structure meshes generated by the proposed tool. Red: healthy vessel;
Green: fibrous cup; Blue: lipidic core; Yellow: calcifications; Pink: lumen.
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coupling between fluid domain and structure problems [57].
For the numerical solution of the FSI problem, we considered a first order

time discretization based on Finite Differences for the fluid and structure sub-
problems and for the kinematic interface condition. The convective term and
the geometric coupling were both treated implicitly. The resulting non-linear
problem was solved monolithically by means of first order Finite Elements sta-
bilized by means of SUPG-PSPG technique [58, 59], with an inexact Newton
method given by an approximation of the Jacobian matrix [60]. The resulting
linear system arising at each Newton iteration was solved by using the GMRES
method with block parallel preconditioner FaCSI [60].

2.5 Boundary conditions

At the inlet of each computational fluid domain, we imposed a parabolic velocity
profile in order to guarantee the physiological representative flow rate reported
in Figure 5 [23], whereas at the outlet sections we considered a 3-elements wind-
kessel lumped parameter model (formed by two resistances, the proximal and
the distal one, and by a capacitance), which provides a dynamic relationship be-
tween pressure and flow rate accounting for the downstream circulation [61, 62].
In particular, the proximal resistance was set as the one obtained in the case
of a resistance absorbing boundary condition [63] in order to avoid spurious nu-
merical reflections given by the truncation of the fluid computational domain.
Instead, the values of the distal resistance and of the capacitance were chosen
in order to guarantee an appropriate flow division between the common carotid
artery (CCA) and the internal carotid artery (ICA) at the systolic peak, accord-
ing to the literature [15]. In Table 2, we reported, for each degree of stenosis,
the corresponding flow division prescribed in the simulations.

% Stenosis (QICA/QCCA)

75 0.7
80 0.625
85 0.55
90 0.475

Table 2: Relationship between the degree of stenosis and the flow division given
by the ratio between the flow rates at the common carotid artery (QCCA) and
at the internal carotid artery (QICA) at the systolic peak [15].

Regarding the computational solid domain, we imposed null displacements at
the inlet and outlet rings, whereas on the external surface, we prescribed a Robin
condition with parameter α assuming an elastic behavior of the surrounding
tissue represented, for example, by the jugular vein [30, 64].
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Figure 5: Flow rate prescribed at the inlet of each the computational fluid
domain.

2.6 Settings of the numerical simulations

Unsteady numerical simulations have been performed by using the parallel Finite
Element library LifeV (https://bitbucket.org/lifev-dev/lifev-release/wiki/Home).

Regarding the fluid problem, we used the following data: kinematic viscosity
µ = 3.5·10−3 Pa· s and density ρ = 1.05 g/cm3. The Young moduli of the
structures were:

� 300 KPa for the healthy vessel [30];

� 3 KPa for the lipidic core, that is 1/100 of the value of the healthy vessel
[65];

� 300 KPa for the fibrous cap, that has the same mechanical properties of
the healthy vessel [5, 65];

� 30 MPa for the calcifications, that is 100 times greater than the value of
the healthy vessel [66].

For all the structures we used a Poisson coefficient ν = 0.45 [27, 52] and an
elastic surrounding tissue with α = 2 · 105 Pa/cm [30].

For the time step discretization we selected ∆t = 1 · 10−3s. The absolute
tolerance for the inexact Newton method was set equal to 1 · 10−6, whereas the
relative one used for the convergence of the linear system to 10−10.
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For each patient we ran two heartbeats and we discarded the first one, thus
our results referred to the second heartbeat. In more details, our analysis was
focused on the systolic instant t = 0.31 s.

2.7 Quantities of interest

The major consequence of atherosclerosis in carotid arteries is the rupture of the
plaque. To describe the vulnerability of each plaque typology, we introduced the
following post-processed quantities:

� Peak Systolic Velocity (PSV) is the value of the velocity magnitude at
the systolic peak obtained at the tightest stenosis level. In presence of
atherosclerotic plaque, values higher than 200 cm/s are considered as fluid-
dynamics indicator that enhances plaque vulnerability, increasing the risk
of plaque rupture [67];

� Wall Shear Stresses (WSS) are defined as the magnitude of tangential force
per unit area that are exerted by the flowing fluid on the surface of the
vessel. In particular, high values of WSS might be detrimental for patients
and lead to the rupture of the plaque [12]. Accordingly, we introduced
the function of time WSSmax(t) of the maximum-in-space WSS and its

systolic value ŴSSmax;

� Displacements of the structure (vessel wall and plaque) due to the inter-
action with blood, especially in correspondence of the plaque. In our work
the motion analysis could provide important information about the plaque
stability [68]. In particular, we computed the maximum value in space of
the systolic displacements magnitude, D̂max;

� Von Mises (VM) stresses are often used in determining whether an isotropic
and ductile material will yield when subjected to a complex loading condi-
tion. In our work we employed VM stresses because areas with high values
were seen to be correlated with a large rupture risk [13]. To be more
precise, we introduced the function of time VMmax(t) of the maximum-in-

space VM stresses and its systolic value V̂ Mmax.

3 Results

In Figure 6 we reported the streamlines at the systolic instant to describe the
velocity field. From this figure we observed that the different plaque typologies
were characterized by different blood velocity field. In particular, the velocities
were significantly higher in the calcific plaques, due to the small displacement
of the lumen induced by the calcifications in correspondence of the stenosis.
Accordingly, in the fibrous plaque we found intermediate values, whereas the
lowest values were found in the soft plaques.
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This was also confirmed by the PSV values reported in Table 3. In particular,
the average values obtained, for each type of plaque, among the five patients,
featured differences up to 29% and 52% for the fibrous and calcific plaques,
respectively, with respect to the soft plaques.

Patient Stenosis PSV ŴSSmax D̂max V̂ Mmax

[%] [cm/s] [Pa] [mm] [KPa]

S1 75 179 63 0.22 41
S2 75 191 55 0.21 40
S3 80 230 76 0.23 36
S4 85 255 62 0.16 36
S5 90 263 140 0.22 33

F1 75 210 66 0.05 13
F2 85 310 118 0.08 18
F3 90 300 116 0.09 14
F4 90 289 117 0.07 14
F5 90 327 110 0.11 18

C1 75 237 92 0.03 6
C2 80 304 112 0.037 5
C3 85 351 140 0.039 9
C4 90 385 250 0.05 8
C5 90 422 360 0.042 10

Table 3: Values of maximum-in-space systolic velocity, PSV , and WSS,
ŴSSmax, at the stenosis, together with maximum systolic displacement, D̂max,
and VM stresses, V̂ Mmax, within the plaque.

In Figure 7 we reported, for all the patients, the spatial distribution of the
systolic WSS magnitude. Again we observed significantly higher values featured
by the calcific plaques, intermediate values in the fibrous plaques and the low-
est values for the soft plaques, see also Table 3 where we reported the values of
WSSmax. In Figure 8, left, we reported the time behavior of the average, among
the five patients, WSSmax(t) for each type of plaque. We observed a significant
difference between fibrous and soft plaques and an even more pronounced dis-
crepancy with calcific plaques. In particular, we found an increment of average
ŴSSmax (that was at the systole) equal to 33% and 140% for the fibrous and
calcific plaques, respectively, with respect to the soft plaques. To better quan-
tify these differences, in Figure 9, left, we reported a histogram showing the 100
highest values of systolic WSS magnitude at the stenosis and clustering them in
five intervals. From this graph we observed that the most of the values of the soft
plaques fell within the range 0-100 Pa, whereas that for the fibrous plaques in
the range of 51-100 Pa. Regarding the calcific plaques, we found greater values,
even greater than 200 Pa.
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Figure 6: Streamlines of the velocity field at systolic peak. Up: soft plaques;
Middle: Fibrotic plaques; Bottom: Calcific plaques.
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Figure 7: Spatial distribution of WSS magnitude at systolic peak. Up: soft
plaques; Middle: Fibrotic plaques; Bottom: Calcific plaques.
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Figure 8: Trend in time of the average of the WSSmax and VMmax for each
type of plaque, among the five patients.

Figure 9: Distribution of the systolic WSS stresses and VM stresses in the
different plaques.
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In Figure 10 we reported the spatial distribution of the magnitude of the
systolic structure displacement. From this figure we observed that the highest
values were featured by the soft plaques, especially in correspondence of the
plaque, and the lowest in the calcific plaques. This was also confirmed by the
values reported in Table 3, where we computed the values of D̂max. In partic-
ular, we noticed differences of the average values among the five patients up to
160% and 425% for the soft plaques with respect to fibrous and calcific plaques,
respectively.

In Figure 11 we reported, for all the patients, the spatial distribution of
the systolic VM stresses. From this figure we noticed that in the soft plaques
areas with high concentration of stresses, located in the thin fibrous cap, were
present. Instead, for the fibrous and calcific plaques we found lower VM stresses
values and no presence of peak stresses. In Table 3 we reported the values of
V̂ Mmax, which confirmed this trend. Morever, in Figure 8, right, we reported,
for each type of plaque, the time behavior of the average, among the five pa-
tients, of VMmax(t). In this case, we had important differences between calcific
and fibrotic plaques and even more larger discrepancies with respect to the soft
plaques. In particular, the average systolic values of the soft plaques featured
differences, up to 113% and 393% with respect to the values of fibrotic and
calcific plaques, respectively. To better quantify these differences, in Figure 9,
right, we reported a histogram showing the 100 highest values of systolic VM
stresses within the plaque, clustering them in four intervals. From this graph
we noticed that the most of the values of the calcific plaques were within the
range 0-10 KPa, whereas that for the fibrous plaques in the range of 11-20 KPa.
Regarding the soft plaques, the VM stresses values were characterized by larger
values, almost all higher than 21 KPa.

4 Discussion

4.1 The role of the different plaque components

Aim of this work was to propose a new geometric tool that allowed us to recon-
struct the plaque in the carotids starting from standard medical images, with
the final goal of performing a computational FSI analysis. Often, from stan-
dard medical images the contour of the 3D plaque is scarcely detectable. On the
contrary, other patient-specific studies used multi-contrast MRI techniques to di-
rectly visualize and segment the plaque and its components. However the main
drawback of such techniques is that often they are not available for standard
diagnostic purposes [30].

At the best of our knowledge, this is the first computational analysis who
compares fluid-dynamic and structural quantities among patients characterized
by different typologies of plaque. In particular, our computational results high-
lighted considerable differences among the plaque typologies. These great vari-
ations led to a different behavior of the plaques once subjected to the impinge-
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Figure 10: Spatial distribution of the displacement magnitude at systolic peak.
Up: soft plaques; Middle: Fibrotic plaques; Bottom: Calcific plaques.
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Figure 11: Spatial distribution of the VM stresses at systolic peak. Up: soft
plaques; Middle: Fibrotic plaques; Bottom: Calcific plaques.
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ment of blood flow. In more details, we modeled the soft plaques with a large
lipidic core, covered by a thin fibrous cap. This morphology made this type of
plaque prone to the highest values of displacements D̂max and Von Mises stresses
V̂ Mmax. Accordingly, due to the large motion of the lumen in correspondence
of the stenosis, the fluid dynamic quantities (peak velocity PSV and maximum

Wall Shear Stress ŴSSmax) were considerably lower with respect to the other
plaques.

Instead, the fibrous plaques can be considered a ’special’ version of the soft
ones, where the lipidic core is absent or located far from the lumen where its
effects on the fibrous cap can be negligible. In our work we modeled it without
the lipidic core. This choice underlined that the displacements within the plaque
were lower, because the global stiffness of the plaque was higher and thus we
found higher values of PSV and ŴSSmax whereas lower values of V̂ Mmax with
respect to the ones of the soft plaques.

This different behavior of the fibrous plaques with respect the soft plaques
resulted to be even more evident if we analyze the calcific plaques. In our
work we modeled this typology by including a coherent mass of ellipsoidal shape
occupying the 60% of the volume of the plaque, covered by a thin fibrous cap.
From this model we noticed that they were the less stressed (lowest V̂ Mmax) and
the most stable, due to the lowest value of D̂max occurring within the plaque,
making this type of plaque the most similar to a rigid wall. Accordingly, this
morphology led to the highest values of PSV and ŴSSmax in correspondence of
the stenosis.

Therefore, our results highlighted a positive correlation between the global
Young modulus of the plaque (fibrous cap + component) and the fluid-dynamic
indexes. Indeed, a greater stiffness led to lower lumen expansion in correspon-
dence of the stenosis and thus increased PSV and ŴSSmax.

WSS, that are the forces that the fluid exerts on the surface of the vessel
due to its viscous nature, cause a state of stress within the plaque that can be
quantified by employing the VM stresses. However, looking at Figures 7 to 9
and Figure 11 and at Table 3, VM stresses resulted highest in the soft plaques,
where the WSS had the lowest values compared with the other plaques typology.
This is due to the nature of the different plaque components: the lipidic core
and the calcifications. Indeed, the large lipidic core acts in two ways: its great
compliance (large displacements) makes the entire soft plaque the less stiffer
structure with respect to the other typologies, leading to the lowest values of
PSV and ŴSSmax, but it is not able to bear the loads given by the WSS. Thus,
a great amount of deformations and loads are transmitted over a smaller area,
i.e. the thin fibrous cap, that is stiffer with respect to the lipidic core, leading to
a focal increase of the mechanical stresses [69]. Thus, even if in the soft plaques

PSV and ŴSSmax were the lowest, the nature of the lipidic core gave rise of
a hot-spot of structural stresses in the thin fibrous cap. Accordingly, in Figure
11 we noticed that in the soft plaques, the lipidic cores did not support a great
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amount of mechanical stresses. This behavior is in agreement with other studies
[46, 70].

On the contrary in the fibrous and calcific plaques we found higher values of
ŴSSmax and PSV, but lower values of D̂max and V̂ Mmax. In particular, in the
fibrous plaques, the absence of the lipidic core increased the global stiffness with
a consequent increase of ŴSSmax and PSV. However, the loads given by WSS
are more homogeneously concentrated and less high because distributed over a
greater fibrous cap with respect to the one of the soft plaques.

This behavior was amplified in the calcific plaques, modeled by macro cal-
cifications which were stiffer than the covering fibrous cap. Thus, the macro
calcifications increase the global stiffness of the plaque, and lead to the highest
values of PSV and ŴSSmax, but at the same time they are able to carry a
higher fraction of the loads given by WSS. Indeed, macro calcifications reduce
the deformations of the adjacent layers and thereby VM stresses are below those
the thin fibrous cap can carry [71].

Summarizing, these results suggested that the different plaque components
submitted the fibrous cap to different states of mechanical stresses. From a
mechanical point of view the rupture of the plaque occurs when the stresses
acting on the fibrous cap exceed the cap strength [72]. Based on this and previous
considerations, in what follows we referred to the VM stresses to assess the plaque
vulnerability because they are suited to describe the distribution of load between
the plaque components.

4.2 Plaque vulnerability

One of the major complication related to atherosclerosis development in carotids
is the rupture of the plaque with consequent formation of a thrombus and possi-
ble embolism. Plaque rupture is rapid and, in most cases, unpredictable. Based
on what previously discussed, we used the VM stresses as suitable quantity to
predict the risk of plaque rupture, see Figures 8, 9, 11 and Table 3. Our results
suggested that the large lipidic core, present in the soft plaques, exerted a key
role in making the thin fibrous cap vulnerable and led to the highest values of
VM stresses among all the plaque typologies. In particular, if the thickness of
the fibrous cap is small and the lipidic core volume is large, then the probability
to have peak concentrations of high VM stresses in the fibrous cap is large.

In literature there is a great consent about the fact that the soft plaques are
the most unstable due to the presence of a great amount of lipidic core that makes
the structure vulnerable to rupture [32, 33, 71]. Regarding the fibrous plaque,
we found that the presence of the only fibrotic material led to a homogeneous
state of stresses within the plaque with the presence of intermediate values of
VM stresses. This is due to the fact that the fibrous tissue provides a more
structural integrity to the plaque, with respect to the lipidic core [73]. Instead,
in the calcific plaques, the role of the calcium deposits and the effect on the
plaque stability is still unclear [36]. Our results highlighted that, the presence
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of thick calcium deposits stabilized the structure, by lowering the displacements
and VM stresses, making the whole plaque stiffer and less prone to rupture. This
is in agreement with previous studies [71, 74].

Notice that the calcium deposits may form a dense and coherent material (as
in our work), but also be present as micro-calcifications, namely inclusions that
do not coalesce into a compact calcified deposit but are scattered in the fibrous
cap with a dimension less than 0.05 mm [45].

4.3 Clinical relevance

We found that the soft plaques are the most vulnerable and thus the first can-
didates to rupture and embolism, whereas the fibrous and calcific plaques seem
to be more stable, without the presence of hot spots of high stress concentra-
tions that could lead to rupture (see Figures 8, 9, 11 and Table 3) . Therefore,
together with the morphology, also the components of the plaque play a crucial
role in determining the stress configuration. This suggests, to model the plaque
as discrete structure [66] in order to study how components affect the stresses
distributions acting on the fibrous cap.

Currently, the major surgical guidelines advise carotid revascularization in
asymptomatic patients when the percent of stenosis detected is equal to 60% or
more, while in symptomatic patients, revascularization is advised in 50-69% of
stenosis and recommended in 70% or more of stenosis [38, 75]. In addition to the
degree of carotid stenosis, even the nature and composition of carotid plaques
are elements that must be taken into consideration in the risk assessment of
plaque vulnerability [76]. Heterogeneous and soft plaques result more frequently
correlated with symptoms and, in case of intraplaque hemorrhages associate to
ulceration, rapid plaque volume progression that can result in severe narrowing
of arterial lumen [77, 78].

Carotid plaques more prone to be symptomatic usually have larger lipid
cores, thinner fibrous caps, and/or intraplaque hemorrhages [79, 80, 81, 82].
If both fluid dynamics and mechanical studies confirm different stress config-
urations of lipid plaques with respect to the fibrous and calcific ones, a closer
stratification of stroke risk would be needed and a more aggressive approach to
some categories of asymptomatic patients could be justified. Advance in the
knowledge of the carotid plaque behavior can give, to the medical community,
opportunity to develop new methods of assessment for stroke risk prediction
more based on individual setting.

4.4 Limitations and future developments

The main limitations of the work are summarized in what follows.
First, we modeled the macro calcifications with an idealized geometry of

elliptical shape based on the assumptions supported by the literature. We believe
that this shape should not affect too much the results because they are more
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sensible to the global stiffness of the plaque rather than to the shape of the
calcifications.

Secondly, the plaque components and the healthy vessel were modeled with
the linear infinitesimal elasticity. We believe that possible inaccuracies intro-
duced by this hypothesis should not influence too much the conclusions of the
results, which were mainly focused on the comparison between different scenar-
ios, all affected by the same approximation.

We also observe that blood in carotid with severe degrees of stenosis (in our
study up to 90%) may become disturbed or even feature transition to turbulence
[35, 83, 20, 84]. In this preliminary study, laminar flow has been assumed for
all the simulations, which however should not influence so much the results in
terms of their comparison among the different plaque typologies.

Future developments of this work may focus on conducting parametric stud-
ies by modifying different plaque lengths (longer or shorter) or positions (close or
after the bifurcation) to investigate how these factors can affect the vulnerability
of the plaque.

Moreover, we have in mind to investigate not only different shapes of macro
calcifications, but also the location of these inclusions within the plaque and
possible effects on the plaque vulnerability.

Future works could also consider non-linear laws for the healthy vessel and
for the plaque components to study the wall mechanics, and turbulence models
to study the blood flow behavior. These choices would allow us to obtain a
more complete description of the physical processes and to provide a deeper
comparison among plaques.
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